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Abstract
The topic of this thesis is on the effect dispersed soft colloidal additives with a polar surface and
hydrophobic areas can have on the course of reactions taking place in aqueous media. These additives
are referred to as soft dispersed interfaces (SDIs). The focus is on the aggregates that are formed from
amphiphiles in water, especially on micelles and vesicles. Numerous examples were found in literature,
from classical organic synthesis to oxidative enzymatic polymerization reactions, where the presence
of micelles and vesicles in water changed the product distribution or product yield in comparison to
the reaction only in water. In some cases, reactions were enabled which were otherwise impossible.
The enzymatic polymerization of aniline at benign conditions towards redox-active and electrically
conductive polyaniline in the emeraldine salt state (PANI-ES) is one prominent example where SDIs are
crucial for the successful reaction.
Within the framework as outlined above, the enzymatic oxidation of the aniline dimer, paminodiphenylamine (PADPA) in the presence of anionic vesicles from sodium bis(2-ethylhexyl)
sulfosuccinate (Aerosol-OT, AOT) in aqueous solution was studied. Three different types of
enzymes/oxidants were used: Trametes versicolor laccase (TvL) and molecular oxygen (O2),
horseradish peroxidase (HRP) and hydrogen peroxide (H2O2), and cytochrome C (cyt C) and H2O2. For
all three cases, it was found that under optimal conditions, a colloidaly stable product mixture
resembling PANI-ES was obtained, referred to as oligo(PADPA). In the absence of AOT vesicles, PANIES type products did not form, and the products precipitated. This is a very dramatic example for how
an SDI can control the course and final outcome of a reaction.
The goal of this work was two-fold: (i) to determine the product distribution and structures for all three
systems and thus develop a tentative reaction mechanism both for the presence and absence of AOT
vesicles; and (ii) to demonstrate potential applications for the as-obtained product mixture. The
motivation for the first goal was the desire to understand how the AOT vesicles control the reaction,
and why different products are obtained in the presence and absence of AOT vesicles.
The product distribution as well as product structures were successfully determined by using a mixture
of in situ (UV-vis-NIR-, EPR-, and Raman spectroscopy) and ex situ methods (HPLC-MS). HPLC-MS of the
products obtained from commercially available PADPA as well as from selectively deuterated PADPA
was crucial in the determination of the structures of the products. The use of the partially and
selectively deuterated PADPA enabled us to determine the site of bond formation between two or
more PADPA molecules as a result of the enzymatic oxidation of PADPA, thus enabling the
simultaneous structure determination of all products formed, even products formed at a very low
yield. These experiments were complimented with computational methods (molecular dynamics (MD)
iv

and density functional (TD-DFT) simulations as well as cryo-TEM and dynamic light scattering (DLS) in
collaborative works.
The results are as follows: In all three systems in the presence of AOT vesicles, the main product which
is formed is the linear dimer of PADPA (PADPA)2 in the emeraldine salt, separated polaron form
(protonated and with unpaired electrons), coupled in a head-to-tail fashion. This is the shortest
possible aniline chain that is capable of exhibiting PANI-ES type characteristics. Prominent side
products include a mixture of PADPA oligomers with a phenazine core, formed via a head-to-head
bond formation. The ratio of (PADPA)2 to the phenazine-type products was found to be dependent on
the reaction conditions, such as enzyme type or temperature. In the absence of AOT vesicles, the yield
of (PADPA)2 was found to be low and in the emeraldine base form (deprotonated and no unpaired
electrons). In addition, products from hydrolysis were found to form in the absence of AOT vesicles (as
determined by using H218O). Thus, the AOT vesicles have a clear influence on the product distribution
with respect to the structures of the final molecules. Finally, it was found that a biosensor constructed
from coating the final oligo(PADPA)-AOT product dispersion formed with TvL/O2 onto an electrode,
followed by the immobilization of HRP onto the redox-active layer, can, in principle, work. Thus a proofof-concept biosensor for H2O2 was constructed.
This is the first time that such a detailed product distribution analysis was conducted on a polyaniline
type product obtained enzymatically. Based on the experimental results, reaction schemes for all three
systems were developed, where it can clearly be seen that the presence of AOT vesicles leads to a
change in the reaction pathway ‘chosen’ by the main reactive intermediate product formed after a
two-electron oxidation of PADPA (N-phenyl-1,4-benzoquinonediimine, PQD). With the help of these
reaction schemes and MD simulations, a model for how the AOT vesicle membrane controls the
reactivity of PQD was developed. This model was then generalized and applied for explaining a number
of different SDI-controlled reactions found in literature. The generalized model may even be used to
broadly anticipate the behavior of unknown reactions taking place in aqueous media in the presence
of SDIs. In a broader context, the concept of using SDIs - as elaborated with a vesicle system in this
work – is applicable in bolstering green-chemistry efforts where organic synthetic reactions are
transferred out of organic solvents and into an aqueous, SDI-containing dispersions.
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Zusammenfassung
In dieser Dissertation wurde der Effekt von Vesikeln und Mizellen auf die Reaktionswege von
Reaktionen in einem wässrigen Medium untersucht. Vesikel und Mizellen sind dispergierte Aggregate,
welche aus amphiphilen Molekülen bestehen, und sind Vertreter der

„weichen dispergierten

Oberflächen“ (Abkürzung: SDIs), welche sich durch eine polare Oberfläche und einem hydrophoben
Innenbereich auszeichnen. In einigen organischen Reaktionen im wässrigen Medium – von der
klassischen organischen Synthese bis hin zu enzymatischen Polymerisationsreaktionen – ist die
Anwesenheit von Mizellen und Vesikeln für die Produktverteilung und die Ausbeute entscheidend. In
manchen Fällen ermöglicht die Anwesenheit der SDI erst die Reaktionen, welche unter ansonsten
gleichbleibenden Reaktionsbedingungen in ihrer Abwesenheit nicht beobachtet werden. Ein
prominentes Beispiel dafür ist die wässrige enzymatische Polymerisation von Anilin unter milden
Bedingungen zur Synthese von redoxaktivem und elektrisch leitendem Polyanilin-Emeraldinsalz (PANIES): in diesem Fall ist die Anwesenheit von SDIs entscheidend für eine erfolgreiche Reaktion.
In diesem Zusammenhang wurde die enzymatische Oxidation des Anilin Dimers, p-Aminodiphenylamin
(PADPA), in der Anwesenheit von anionischen Vesikeln bestehend aus Natrium bis(2-ethylhexyl)
sulfosuccinat (Aerosol-OT, AOT) in einem wässrigen Medium untersucht. Dabei wurden drei
unterschiedliche oxidative Systeme verwendet, welche jeweils aus einem Enzym und einem
Oxidationsmittel bestanden: Trametes versicolor laccase (TvL) und Sauerstoff (O2), Meerrettich
Peroxidase (HRP) und Wasserstoffperoxid (H2O2), und Cytochrom C (cyt C) und H2O2. In allen drei Fällen
wurde unter optimalen Bedingungen eine kolloidal stabile Produktmischung erhalten, welche dem
PANI-ES ähnelte und welche als Oligo(PADPA) bezeichnet wird. In Abwesenheit der AOT Vesikel wurde
diese PANI-ES ähnliche Produktmischung nicht gebildet und die Produkte fielen aus. Dies zeigt ganz
eindeutig, dass SDIs den Reaktionsweg und die Produktverteilung von einer Reaktion kontrollieren und
beeinflussen können.
Diese Arbeit hatte zwei Hauptziele: (i) die Bestimmung der Produktverteilung und der Strukturen in
allen drei Systemen um daraus einen Reaktionsmechanismus für die enzymatische Oxidation von
PADPA mit und ohne AOT Vesikeln herzuleiten; und (ii) der Nachweis, dass die so erhaltene
Produktmischung im Prinzip für verschiedene Anwendungen geeignet ist. Im Fall des ersten Ziels wollte
man verstehen wie die AOT Vesikel die Reaktion kontrollieren und warum andere Produkte gebildet
werden in Anwesenheit der AOT Vesikeln als in deren Abwesenheit.
Die Produktverteilung und Produktstrukturen wurden erfolgreich mittels in situ (UV-vis-NIR-, EPR- und
Raman Spektroskopie) und ex situ (HPLC-MS) Methoden ermittelt. Dabei konnten die chemischen
Strukturen der Produkte durch HPLC-MS bestimmt werden mittels Vergleich der Massenspektren von
vi

Produkten, die aus kommerziellen PADPA synthetisiert wurden mit den Massenspektren von
Produkten, die aus partiell deuteriertem PADPA synthetisiert wurden. Der Einsatz von selektiv und
partiell deuteriertem PADPA ermöglichte es, die Regioselektivität der Dimerisierung und
Oligomerisierungen zwischen zwei oder mehreren oxidierten PADPA Molekülen zu bestimmen. Dies
ermöglichte es, gleichzeitig die Strukturen von allen Produkten zu untersuchen, auch von
Nebenprodukten mit einer geringen Ausbeute. Diese Ergebnisse wurden mit rechnergestützten
Methoden (Dichtefunktional (DFT) und molekular-dynamische (MD) Simulationen), sowie kryogene
Transmissionselektronenmikroskopie (cryo-TEM)- und dynamische Lichtstreu (DLS)- Messungen im
Rahmen von verschiedenen Kollaborationen ergänzt und gestützt.
Mittels dieser Methoden wurden folgende Erkenntnisse gewonnen: In allen drei Systemen wurde in
Anwesenheit von AOT Vesikeln das lineare Dimer von PADPA, (PADPA)2, in der separierten
Polaronform des Emeraldinsalzes (protoniert und mit ungepaarten Elektronen) als Hauptprodukt
erhalten. Dies ist das kürzest mögliche Anilinoligomer, welches PANI-ES Eigenschaften aufweisen kann.
Wichtige Nebenprodukte waren Mischungen von PADPA Oligomeren, welche Phenazingruppen
enthielten. Das Verhältnis der Ausbeute von (PADPA)2 zur Ausbeute an Phenazinen war abhängig von
den Reaktionsbedingungen, vor allem vom Enzymtyp und von der Temperatur. Ohne AOT Vesikel war
die Ausbeute von (PADPA)2 gering und es lag vermutlich als Emeraldinbase vor (deprotoniert und ohne
ungepaarte Elektronen). Zusätzlich wurde beobachtet, dass in der Abwesenheit von AOT Vesikeln,
Hydrolyseprodukte entstanden, was mit dem Einsatz von H218O nachgewiesen werden konnte. Somit
wurde klar, dass die AOT Vesikeln einen grossen Einfluss auf die Produktverteilung haben.
Abschliessend konnte mittels diesem Reaktionssystem ein Biosensor konstruiert werden. Dazu wurde
eine Elektrode mit der Oligo(PADPA)-AOT Mischung beschichtet und auf dieser redoxaktiven Schicht
wurde Peroxidase immobilisiert, durch die man H2O2 nachweisen konnte.
Es wurde erstmals eine solch detaillierte Produktverteilungsanalyse von einem enzymatisch
hergestellten PANI-ES-artigen Produkt durchgeführt. Auf den experimentellen Resultaten basierend
wurden für alle drei Systeme sämtliche Reaktionswege bestimmt, wobei deutlich wurde, dass die AOT
Vesikel steuern welchen Reaktionsweg das primäre reaktive Zwischenprodukt N-phenyl-1,4benzoquinonediimine (PQD) wählt. Mithilfe von MD Simulationen wurde ein Modell entwickelt, das
erklärt, wie genau die AOT Vesikel die Reaktivität von PQD beeinflussen. Dieses Modell wurde danach
verallgemeinert um zu erklären, wie SDIs andere in der Literatur beschriebene Reaktionen
kontrollieren könnten. Dieses verallgemeinerte Modell könnte im Prinzip verwendet werden, um die
Reaktivität von unbekannten Reaktionen in wässrigen Medien in der Anwesenheit von SDIs allgemein
vorherzusagen. In einem breiteren Kontext kann das erarbeitete Verständnis vom Verhalten der SDIs
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in wässrigen Medien dafür eingesetzt werden, die Disziplin der ‚grünen Chemie‘ voranzutreiben,
insbesondere organische synthetische Reaktionen in wässrigen Medien durchzuführen.
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I Motivation and goal of the thesis
The primary goal of this work was to obtain a product distribution and structure analysis of all of the
products from the enzymatic oxidation and subsequent oligomerization of the aniline dimer, p‐
aminodiphenylamine (PADPA) in the presence and absence of AOT vesicles. Under optimal conditions
and in the presence of AOT vesicles, the colloidally stable oligo(PADPA) mixture resembles polyaniline
in the emeraldine salt form (PANI‐ES). In the absence of AOT vesicles but otherwise identical
conditions, the products precipitate and PANI‐ES does not form (Scheme I.1). This was found to be
valid for the oxidation of PADPA with three different oxidative enzymes: Trametes versicolor laccase
and oxygen (TvL/O2), horseradish peroxidase and H2O2, and cytochrome C and H2O2. The desire is to
identify most of the products that are formed. This approach is in contrast to the classical organic
chemistry approach, where merely the main product is of interest.

Scheme I.1: Overview of the system that was studied in the course of this thesis, including the two main goals of
the work. In the presence of vesicles from AOT in an aqueous surrounding, the enzymatic oxidation of PADPA
leads to the formation of a colloidally stable product resembling PANI‐ES. In the absence of AOT vesicles, PANI‐
ES type products do not form, and they precipitate.

The motivation for this work was twofold. First, it was to get a better picture of oligo(PADPA) as a PANI‐
ES type product mixture: to elucidate all of the different formed molecules, and to understand under
what conditions various oxidation and protonation states of PANI are achieved. After having prepared
a colloidally stable PANI‐ES type dispersion, the next step was to determine potential applications of
the product mixture, especially with respect to coating. In this context, the as‐obtained dispersion
1

would be used directly, eliminating the need for solvent‐intense product purification. This would
contribute to the large body of work on PANI‐ES type products.
The second motivation was to understand the reaction system, and to elucidate how the AOT vesicles
can exert control over this reaction, and to thus develop a comprehensive model of how the AOT
vesicles control the reactivity of the oxidation and oligomerization of PADPA. With this model, we then
wished to develop a more general understanding of soft dispersed interfaces (SDIs)and how they can
control a wide range of enzymatic and organic reactions. This is desirable from the point of view of
‘green chemistry’ in order to rationally design and predict new reactions in the presence of SDIs.

2

II Introduction
II.1 Definition of soft dispersed interfaces (SDIs)
In this work, we use the terms ‘soft dispersed interfaces’, ‘soft dispersed interfacial systems’,
‘interface‐rich systems’, ‘soft dispersed hydrophobic phases’, or ‘soft dispersed phases’
interchangeably to describe systems where polymers, colloidosomes, micelles, or vesicles are
dispersed, or homogenously distributed, throughout a continuous bulk aqueous phase (Gelbart & Ben‐
Shaul 1996, Stanislaw et al 2011) (Figure II.1.1).

Figure II.1.1: Schematic illustration of different types of SDIs. From left to right: a coiled polymer, a colloidosome,
a micelle and a vesicle. The characteristic length scale of the polymers and micelles is on the order of ≈ 10 nm,
whereas the characteristic length scale of colloidosomes and vesicles is on the order of ≈ 100 nm. They are all
dispersed in aqueous media. The color blue denotes a polar, hydrophilic functional group and/or environment,
and the color orange denotes a hydrophobic area.

The dispersed material is regarded as a separate phase (also referred to as pseudophase) from the bulk
aqueous solution because the physio‐chemical properties in its interior are markedly different from
that of water (Laughlin 1994, Shinoda & Hutchinson 1962), the most important difference being its
strongly hydrophobic character. The dispersed phases are of the colloidal, or mesoscopic size domain,
i.e. their characteristic length scale is on the order from 10 – 1000 nm (Stanislaw et al 2011). They are
formed via the self‐assembly, or aggregation, of the constituent molecules and are held together by
weak forces, such as van‐der‐Waal interactions, hydrophobic interactions, hydrogen bonds and
electrostatic interactions (Romsted 2012, Israelachvili 2011). These types of systems are also referred
to as “complex fluids” (Gelbart & Shaul 1996).

3

Dispersions of micelles, vesicles, colloidosomes or polymers are characterized by a very large, and very
soft, contact area, or interface, in touch with both the aqueous surroundings and the dispersed
hydrophobic phase (Mouritsen 2005, IUPAC 2014). For example, a vesicle suspension consisting of
vesicles with a diameter of ≈ 100 nm, formed from 10 mM of a vesicle forming amphiphile, POPC, has
a total interfacial surface area (outer and inner contact area) of 4.3 x 103 m2ml‐1 (Walde 2004)! The
interface is soft, or fluid‐like, because the molecules constituting the dispersed phases are in constant
thermal motion (twisting, turning, diffusing, etc), that is, the energy associated with geometrical
changes to the interface is on the order of thermal energy (Israelachvili 2011, Vilanova & Voets 2016).
In the following, the focus will be on structures formed from amphiphilic molecules. Later on, the focus
will be exclusively on vesicles.

4

II. 2 Aggregate structures formed from amphiphilic molecules in water
II.2.1 Forces in self‐assembly
Aggregates formed from the self‐assembly of amphiphilic molecules (polar headgroups, hydrophobic
tails) in aqueous solutions are prominent representatives of interface‐rich systems. Self‐assembly is a
spontaneous process driven by non‐covalent and reversible interactions, which takes place above the
critical aggregate formation concentration (cac) – in the case of micelle‐forming amphiphiles the
critical micellization concentration (cmc) ‐ and above the corresponding Krafft temperature of the
particular amphiphile (Romsted 2012, Evans and Wennerström 1994, Laughlin 1994). Below the cac
(or cmc), the amphiphiles are predominantly monomerically dissolved in the aqueous phase and form
a solution. Below the Krafft temperature, the monomers cannot be dissolved and precipitate as a
crystal. Above the cac, aggregates form, and the monomer concentration remains almost constant,
and is equal to the cac (Israelachvili 2011). The self‐assembly to form aggregates above the cac can be
regarded as a phase separation event (Shinoda and Hutchinson 1962).
The driving force for the self‐aggregation is the hydrophobic effect, which is actually an entropic
contribution: there is an increase of entropy when water molecules move away from a more ‘ordered’
state in the vicinity of the hydrophobic tail towards the ‘disordered’ state in the bulk aqueous phase
(Romsted 2012), thus leading to an aggregation of the hydrophobic tails. This is counter‐balanced by
the repulsive force provided by the polar headgroups: first, they are hydrophilic and second, there is a
mutual electrostatic and steric repulsion between the headgroups of neighboring molecules. This leads
to the headgroup seeking closest possible contact to the aqueous surroundings and repelling one
another (Romsted 2012, Israelachvili 2011). Thus, in all cases, there is a hydrophobic, inner domain
which has only a limited contact with the aqueous environment, and a hydrophilic, outer domain which
is in contact to the aqueous surroundings.
The formed assemblies are soft, flexible and fluid‐like because the forces that hold the amphiphiles
together are weak, such as van‐der‐Waals, hydrophobic, hydrogen bond, and electrostatic interactions
(Israelachvili 2011). The formed aggregate structures, e.g. their shape, size and form, are very sensitive
to changes in the interactions between the amphiphiles, which in turn are very dependent on various
environmental factors such as amphiphile concentration, amphiphile mixture, amphiphile structure,
pH, temperature, co‐solvent concentration, salt concentration and salt type. These small
environmental changes not only affect interactions between the constituent amphiphilic molecules,
but also affect the forces between the aggregates themselves (Israelachvili 2011).
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II.2.2 Phase diagrams of aggregate structures
There is a rich variety in the structures of the aggregates that can be formed from one particular
amphiphile in aqueous media. For this reason, many systematic studies on how the geometric shape(s)
of the aggregate structures are dependent on the type of amphiphile, amphiphile concentration,
temperature, and the ratio between two (or even more!) amphiphiles were conducted. These studies
resulted in complex binary phase diagrams where it was found that even a slight change in the
conditions could result in different types of aggregate structures, and even the co‐existence of two or
more aggregate structures.
This is illustrated for one concrete amphiphile, sodium dodecyl sulfate (SDS) (Figure II.2.1). SDS has a
sulfate headgroup and one saturated, unbranched tail (Figure II.2.3ii). In Figure II.2.1a, the binary
phase diagram of SDS in water as a function of temperature is shown. Above the Krafft temperature,
it can be seen that upon increasing the concentration of SDS, the structures that are formed
spontaneously invert from homogeneously dispersed micelles to rod‐like micelles oriented in a
hexagonal manner, to the lamellar phase, which are ‘infinite bilayers’ separated by water (in reality:
giant multilamellar vesicles). There are some intermediate phases between the hexagonal and the
lamellar phase. Schematic illustrations of the aggregate structures present in the micellar, vesicular,
hexagonal and cubic phase are shown. Below the Krafft temperature SDS is insoluble and precipitates
as a crystal. At very high SDS concentrations (above 90 %), SDS is merely hydrated. The micellar phase
in particular is important, as it represents a dilute aqueous dispersion; whereas the micelles have a
water‐free, hydrophobic inner core. Micelles are usually illustrated as being spherical, but they can
also be disc‐ or rod‐like. They are highly dynamic systems, with the amphiphiles rapidly entering and
leaving the micelle. Their characteristic length scale is on the order of 5 – 10 nm. The ternary diagram
of SDS, didodecyldimethylammonium bromide (DDAB) and water is more complicated (Figure II.2.1b).
The small phase diagram (marked with a) is the ternary diagram over the entire concentration range
of water, SDS and DDAB. Therein it can be seen that very narrow concentration margins exist, e.g. for
the pure cubic (marked with ‘I’, grey), micellar (marked with L1, yello0w), or hexagonal (marked with
E, purple), phases to form. The large phase diagram (marked with b), showing only very dilute solutions
of SDS and DDAB is more interesting. There is a very narrow concentration range where only
unilamellar vesicles are formed (dark blue). The proof of formation of these vesicles is shown in the
micrograph, lower right. Furthermore, a slight decrease in the content of DDAB leads to a mixture of
micelles and vesicles (light blue), which is shown in the micrograph, bottom left. Thus, by adding a
certain amount of another amphiphile, SDS can form aggregates of a type that it cannot form on its
own, i.e. vesicles. For a detailed discussion of this ternary phase diagram, refer to Marques et al (1998).
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Figure II.2.1: Binary, for SDS in water a) and ternary for SDS and DDAB in water (b, next page) phase diagrams.
Green: crystalline phase, yellow: micellar phase, pink: hexagonal phase, red: lamellar phase, grey: cubic phase,
dark blue: vesicular phase, light blue: mixed micellar and vesicular phase. Uncolored or dashed areas represent
other mixed phases. The abbreviations for the different phases are different for a) and b), which is why they are
colored‐coded.

a)

a) Binary phase diagram for SDS‐water as a function of temperature. Modified from Laughlin (1996), who edited
the phase diagram originally published by Kékicheff et al (1989). Schematic images of all phases from Mouritsen
(2005). As the concentration of SDS increases, the Kraft temperature also increases. Above the Krafft
temperature, the aggregate structures formed move from micelles, to the hexagonal phase, to a cubic phase, to
lamellae. Rα = a rhombohedral phase, Qα = cubic phase, Tα = tetragonal phase. X.W2, X.W2’, X8.W’ and X.W’
refer to the different crystal structures and/or hydrated SDS, formed by SDS below the Kraft temperature.
However, the exact meanings of the different abbreviations for the crystalline phases are not clear.
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Figure II.2.1: Binary, for SDS in water (a, previous page) and ternary, for SDS and DDAB in water (b) phase
diagrams. Green: crystalline phase, yellow: micellar phase, pink: hexagonal phase, red: lamellar phase, grey: cubic
phase, dark blue: vesicular phase, light blue: mixed micellar and vesicular phase. Uncolored or dashed areas
represent other mixed phases. The abbreviations for the different phases are different for a) and b), which is why
they are colored‐coded.
b)

b) Ternary phase diagrams for SDS, DDAB and water. The small phase diagram (right) is for the entire
concentration range at 40°C. The large diagram is a blow‐up for very dilute solutions (only up to 3 wt %) of SDS
and DDAB at 25°C. Micrographs of the corresponding pure vesicular, and mixed micellar and vesicular phases are
shown. Bar = 100 nm. Abbreviations in small phase diagram: G = crystalline phase, D = lamellar phase, L1 =
micellar phase, E = hexagonal phase, and I = cubic phase. Abbreviations in large phase diagram : blu = bluish, turb
= turbid, sol = solution, lam = lamellar phase, cryst = crystals. I – IV are multiphase regions, see Marques et al
(1998) for details. Phase diagrams adapted from Marques et al (1998), micrographs also from Marques et al
(1998), cropped. Reproduced with permission the American Chemical Society.
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II.2.3 Amphiphiles: Packing parameter
Due to the large variety of existing amphiphiles and the large variety of structures that can be formed,
effort was undertaken to systematically correlate the molecular structure of the amphiphiles with the
geometrical structure of the aggregates that they form. This is briefly discussed in this section. From
here on, only highly dilute aqueous systems will be discussed.
Figure II.2.2 shows a schematic illustration of two conventional amphiphilic molecules. They consist of
a polar headgroup and one or two hydrophobic chains. This is a representation of the general
character of simple amphiphiles, but it does not give an appreciation for the many different types of
chemical and geometrical structures amphiphiles can adopt (Romsted 2012).

Figure II.2.2: Schematic illustration of two conventional amphiphilic molecules. Left: One hydrophobic chain,
right: two hydrophobic chains.

Therefore, Figure II.2.3 shows selected examples of concrete amphiphilic molecules, especially those
relevant to this work. AOT (i) possess two relatively short, and branched, hydrophobic chains and an
anionic sulfonate headgroup. In contrast, SDS (ii) has a longer, but single unbranched hydrophobic
chain and also an anionic sulfonate headgroup. DDAB (iii) contains two, even longer hydrophobic,
unbranched chains than SDS does and it has a cationic dimethyl ammonium headgroup. DPPC (iv) is a
biological phospholipid. It has two long saturated hydrophobic chains and a zwitterionic headgroup
from phosphate and ammonium. Triton‐X100 (v) has a very large, uncharged headgroup from
polyethylene oxide and an extremely short hydrophobic part. Finally, PTS (vi) is a synthetic amphiphile
derived from Vitamin E and designed by the group of Prof. Lipshutz (Lipshutz 2017).
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Figure II.2.3: Examples of different types of amphiphilic molecules: (i) sodium bis(2‐ethylhexyl)sulfosuccinate
(Aerosol‐OT, AOT), (ii) sodium dodecyl sulfate (SDS), (iii) didodecyldimethylammonium bromide (DDAB), (iv)
1,2‐dipalmitoyl‐sn‐glycero‐3‐phosphocholine (DPPC), (v) Triton‐X100 (vi) Polyoxyethanyl α‐tocopheryl
sebacate (PTS).
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From this short overview it is clear that there is a considerable variety of amphiphiles in terms of
headgroup size, headgroup charge, hydrophobic tail length and volume, and ratio of hydrophilic to
hydrophobic volumes. It is intuitive that the various different chemical structures of the amphiphiles
have a large influence on the morphologies of the final aggregates that are formed in dilute aqueous
solution in a thermodynamically equilibrated state. Therefore, effort was made to systemically
correlate the structure of the amphiphiles with the final structure of the aggregates (Israelachvili et al
1976). Prof Isrealachvili made the concept of the ‘packing parameter’ P popular, which is the ratio of
the hydrophobic tail volume vo to the product of the headgroup area ae (in the aggregated state, see
below) and the length of the hydrophobic tail l0 (Romsted 2012, Israelachvili 2011):
(1)
For P = 0 – 1/3, the headgroup is large in comparison to the hydrophobic part, the headgroups strongly
repel one another, and the amphiphiles tend to aggregate to micelles. As the headgroup size shrinks
in relation to the size of the hydrophobic tail, the headgroup repulsion is decreased, the value of P
increases, and thus the structures that form change from micellar structures to flexible bilayers and
vesicles (Figure II.2.4). As can readily be recognized from Figure II.2.4, the headgroup area that can be
occupied in a micellar assembly is much larger than that which can be occupied in a bilayer or a vesicle.
For this reason, a large headgroup area is associated with the formation of micelles, and a small
headgroup area is associated with the formation of bilayers and vesicles. V0 and l0 are geometrical
parameters of the hydrophobic tail of the molecules and do not change by a change in the aqueous
environment. However, one type of amphiphile can nevertheless aggregate into various morphologies
depending on the conditions, so this must be taken into account. Indeed, this is reflected in ae, which
is a thermodynamic parameter and describes the optimal headgroup area per headgroup at which the
total interaction energy per lipid molecule is minimized (Israelachvili 2011). Thus, an increased salt
concentration, a lower pH, a decrease in temperature, increased hydration, increased amphiphile
concentration and a change in the type of counterion all may lead to a decrease of ae and thus to a
change in the final aggregate structure, e.g. a conversion from a micelle to a bilayer/vesicle for one
and the same amphiphile.
For example, a pH‐induced micelle to vesicle transition has been found for fatty acids (Hargreaves &
Deamer 1978, Monnard & Deamer 2003, Namani & Walde 2005 and references therein). When e.g.
decanoate is dissolved in a basic aqueous solution, micelles are formed: this is because the headgroups
are deprotonated and charged, leading to electrostatic repulsion between the headgroups, which is
equivalent to a large headgroup area ae. When the pH of the aqueous solution slowly approaches the
apparent pKA of the fatty acid in the aggregated state (for decanoic acid 7.3) vesicles are formed: now,
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half of all of the fatty acid amphiphiles are deprotonated and charged (decanoate), and the other half
is protonated and uncharged (decanoic acid). Due to the presence of uncharged amphiphiles, the
repulsion between the headgroups is diminished, leading to a smaller headgroup area ae, and to the
formation of bilayers. There are many examples of environmentally induced micelle to vesicle
transitions. Another concrete example will be discussed in more detail in the next chapter.

Figure II.2.4: Two examples for the shape and packing parameter amphiphiles can possess, with the concomitant
aggregate structure they can form at dilute aqueous solutions. Modified from Israelachvili (2011).

II.2.4 One particular amphiphile: The case of Aeorosol‐OT (AOT)
In this work, the amphiphile sodium bis(2‐ethylhexyl) sulfosuccinate, also known by its trade name,
Aeorsol‐OT, or AOT for short, was used. As can be seen in Figure II.2.3 (i), it has two relatively short
hydrophobic tails, which are branched, and a large anionic headgroup. This means that its packing
parameter is small, which leads us to expect that it forms micelles in water. Indeed, in very dilute
aqueous solution AOT does form micelles, as is shown in the ternary phase diagram in Figure II.2.5
(Tamamushi & Watanabe 1980) and in the phase diagrams in Figure II.2.6. However, AOT is ‘famous’
for its ability to form stable water in oil (w/o) microemulsions, or reverse micelles, over a large
concentration range of both AOT, water and ‘oil’ (Nave et al 2000). This can be seen very well in Figure
II.2.5 for the case of i‐octane as oil. In the absence of water and up to 80 wt% of AOT, reverse micelles
are formed. If the content of ‘oil’ is reduced and replaced with water, the water enters into the interior
of the reverse micelles, which leads to the formation of stable microemulsions. In this manner, reverse
micelles in oil can accommodate up until 50 wt % of water without phase separation. This remarkable
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ability of AOT has been ascribed to its small, branched hydrophobic chains, leading to sufficient
disorder in the hydrophobic moiety (Nave et al 2000).

Figure II.2.5: Ternary phase diagram of AOT, water (blue) and i‐octane (orange) at 25 °C. AOT can form micelles
(L1) in dilute aqueous solution. In the presence of i‐octane as oil, AOT can very efficiently stabilize water in oil
(w/o) emulsions (L2) in the form of reversed micelles. The reverse micelle phase covers about 50 % of the entire
phase diagram. This shows that a dispersion of reverse micelles in ‘oil’ can dissolve and stabilize up until 50 wt %
of water! At high AOT concentrations but low i‐octane contents, a liquid crystalline (LC) phase is formed, which
is either lamellar (D, red) or inverse hexagonal (pink). At higher i‐octane contents (ca 20 wt %), a mixture of
reverse micelles and LC structures were found (purple). The points demarcated with a letter (a,b,c, etc) represent
the samples that the original researchers had prepared and analyzed. Phase diagram reprinted from Tamamushi
& Watanabe (1980) with permission from Springer.

If one considers only the bottom line of the ternary phase diagram shown in Figure II.2.5 (i.e. no oil is
present), one can deduce a binary phase diagram for AOT in water, in analogy to the binary phase
diagram presented for SDS (Figure II.2.1a). Such a phase diagram is shown in Figure II.2.6a. There, it is
shown that in dilute aqueous solution, AOT forms micelles (yellow). Increasing the AOT concentration
leads to a coexistence of the micellar and lamellar phase (orange). This co‐existence is not shown in
the ternary phase diagram (Figure II.2.5). Increasing the AOT concentration above 20 wt % leads to the
formation of a pure lamellar phase (red). Higher concentrations finally lead to a cubic, and then the
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inverse hexagonal phase. Regardless of composition, at temperatures high enough, the micellar phase
is obtained. As is shown in Figure II.2.6b (Ghosh & Miller 1987), if AOT is in the concentration range
where the micellar and lamellar phase co‐exist (≈ 10 wt % AOT, orange), and if NaCl is added to the
dispersion, then all of the micelles are transformed into lamellae, and a pure lamellar phase is obtained
(Ghosh & Miller 1987). This transition is marked by an arrow in Figure II.2.6b
a)

b)

Figure II.2.6: a) Binary phase diagram of AOT in water. Reprinted from Petrov et al (2002) with permission from
the American Chemical Society. b) ternary phase diagram of water, AOT and NaCl at very dilute concentrations
of AOT and NaCl. Reprinted from Ghosh & Miller (1987) with permission from the American Chemical Society.

Thus, salts can transform AOT micelles into AOT vesicles (Shahidzadeh et al 1997, Guo et al 2011). The
counter‐ion most probably penetrates between the anionic headgroups of AOT, shielding two adjacent
headgroups from one another, reducing the electrostatic repulsion. In this manner, the effective
headgroup size ae of AOT is reduced, leading to a larger packing parameter, which finally leads to the
formation of bilayers (present as vesicles) instead of micelles. The characteristics of AOT vesicles thus
formed will be described in chapter II.3.5.
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II.3 Phospholipid and AOT Vesicles
Since vesicles were used for the reactions conducted in the course of this thesis, an overview of vesicles
will be given below, including their most important characteristics. Micelles will not be discussed in
depth. In the following, the focus will first be on phospholipid vesicles, since most of the initial studies
were conducted on vesicles formed from phospholipids. Phospholipids are naturally occurring
amphiphiles which have a phosphate group as a headgroup. DPPC (Figure II.2.4 (iv)) is one example of
a phospholipid. Towards the end of this chapter, vesicles from AOT will be discussed, since AOT vesicles
were used in this work.
II.3.1 Formation and general characteristics of vesicles
Vesicles form when amphiphilic monomers aggregate into a bilayer, or lamella, which then self‐closes
to form a sphere with an aqueous interior. This occurs for amphiphiles which have a long hydrophobic
chain with a small ae (Laughlin 1997), as discussed in the previous section. One bilayer consists of two
layers of amphiphiles, where the hydrophobic tails of the amphiphiles face inward, and the headgroup
of the amphiphiles face outwards (Scheme II.3.1, left). The curvature that is introduced when a bilayer
closes to form a vesicle increases the energy of the system, but this is balanced by the decrease in the
free energy arising from eliminating contacts between the edge of the bilayer and the aqueous
surroundings (Walde 2004, Israelachvili 2011).

Scheme II.3.1: Schematic illustration of a bilayer, or lamella (left) and a large unilamellar vesicle (LUV) (right). The
thickness of the lamella of the vesicle shown is about two orders of magnitude smaller than its diameter.

Vesicles can be unilamellar or multilamellar. Unilamellar vesicles consist of one bilayer which encloses
an aqueous volume, and multilamellar vesicles are made out of multiple concentric vesicle‐in‐vesicle
systems. Unilamellar vesicles are further characterized by their diameters: small unilamellar vesicles
(SUVs) have diameters smaller than 50 nm, and large unilamellar vesicles (LUVs) have diameters
between 50 – 500 nm. Giant vesicles (GVs) have diameters of ≥ 1 µm (Walde 2004). Regardless of the
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diameter of the vesicles, the thickness of the membrane is always on the order of 2 – 5 nm, i.e. twice
the length of its constituent amphiphile. Thus the diameter of a LUV (d ≈ 200 nm) is two orders of
magnitude higher than the thickness of its membrane (≈ 2nm) (Scheme II.3.1, right)! This is equivalent
to the situation if an orange (d ≈ 10 cm) had a peel with only a thickness of 1 – 2 mm. Such a
discrepancy in the length scales of one and the same aggregate structure is remarkable, and one of the
reasons why vesicles have fascinated researchers over the course of the last 5 decades (Laughlin 1997).
Although vesicles are self‐assembled aggregate structures, in order to achieve well‐defined, relatively
monodisperse unilamellar vesicles, they must nevertheless be prepared by following certain
procedures (“guided assembly”). There is a wide array of different preparation strategies (see: Walde
2004). The method used in this work is the freeze‐thaw extrusion method:The amphiphile is first
dissolved in an organic solvent, and then dried in order to form a film inside a glass flask. The film is
dispersed in an aqueous solution, resulting in the formation of polydisperse multilamellar vesicles
(thin‐film hydration). Then, the dispersion is completely frozen in liquid nitrogen and re‐thawed in
order to decrease the content of very small vesicles. Finally, the dispersion is pressed through the pores
of a polycarbonate membrane, resulting in a decrease of the size and lamellarity of the vesicles.
Vesicles thus formed can be characterized by dynamic light scattering (DLS) in order to determine their
average diameter, and by cryo‐TEM in order to determine their geometry and lamellarity (Walde
2004).
Such monodisperse, mainly unilamellar vesicles are considered as being in a non‐equilibrium phase
state, i.e. they are not thermodynamically stable (Laughlin 1997). For example, unilamellar fatty acid
vesicles were found to evolve towards the lamellar phase, i.e. large, multilamellar vesicles (Morigaki
et al 2003). The same authors also noted that while fatty acid micelles form rapidly and are in
thermodynamic equilibrium, the formation of vesicles is slower, and more complex, perhaps due to
the much larger number of molecules involved. Vesicles may best be considered as being in a
kinetically trapped state (Luisi 2011).
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II.3.2 Phases and dynamics of phospholipid vesicle membranes
Once vesicles are formed, their membranes can be in different lamellar phase states, depending on
the temperature, amphiphile mixture and on the length and stiffness of the hydrocarbon chains. These
phases are characterized by the mobility and dynamics of the constituent amphiphilic molecules
(Walde 2004). Phospholipid vesicles are the most intensively investigated. For example, a binary phase
diagram of DPPC, including schematic illustrations of the lamellar phase states formed, in water is
shown in Figure II.3.1, which is representative for the general behavior of phospholipids. The first most
important point in this figure is that over the entire concentration range of DPPC, lamellar structures
are formed. This is in contrast to amphiphiles which were presented in the previous chapter, like AOT
or SDS, which form different types of structures depending on the concentration. In this diagram, let
us concentrate on the situation of 50 wt % DPPC (green arrow). At temperatures below 25 °C, the
lamellae is in a highly ordered crystalline state (Lc). Between 25°C and 35°C, another crystalline lamellar
state exists (Lβ’), which is also referred to as the ‘gel’ state or the solid ordered state (So). Here, the
phospholipids are highly ordered and tilted. Increasing the temperature to about 40 °C leads to the
formation of the intermediate ripple‐phase Pβ, which, for simplicity, can be seen as solid phase. Finally,
above the melting temperature Tm, in this case ≈ 41 °C, the bilayer is in the so‐called liquid disordered
or liquid crystalline state (Ld or Lα ) where the hydrocarbon chains are disordered and are mobile (Walde
2004, Kranenburg and Smit 2005, Eeman & Deleu 2010).

Figure II.3.1: Phase diagram for DPPC membranes in water as a function of temperature, including a schematic
illustration of the membrane structure of the different lamellar phase states. From Small (1986) with permission
from Springer.
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This type of transition is again shown schematically in Figure II.3.2a for a generic phospholipid.
However, in this figure it is also shown that the addition of cholesterol can induce the membrane to
form another lamellar phase state, the so‐called liquid ordered (Lo) state, regardless of whether the
membrane was in the solid or liquid state beforehand. This state is characterized by mobile, yet
ordered, phospholipid chains. A concrete phase diagram for these transitions as a function of
temperature is shown in Figure II.3.2b for DPPC and cholesterol. For 0 % cholesterol, the transition
from Pβ to Ld takes place at around 38 °C (Tm), similar to Tm in the phase diagram in Figure II.3.1. The
addition of 5 – 20 mole % cholesterol introduces a new variable in comparison to Figure II.3.1, and
leads to a mixture of Pβ and Lo (below 35 °C) or to a mixture of the Ld and Lo (above 35°C). Above
25 mole % cholesterol there is only Lo, regardless of temperature (Eeman & Deleu 2010).
Interestingly, the two liquid phases (LD and LO) can co‐exist on one and the same vesicle membrane
(lateral heterogeneity). This was visualized by fluorescence microscopy of GUVs (Veatch & Keller 2003).
In order for this to occur, optimal conditions must be met. For the case of DPPC, DOPC (a low‐melting
phospholipid with Tm ≈ ‐ 22 °C) and cholesterol, they are as follows. Below the melting temperature of
DPPC, and if only DPPC and cholesterol are present, there is either one solid phase (region C in Figure
II.3.2c left, square), a solid‐liquid co‐existence (region D in Figure II.3.2c left, circle), or one liquid phase
(region D in Figure II.2.2c left, triangle). These phases correspond to the phase compositions shown in
Figure II.2.2b, and are marked with the same shape. The ternary diagram in Figure II.3.2c left is not a
true phase diagram because it represents different temperature regimes. However, the temperature
is always below the TM of DPPC. If DOPC, which has a lower TM than DPPC, is added in ratios ranging
from 1:9 until 2:1 with respect to DPPC, and cholesterol is kept from 20 – 40 %, a liquid‐liquid
coexistence on one vesicle membrane is observed (region E in Figure II.3.2c, left). Within this region,
and for different compositions of DOPC, DPPC and cholesterol, fluorescence microscopy images clearly
show the coexistence of the LD and LO (Figure II.3.2c, right) on one single vesicle, which are in the form
of circular domains. This type of behavior (also called raft‐formation) has also been observed on cell
membranes and is hypothesized to be crucial for the binding and up‐concentration of certain
membrane‐bound proteins in living organisms (Simons & Ikonen 1997). This more exotic behavior of
vesicles is mentioned here for two reasons: a) it may be possible to exploit this raft formation, for
example to control more complex reactions, and b) it is highly probable that lateral heterogeneities
are present in our reaction systems as well (Iwasaki et al 2017c).
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A)

B)

C)

Figure II.3.2: Overview of the lamellar phases which can be formed on DPPC vesicle membranes. A) Schematic
transformation of a generic vesicle membrane from the ordered phase So to the liquid disordered phase Ld
upon heating above the melting temperature Tm. From the image it is clear that the hydrophobic chains are
more ordered in the So than in the Ld phase. The addition of cholesterol leads to the formation of the liquid
ordered Lo phase. Reprinted from Eeman & Deleu (2010), Creative Common License (see:
https://creativecommons.org/licenses/by/4.0/legalcode) . B) Binary phase diagram for DPPC and cholesterol
at temperatures below and above the melting temperature of DPPC. Reprinted and altered from Eeman &
Deleu (2010), Creative Common License (see: https://creativecommons.org/licenses/by/4.0/legalcode). C)
left: ternary diagram of GUVs from DOPC, DPPC and cholesterol. The line representing 0 % DOPC shows the
formation of the same phases as is shown in B) and the corresponding phases are marked with the same
symbols. The addition of DOPC leads to an area where two different liquid phases coexist. Right: fluorescence
images of GUVs in the liquid‐liquid coexistence domain at 30 °C visualizes the phase separation on one GUV.
Dark: LO, bright: Ld. Scale bars = 20 µm. Reprinted from Veatch & Keller (2003) with permission from Elsevier.
The visualization of the different phases in C was possible by the use of a hydrophobic fluorescent probe.
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Ld is the physiologically most important phase (Kranenburg and Smit 2005), it is also the phase which
is most interesting for the work of this dissertation, and it is the key phase that we have found is
capable of regulating and controlling reactions. This is because it is highly dynamic and can “self‐heal”
any changes caused by a reaction. There are at least six molecular movements which take place (Figure
II.3.3) (Pfeiffer et al 1989): 1) chain defect motion (e.g. the chains moving laterally with respect to their
headgroup), 2) rotational diffusion (e.g. the amphiphiles rotate around their own axis), 3) lateral
diffusion (e.g. the amphiphiles move laterally along the bilayer membrane), 4) rotation and flip‐flop
motion of the headgroups, 5) vertical vibration (e.g. the amphiphiles move in and out of the
membrane), and 6) the collective undulation of the membrane. These dynamics make it possible for
the membrane to solubilize and host reacting molecules, but it also makes it a very heterogeneous
system, which can make reproducibility a challenge.

Figure II.3.3: Schematic drawing of the different motions which can take place in a membrane in the Lα phase,
see text for details. Redrawn from Pfeiffer et al 1989. Orange denotes hydrophobic regions, blue hydrophilic
regions.
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II.3.3 Transmembrane characteristics of phospholipid membranes
Phospholipid bilayers were found to have different transmembrane regions, as was simulated and
described, for example, by Berendsen and Marrink (1994) and is illustrated in Figure II.3.4. Using DPPC
in the liquid phase as a model compound, the authors define four distinct areas in the bilayer, which
are characterized by a different water accessibility and water structure, as well as headgroup density,
tail packing density and packing order.
Instead of a sharp transition between water and the membrane, a very diffuse interfacial area between
the headgroups and the water was observed. For this reason, Region 1 extends outside of the
immediate geometrical limits of the membrane and begins where the presence of the membrane
results in a perturbation to the structure of the water. It ends where the headgroup and water densities
are about equal. Region 2 is much smaller, and encompasses the area where there is a high headgroup
density and less than 1 % of water, which is not in the bulk‐like state. Instead, all of the water molecules
form at least one hydrogen bond with the headgroup(s), resulting in the breaking of water‐water
hydrogen bonds. Cevc (1990) has claimed that the water molecules are in an ice‐like structure in this
area. Region 3 is the region with the highest density and order of the hydrophobic tails. The tails are
aligned parallel to each other, and the membrane in this area behaves as a fluid with a high viscosity.
Almost no more water molecules are present in this region; for the ones that do enter this region, all
hydrogen bonds to other water molecules are broken. Thus, water permeation into this region takes
place via the diffusion of individual water molecules. Finally, region 4 is in the middle of the membrane.
The hydrophobic tail density is much lower than in region 3, the tails are more disordered, and the
membrane behaves as a fluid with low viscosity.

Figure II.3.4. The 4 different areas in a DPPC vesicle bilayer as determined by Marrink and Berendsen (1994). The
image was generated by taking a snapshot of a simulation. The headgroup area is shown in blue and the
hydrophobic area in orange. Adapted and reproduced with permission from the American Chemical Society.
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Although the classification into these different regions was made on the basis of simulations for DPPC
membranes, it is proposed that qualitatively, this model can be applied to membranes formed from
other amphiphiles as well.
II.3.4 Changes in the physico‐chemical properties near and in membranes
The presence of membranes (vesicles) has a marked effect on a number of physical properties in the
solution. For example, while the dielectric constant ε in water is about 80, it is between 2‐5 in the
membrane interior and around 32 in the vicinity of the headgroups (Cevc 1990, Fernandez and
Fromherz 1977), independent of headgroup charge. Furthermore, the polarity in the vicinity of charged
headgroups is much higher than in the bulk aqueous phase (Fernandez and Fromherz 1977), which
reflects a change in the local pH on the vesicle surface. Indeed, it has been known for quite some time
that the local pH on or near the surface of anionic vesicles or micelles is much lower than in the bulk
aqueous phase, in fact, it can be up to three pH units smaller in the case of anionic amphiphiles because
the anionic membrane attracts protons (Haines 1983).
The high surface polarity of charged membranes leads to other interesting effects: counter‐ions in
solution accumulate at the charged membrane surface and are weakly bound – thus, there is a higher
effective ion content at the surface of charged membranes than in bulk solution (Cevc 1990). This, in
turn, has various effects on the membrane surface: 1) it leads to a decrease in hydration of the
interfacial area, which in turn affects membrane function and structure, 2) a tight binding of counterion
can lead to severe membrane perturbation and leakage, and can therefore induce fusion of two or
more vesicles if they come in close enough contact with one another.
Finally, as was shown in the above section, the water content in the membrane is very low due to the
hydrophobic character of the tail part of the amphiphiles.
II.3.5 Vesicles from AOT
In this work, vesicles from AOT were employed as reaction regulating SDIs. For this reason, a short
overview of vesicles from AOT will be given. AOT vesicles are actually more ‘exotic’ vesicles than
conventional vesicles from phospholipids, since traditionally, AOT has been employed to form very
stable reverse micelles, or water‐in‐oil microemulsions (see chapter II.2.4). Nevertheless, vesicles from
AOT have two advantages for the purposes of the work of this thesis: 1) the vesicle membrane is very
fluid, and 2) the surface charge of the formed vesicles is highly anionic.
As shown in chapter II.2.4, when AOT is dissolved in low concentrations in pure water, micelles are
formed. However, when NaCl is added, the micelles are transformed into lamellae, as was shown by
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the phase diagram Figure II.2.6b. In the work by Shahidzadeh et al (1997), it was found that after
preparing dispersions of AOT and NaCl in the pure L1 phase of AOT (i.e. pure micellar phase), that
spherical vesicular and tubular vesicular structures are formed spontaneously, but slowly over the
course of 1 day (refer to the original publication for the micrograph, as it was not possible to obtain
permission for its reproduction). This vesicle formation manifests itself as an increase in the turbidity
of the dispersion because the large aggregates begin to scatter visible light: micelles are too small to
scatter visible light, therefore, micellar dispersions are not turbid, but the formation of larger
aggregates from bilayers results in a milky‐white colored dispersion. These findings, in contrast to the
work by Ghosh and Miller (1987), indicate that the salt‐induced AOT lamellar phase is formed at very
low AOT concentrations and in the pure L1 phase (< 1 wt %), and not only at higher concentrations at
the mixed L1 + Lα phase (8 wt %) (Ghosh & Miller 1987).
Further, more detailed work on the salt‐induced formation of AOT vesicles in the pure L1 phase was
conducted by Prof. Walde and coworkers (Guo et al 2011). Instead of using NaCl as a salt, 100 mM
NaH2PO4 as a salt was used, and instead of obtaining a mixture of large, relatively undefined aggregates
as in the case of Shahidzadeh et al (1997), unilamellar, relatively monodisperse vesicles with an
average diameter of ≈ 100 nm from AOT were obtained via the freeze‐thaw extrusion technique at
[AOT] = 20 mM (e.g. < 1 wt % pure L1 phase). A cryo‐TEM micrograph of these vesicles is shown in
figure Figure II.3.5a. The turbidity at 400 nm of the resulting vesicular dispersion was exploited (Figure
II.3.5b) in order to determine the critical concentration for vesicle formation, which was found to be
0.4 mM. In contrast to the case of using an aqueous solution containing 100 mM NaH2PO4, control
measurements where AOT was either dissolved in pure water or in methanol did not lead to an
increased turbidity for increasing AOT concentrations (Figure II.3.5b). The combination of these two
results shows that the addition of sodium phosphate salt to a low concentration of AOT in water leads
to the formation of AOT vesicles, e.g. to the dispersed lamellar phase. This change from micelles to
vesicles is due to the fact that the salt present in the dispersion shields adjacent AOT headgroups from
one another, decreasing the electrostatic repulsion and thus the headgroup size ae, leading to bilayer
and vesicle formation instead of micelles.
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a)

b)

Figure II.3.5: Formation of vesicles from AOT in dilute aqueous solution in the presence of 0.1 M NaH2PO4, pH =
4.3, reprinted from Guo et al (2011) with permission from the Royal Society of Chemistry. a) cryo‐TEM images of
the AOT vesicles prepared with the freeze‐thaw extrusion technique. [AOT] = 6.0 mM. Length of bar = 100 nm.
b) Turbidity at 400 nm as a function of the AOT concentration. Line a: AOT in water with 0.1 M NaH2PO4; line b:
AOT in pure water; line c: AOT in methanol. These results indicate the critical concentration for vesicle formation
is at ≈ 0.4 mM AOT, and also show that AOT vesicles do not form in pure water or in pure methanol.

The nature of these AOT vesicles were characterized by molecular dynamics (MD) simulations (Junker
et al 2014) as well as by measuring the fluorescence spectrum of Laurdan, a hydrophobic fluorescence
probe sensitive to changes in the phase of a membrane (Iwasaki et al 2017c). The results of these
studies indicate that the fluidity of the AOT membrane is extremely high, higher than the fluidity of
conventional phospholipid membranes. This fluidity is most probably due to the branched and
relatively short nature of the hydrophobic tails of AOT – this result is similar to the findings of Nave et
al (2000). However, despite this high fluidity, the content of water in the AOT membrane was found to
be very low (Luginbühl et al 2016) – similar to the low content found in DPPC membranes (Marrink &
Berendsen 2004). Consequently, the fluidity of the membrane does not seem to have a direct effect
on the amount of water present in the hydrophobic domain of the membranes. Instead, a low water
content ‐ as a result of the aggregation of the long hydrophobic carbon chains ‐ could be seen as a
universal characteristic of membranes.
Finally, it was found that the diameter of the prepared AOT vesicles has a tendency to increase with
time. This shows that the relatively small diameter of the vesicles directly after preparation (≈ 80 nm)
does not represent the thermodynamic equilibrium stable (Guo et al 2011).
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II.4 Organic reactions guided by SDIs
II.4.1 Vesicles and micelles can control reactions
After having reviewed some essential characteristics of vesicles, and to a much lesser extent, micelles,
it is time to widen the viewpoint. It has become clear that the hydrophobic and the interfacial domains
of vesicles (and therefore, micelles) differ significantly from each other and from the bulk aqueous
environment they are suspended in. Charged membranes (and by extension, charged micelles)
electrostatically attract counter‐ions to their surface. Furthermore, vesicles in the LD phase are very
dynamic, as micelles are, and can accommodate other molecules inside their membrane (as was shown
for cholesterol).
Therefore, it is not too surprising that it has been found that vesicles and micelles can have a profound
influence on a chemical or enzymatic reaction taking place on their surface or in their hydrophobic
domain (Walde et al 2014, Dwars et al 2005). They may guide reactive species in such a way that a
different reaction pathway is chosen than if the reaction would take place in bulk water (Figure II.4.1),
e.g. if product or product mixture C is formed from educt A in a purely aqueous solution, product or
product mixture B is formed from A in the presence of micelles and vesicles. This reactivity control
most likely stems from a binding of educt A to the interior of the micelles or the vesicle membrane,
where the environment is different from bulk water.

Scheme II.4.1.: Schematic illustration of the conversion of an educt A towards a certain product or product
mixture C, in contrast to the product or product mixtures B formed in the presence of micelles and vesicles. This
product distribution change most likely is due to an initial binding of the educt A to the vesicles or micelles.

25

In this chapter, selected examples from literature will be shown on how SDIs, in particular micelles and
vesicles, can have a profound effect on the course of organic reactions. Some selected examples of
such organic reactions will be presented in the following, organized by reaction type.
II.4.2 SDIs for asymmetric hydrogenation and alkylation
Early experiments regarding asymmetric hydrogenation and alkylation in the presence of SDIs were
conducted by the group of Günther Oehme, where normal micelles in water were employed as
reaction regulators (Dwars et al. 2005). In 1993, they found that the presence of micelles increases the
enantioselectivity of an aqueous, chiral Rh‐complex catalyzed asymmetric hydrogenation of an amino
acid precursor in comparison to pure water (Grassert et al. 1993). The ee always slightly depended on
the surfactant used, but in all cases, the ee increased from 78 % in water to ≈ 95 % in the presence of
micelles. The headgroup charge (neutral, zwitterionic, anionic, cationic) had no influence. Further work
by the same group showed that chiral amphiphiles can lead to a slight increase (≈ 10 %) in the ee of
the same reaction (Oehme et al 1998) but only if the chiral center is located near the borderline
between the headgroup and the hydrophobic tails, which is an important observations. As a result, the
authors conclude that the reagents are located in the micelles at the area between the headgroup and
the beginning of the hydrophobic region. Günther Oehme, in a collaboration with Denis Sinou, again
using asymmetric hydrogenation with a Rh compound, came to the interesting result that an increased
concentration

of

the

micelle‐forming

surfactants

N‐decyl‐N,N‐dimethyl‐3‐ammonio

1‐

propanesulfonate (DeDAPS) and N‐dodecyl‐N,N‐dimethyl‐2‐ammonio‐1‐propane‐sulfonate (DDAPS)
leads to the inversion of the enantioselectivity from (‐) to (+) (Robert et al. 2000). In the same year,
Denis Sinou and coworkers found that cationic micelles can slightly increase the ee (85 % vs 91 %) and
highly increase the conversion (45% vs 100 %) of an asymmetric Pd‐catalyzed alkylation reaction for
the formation of a C‐O bond in comparison to aqueous solution after a reaction time of 1 h (Rabeyrin
et al. 2000). Interestingly, the success of the reaction was found to be highly dependent on the
headgroup that was used: micelles from anionic amphiphiles (e.g. SDS) yielded a conversion and ee
close to zero after 1h, hindering the reaction compared to the aqueous phase! Adequate conversions
and ee were achieved with zwitterionic and uncharged headgroups. This is a good example for the
critical role the headgroup can play for a certain micelle‐promoted reaction.
More recent work on asymmetric alkylation, but this time for the formation of C‐C bonds in the
presence of vesicles, by the group of Hiroshi Umakoshi in Japan also showed that dispersed interfaces
can increase the enantioselectivity of the reaction (Iwasaki et al. 2017a and Iwasaki et al. 2017b)
(Figure II.4.1). Their results are noteworthy because, in contrast to the reports presented above, no
asymmetric metal catalyst was used. For example, in Iwasaki et al (2017a) the presence of chiral DOPC
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vesicles increased the ee from ≈ 0 in water to 90 %. In contrast, cationic achiral CTAB micelles led to a
relatively high conversion but zero enantiomeric excess. In the publication by Iwasaki et al (2017b), the
same alkylation reaction was studied. However, in this case, vesicles from achiral DDAB led to an ee of
≈ 50%, whereas DDAB vesicles modified with 20 % chiral cholesterol led to an ee of ‐77 %. The authors
argue that there must be a sufficient content of the so‐called ‘ordered phase’, as determined with
fluorescent probes, in the hydrophobic domain for the vesicles to be able to pre‐organize the reagents
in such a manner as to direct an asymmetric reaction successfully. Unfortunately, the role of the chiral
components (cholesterol and lipid headgroups) are not explicitly discussed.

Figure II.4.1: Model for how DDAB vesicles can control the enantioselectivity of an alkylation reaction. Image
reproduced from Iwasaki et al 2017b with permission from the American Chemical Society.

II.4.3 SDIs for the formation of C‐C bonds
There are a couple of further examples where micelles were successfully utilized for the formation of
C‐C bonds. An early publication, again by the group of Günther Oehme, reports that the presence of
surfactants under phase‐transfer conditions (i.e. presence of both water‐immiscible and water
miscible organic solvent in water) significantly increases the conversion of a Suzuki‐Miyaura coupling
reaction (60 % to ≈ 95%) in comparison to a conventional phase‐transfer reaction in the absence of
surfactants (Oehme et al 1999). However, in this case, the reaction most likely takes place in
microemulsions. More recently, Quagliotto and coworkers (Quagliotto et al. 2017) also successfully
conducted a Suzuki‐Miyaura coupling in the presence of CTAB micelles in water. Furthermore, they
were able to replace a toxic Pd‐phosphine catalyst with PdCl2, while obtaining almost similar yields.
Normally, PdCl2 is not used in water due to its very low solubility; however, it was easily solubilized in
CTAB micelles. Thus, the presence of CTAB micelles in water enabled a reaction which, in water alone,
would otherwise have been impossible. They also come to the conclusion that the reagents are located
between the headgroup and the beginning of the hydrophobic domain.
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Figure II.4.2: Increased yield of an alkylation product prepared via a Heck reaction by adding a high concentration
of salt to the micellar suspension from PTS, in comparison to the reaction merely in water, and in comparison to
merely using PTS micelles. From Lipschutz et al 2011, reprinted with permission from ACS Publications. ‘Solutol’
is a commercial, nonionic solubilizer and emulsifying agent the authors obtained from BASF. The chemical
structure of PTS is given in Figure II.2.3 (iv).

Heck reactions were also promoted by the presence of micelles (more likely: emulsions after the
addition of the reagents) (Lipschutz et al. 2011); where, for one specific example, the yield of the
product was found to increase from 30 % in water to 43 % in the presence of a Vitamin‐E derived,
designer neutral surfactant (PTS). The structure of PTS is shown in Figure II.2.3. Curiously, the addition
of 3 M NaCl in the presence of the surfactant further increased the yield from 43 % up to 95 % (Figure
II.4.2)! This work shows that salts can have a significant effect on the structures of the dispersed
interfaces, which in turn affects the reaction course in its vicinity. In this particular case, cryo‐TEM
images showed that 3 M NaCl transformed normal empty micelles (prior to the addition of reactants)
into a “fully interconnected, extended network” (Lipschutz et al. 2011). The same publication reports
that olefin metathesis and ring closing metathesis with the Grubbs catalyst were also by achieved using
the same Vitamin‐E derived surfactant and a high salt content.
A nice overview of further C‐C bond formation reactions in aqueous media made possible by the
presence of surfactants, such as Sonogshira coupling and Click reactions, is given in the recent review
by Bruce Lipschutz (Lipschutz 2017). In this review, it is also shown that by using micelles (or emulsions)
in water and the suitable ligand for the metal catalyst, ppm‐levels of Pd and Au can be used for
different types of name reactions. These low concentrations of the metal catalyst are not feasible if
the reactions are carried out in an organic solvent. The reason for this seems to be the high local
concentration of catalyst inside the micelles or emulsion droplets. In addition, if the starting materials
are also preferably dissolved in the micelles, the probability of the educts and the catalyst encountering
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each other is very high, higher than if they were homogenously dissolved (Lipschutz 2017). In these
cases, it is probable that after adding the reagents, the micelles transform into microemulsions or an
emulsion‐like system.

Figure II.4.3: DBSA (=SDBS) micelles loaded with water‐insoluble hematin to form ‘nanoreactors’ for the oxidative
polymerization of pyrrole. From Ravichandran et al 2012, reprinted with permission from the ACS Publications.

Conceptually similar results were found for anionic micelles from sodium dodecylbenzenesulfonate
(SDBS) into which hematin (FeIII‐OH complexed with a porphyrin ring) was loaded to catalyze the
oxidative polymerization of pyrrole with H2O2 to synthesize electrically conductive polypyrrole
(Ravichandran et al 2012). (Figure II.4.3) The micelles finely dispersed the hematin throughout the
reaction mixture. In the absence of micelles and merely in water, the hematin precipitated and no
polymerization reaction occurred. Thus, because the micellar interior can be loaded with a metal
catalyst, the presence of micelles and other SDIs may enable us to conduct metal‐catalyzed reaction in
the same manner as is done in nature: low metal content, and in water.
II.4.4 Other Examples of SDI‐guided reactions
A variety of nucleophilic aromatic substitution reactions were conducted in the presence of uncharged
micelles to obtain C‐O, C‐N, and C‐S bonds (Isley et al. 2015). These milligram scale reactions were later
upscaled to the multigram scale (Lee et al. 2017), showing that dispersed interfaces may have the
potential of guiding reactions on even the industrial scale. Both of the previous examples were
conducted in the course of a collaboration between Bruce Lipschutz and researchers at Novartis.
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Figure II.4.4. Illustration of vesicles formed from Pt‐containing ‚pincer‘, amphiphilic molecules (left). On the right,
the yields of the hydrosilylation reaction are shown using different conditions. It is only when Pt is embedded in
the vesicle membrane that the reaction proceeds. (Ptvscl = Pt in vesicular form, Ptamps = non‐self‐assembled Pt
nanopowder). Reprinted from Hamasaka and Uozumi 2016 with permission from the Chemical Society of Japan.

One completely different example, but quite interesting, concerns the hydrosilylation of alkenes
(Hamasaka and Uozumi 2016). Here, the authors synthesized amphiphilic “pincer” molecules
containing one Pt atom at the center (Figure II.4.4, left). These amphiphiles self‐assembled to form
vesicles in water and successfully catalyzed the hydrosilylation of a wide range of terminal vinyl alkenes
bearing aromatic groups. It is very interesting to note that this was conducted using only ppm amounts
of Pt! All other control reactions (amorphous Pt in water, amorphous Pt or the amphiphilic Pt‐pincer
molecules in organic solvents) led to lower or even only trace amounts of the desired product (Figure
1.3.4, right). Another interesting and complex reaction involves the three‐component Passerini
reaction (Paprocki et al 2016) preceded by an enzymatic oxidation reaction, all in the same pot. A
benzyl alcohol was first oxidized with Trametes versicolor laccase (TvL) to form an aldehyde. The
aldehyde, a carboxylic acid, and an isocyanide then reacted with each other to form an α‐
acyloxycarboxamide. The presence of cationic DODAB vesicles increased the yield from 21 % (in water)
to 67 %. It is interesting to note that in this example, the headgroup charge played a very important
role. If anionic vesicles were employed, the yield dropped to ≈ 10 %, lower than only in water.
Finally, before moving on to the next section, two fairly simple reactions, where the authors explicitly
state that the presence of dispersed interfaces changes the product distribution in comparison to the
reaction merely in water will be presented. A change in the product distribution implies that the
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dispersed interfaces exert a control over the reaction, in other words, that a certain reaction route
(without dispersed interfaces) is suppressed, while another route is favored. Up until now, all of the
publications presented thus far had merely been focused on an increased yield or enantioselectivity in
the presence of SDIs, which one can also interpret as a change in product distribution, under the
assumption that the increased yield is due to a suppression of side‐products and not due to an
increased conversion of the starting material.

Figure II.4.5: Oxosulfonlyation is enabled in the presence of micelles, whereas in the absence of micelles, the
radical formed in the first step of the reaction is quenched, most likely from water. The micelles are formed from
TPGS‐750‐M, which is referred to as a ‘second‐generation amphiphile’. It is derived from, and similar to PTS.
Reprinted from Handa et al 2014, with permission from John Wiley & Sons.

The first case concerns the aerobic oxosulfonylation of arylacetylenes to β‐ketosulfones (Handa et al.
2014). After a coupling reaction between the arylacetylene and sulfinic acid, a vinyl radical is
generated. Without micelles, the vinyl radical is rapidly quenched, most likely from water. However,
in micelles formed from a derivative of PTS (so‐called TPGS‐750‐M), the vinyl radical reacts with
molecular oxygen to form a ketone (Figure II.4.5). The authors argue that this is combination of
different effects: a) solubilization and an up‐concentration of the reacting monomers in the micelles,
b) a higher solubility of gaseous O2 in the micelles, and c) low water content in the hydrophobic interior
of the micelles. All of these effects would suppress the ‘quenching’ reaction of the radical from water
and encourage the formation of a ketone from gaseous O2. (Please note that the state of the dispersed
system is not clear. It is likely that the initially used micelles transformed into an emulsion – like system
once the reagents are added). This also shows that the kinetics of a reaction can be very important.
The second case (Mann et al. 2016) is quite different from the work presented so far because the actual
reaction takes place in an organic solvent and because the interfacial system is different from all the
others discussed so far. However, more importantly, it is one of the rare cases where all of the products
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formed with and without a SDI were determined (in contrast to just the main product). In addition, the
motivation of the authors was not to “go green”, but instead to determine whether their interfacial
system could change the product distribution of their model reaction, and therefore guide a reaction.
The actual reaction itself is relatively straightforward: cyclooctene was oxidized with a porphyrin
catalyst in the presence of iodosylbenzene as oxygen donor, in dodecane as a solvent. Control
reactions only in dodecane gave a 9 % overall yield of all products and the epoxide as the main product
(exact yield not clear). If the reaction was carried out in a confined volume – but otherwise same
concentrations – inside PGMA‐PS latex cross‐linked colloidosomes, the overall yield of the products
increased to 21 %. In addition, the yield of the epoxide decreased, i.e. there was a shift in the product
distribution away from the epoxide, and towards the formation of products with hydroxyl and ketones
(Figure II.4.6). The authors propose that the reactions takes place, and is thus controlled, at the
interface between the dodecane interior and the latex colloidal particles. They argue that the
controlling effect arises from electrostatic interactions between the positively charged transition state
produced during the oxidation and the electron‐rich latex.

Figure II.4.6: Colloidosomes alter the product distribution of the oxidation of cyclooctene in dodecane. Reprinted
from Mann et al 2016 with permission from ACS Publications.

To conclude this part: An overview of some literature shows that SDIs can exert control over a large
variety of organic reactions. They make it possible for reactions to take place in aqueous media which
would otherwise be impossible or very inefficient. A consensus is forming that both the hydrophobic
domain and the surface characteristics are extremely important for this controlling behavior to occur;
and that predominantly, the reacting species are located in the area between the headgroup and the
beginning of the hydrophobic domain. Thus, it is clear that SDIs can change the course of a wide range
of synthetic organic reactions. However, for most researchers, the original motivation was not to gain
a better understanding of how vesicles and micelles can control the reactivity of highly reactive species
but instead to find a way to “go green” by moving away from the use of toxic organic solvents and
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towards using water as a solvent. For this reason, there has been limited work conducted to a)
determine the exact mechanism(s) of how this control occurs and b) establish ‘rules’ for predicting
how micelles and vesicles would influence new, untested reactions. Furthermore, in a large number of
these publications, the authors claim that the amphiphiles they employ form micelles. However, this
claim is very seldom substantiated (DLS or cryo‐TEM being the method of choice), and it may be that
they had mixtures of micelles and vesicles, or even microemulsions, in their reaction systems.
In the next section, a more specialized type of reaction conducted in the presence of SDIs will be
presented, namely the enzymatic synthesis of polyaniline. This is closely related to the work conducted
in the course of this dissertation.
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II.5 Polyaniline (PANI) and PANI‐type products
II.5.1 Why PANI?
SDIs are crucial additives for the oxidative, enzymatic synthesis of redox‐active, electrically conductive
polyaniline in the emeraldine salt form (PANI‐ES) in aqueous dispersions, for without SDIs, such
products are not formed from aniline or the aniline dimer with enzymes as oxidant. Thus, in the context
of enzymatic polyaniline (PANI) synthesis, the reaction‐controlling behavior of SDIs is extremely
pronounced. Because the effect of SDIs on the enzymatic synthesis of PANI‐ES is so dramatic and
relatively straightforward to characterize phenomenologically, it is an excellent model reaction to
study the multiple effects and roles of SDIs. Since the work conducted in this thesis deals with the
formation PANI‐ES type products, and because PANI is a complicated macromolecule, the following
sub‐chapter will be devoted to a short description of PANI.
II.5.2 Short introduction to PANI
II.5.2.1 Structural and electronic variety of PANI
PANI consists of multiple aniline units, preferably linked to eachother in a head‐to‐tail manner. (Head
refers to the amino group of aniline, and tail refers to the para carbon on the aromatic ring). PANI has
attracted a lot of attention over the last 100 years or so because it can assume multiple oxidation and
protonation states, and it can switch reversibly between the different states, depending on its
environment, such as pH or charge; and because, under suitable conditions, it is electrically conductive
(Wallace et al 2009). In recent years PANI has attracted interest not only due to its electrical
conductivity but also due to its electrochemical behavior in response to external stimuli; its myriad of
different morphologies; as well as for its potential applications in corrosion protection, fuel cells and
sensors (Stejskal et al 2015). In 2000, MacDiarmid, Heeger and Shirakawa even received the Nobel
Prize for their work on electrically conducting polymers (MacDiarmid 2001).
PANI can exist in multiple oxidation and protonation states (Scheme II.5.1): PANI can be fully reduced
(leucoemeraldine), it can be fully oxidized and protonated (pernigraniline salt), fully oxidized and
deprotonated (pernigraniline base), half‐oxidized, half reduced and deprotonated (emeraldine base,
EB) and half‐oxidized, half‐reduced and protonated (emeraldine salt, ES) (Wallace et al 2009). In the
latter case, PANI‐ES can adopt two different electronic configurations: it can be in a bipolaron state
where the benzene rings are not aromatic, and it can be in the polaron state, where there is full
aromaticity and the presence of nitrogen radical cations. It is this state (PANI‐ES, polaron state) which
is the most interesting (Wallace et al 2009), primarily due to its high electrical conductivity which is
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ascribed to the delocalization of the aromatic electrons (Chiang & MacDiarmid 1986, Huang et al 1986).
PANI‐ES is easy to characterize by UV‐vis‐NIR spectroscopy: it has a characteristic green, or emerald
color, and absorbs at ≈ 1000 nm (polaron ‐> pi* transition) and at ≈ 430 nm (pi ‐> polaron transition)
(Wallace et al 2009). In addition, it yields a very intense, single EPR signal. The two other standard
methods to characterize PANI are FT‐IR and Raman spectroscopy and to look for characteristic bands
of PANI‐ES, such as bands stemming from polaron vibration, benzene ring vibrations, and C‐N bond
vibrations.

Scheme II.5.1: Overview of the different oxidation and protonation states of PANI, including photographs of
dispersions containing the corresponding product. Original scheme and photographs. The PANI chains represent
idealized structures.

The protonation of the secondary amines in PANI‐EB to PANI‐ES is a process referred to as ‘doping’
(Huang et al 1986). In order for full doping to occur, and to obtain optimal conductivities (≈ 10 S cm‐1),
the pH of the suspending aqueous HCl solution must be lower than 2 (Chiang & MacDiarmid 1986). It
was also found that not only the pH, but also that the type of acid has an effect on the conductivity of
PANI‐ES: sulfuric acid and hydrochloric acid yield conductivities in the range of 10 S cm‐1, whereas using
e.g. citric acid for doping purposes decreases the conductivity of PANI‐ES down to 1.0 S cm‐1, and acetic
acid even lowers the conductivity to 4.2 ∙ 10‐2 S cm‐1 (Stejskal et al 2015). Therefore, not only is it
necessary for PANI to be doped with protons to obtain the electrically conductive form, but an
adequate counter‐ion (usually sulfate or sulfonate) is necessary in order to stabilize the cationic PANI‐
ES chains. The different protonation and oxidation states of PANI are well‐studied and well‐known.
Less well known is the uniformity of the molecular structure of PANI because a detailed analysis of the
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polymeric chains in PANI products obtained via the polymerization of aniline is hindered by their
insolubility in most solvents. However, a consensus is emerging that on a molecular level PANI products
represent, and stem from, a mixture of linear (head‐to‐tail), branched (head‐to‐head) and phenazine‐
type structures (Ćirić‐Marjanović 2013) (Figure II.5.1). Products formed from hydrolysis can also be
obtained (Ćirić‐Marjanović 2013). In general, branching and hydrolysis represent unwanted side‐
products because they lead to a decrease in the quality of the product. MacDiarmid and coworkers
determined that an average chemically synthesized PANI chain contains about 128 repeat units of
aniline (Hsu et al 1993). However, there are reports which claim that already very short aniline
oligomers – as short as the aniline tetramer – can already exhibit PANI‐ES type behavior, namely, they
are green and have a strong absorption at ≈ 1000 nm (Geniès et al 1989, Kulszewicz‐Bajer et al 2004,
Willstätter & Moore 1907). Shorter oligomers seem to be correlated to a markedly decreased electrical
conductivity as compared to conventional PANI (Kitani et al 1987).

Figure II.5.1: Molecular structures of low molecular weight oligoanilines formed under standard conditions,
based on the findings from different research groups. The oligoanilines later react to PANI, so the longer PANI
chains also possess a large range of different possible structures. Reprinted from Ćirić‐Marjanović 2013 with
permission from Elsevier.
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As can be readily understood from the above overview, PANI can exist in a variety of different forms,
not only in terms of oxidation or protonation state, but also in terms of chain length and
regioselectivity, which, in turn, affects the final macroscopic characteristics of PANI molecules (redox
activity, electrical conductivity, color, and spectroscopic ‘fingerprint). The presence and relative
abundancies of the different types of forms are determined by the details of the PANI synthesis
(Wallace et al 2009). The ‘standard’ chemical route towards PANI‐ES is as follows: aniline hydrochloride
is dissolved in water, to which aqueous ammonium peroxydisulfate is added as oxidant (pH ≈ 2). The
reaction is left to run for ca. 1 h, after which a green precipitate develops (Stejskal et al 2015). In order
to obtain a high yield of linear, unbranched PANI to obtain optimal characteristics, a low pH and low
temperatures have been found to be beneficial (Ćirić‐Marjanović 2013).
II.5.2.2 Mechanism of aniline polymerization
The consensus is that there are three main steps in the synthesis of PANI: initiation, dimerization and
chain growth (Ćirić‐Marjanović 2013, Ding et al 1999, Junker et al 2012). In the initiation step, either a
radical cation, a nitrenium cation or a neutral aniline radical is formed, depending on the pH and on
the formal potential of the oxidant. Under standard conditions, the aniline radical cation is formed.
The second step of the reaction involves the dimerization of two aniline monomers to the aniline
dimer, p‐aminodiphenylamine (PADPA) via radical‐radical recombination. The reactivity of an anilinium
radical cation is extremely high, and a large range of products can be formed such as oxidation
products, and a large range of constitutional isomers of the aniline dimer (Figure II.11). The reactivity
of the aniline radical cation and the regioselectivity of the dimerization reaction is controlled by the
reaction conditions chosen, such as the pH (Ćirić‐Marjanović 2013). Finally, as a last step, there is chain
growth, the mechanism of which is still open to discussion. Another possible reaction is hydrolysis of
either aniline or of the growing PANI chain. The consensus is that the growing chain is oxidized by the
primary oxidant, to which a new aniline monomer (either oxidized or unoxidized) is attached. There
are obviously numerous reaction pathways that can be taken by the oxidized aniline molecule (Figure
II.5.2), and the preferred reaction pathway(s) is dependent on the exact conditions, which finally
influences the final product characteristics. Due to the large variety of possible reaction routes, the
oxidative aniline polymerization reaction would be an ideal candidate to control with SDIs. As will be
shown below, this indeed turned out to be the case.
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Figure II.5.2: Possible products that can be formed directly after the oxidation of aniline. Reprinted from Ćirić‐
Marjanović 2013 with permission from Elsevier.

II.5.3 PANI‐ES type products formed from the aniline dimer, p‐aminodiphenylamine (PADPA)
Because PADPA is considered to be the primary intermediate in PANI synthesis, research was
conducted on the oxidation and oligomerization/polymerization reaction of PADPA with the goal of
understanding later reaction steps of the aniline polymerization. However, as was found by a number
of independent researchers, the products obtained from the oxidation of PADPA are not the same as
the products obtained from aniline, despite spectroscopic similarities with respect to the UV‐vis‐NIR
and EPR spectra (Geniès et al 1989, Kitani et al 1987, Ćirić‐Marjanović et al 2008, Zimmermann et al
1998). This is why we differentiate between PANI and poly(PADPA) and why we nevertheless consider
poly(PADPA) to be a PANI‐like product. The major differences between PANI and poly(PADPA) are: a)
length – poly(PADPA) is significantly shorter than PANI – reports range from aniline chain lengths
between merely four aniline units (Geniès et al 1989, Zimmermann et al 1998, Willstätter & Moore
1907) up until ca 22 (Kitani et al 1987, Shumakovich et al 2011), b) electrical conductivity –
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poly(PADPA) is less conductive than PANI (Kitani et al 1987), and c) FT‐IR spectrum. Despite that,
poly(PADPA) has three significant advantages over PANI: the first is that it is soluble in a large range of
organic solvents, most probably due to its short chains; the second is that it is redox‐active over a
broader pH range than PANI (Kitani et al 1987); and the third is that PADPA is much easier to oxidize
than aniline (‐0.5 V vs – 1.0 V) (Kitani et al 1987), thus there may be a greater flexibility with respect to
oxidant for the synthesis of poly(PADPA) than for PANII. The consensus is that all of these differences
stem from a markedly different reaction mechanism between the aniline oxidation and polymerization
and the PADPA oxidation and polymerization (Kitani et al 1987, Ćirić‐Marjanović et al 2008) (Illustrated
in Figure II.5.3).
In the polymerization of aniline, the anilinium radical cations undergo radical‐radical coupling,
followed by the addition of the aniline monomer onto the growing PANI chain (in analogue to chain‐
growth polymerization) (Figure II.5.3a). In the oxidation of PADPA, the consensus has emerged PADPA
radical cations do not undergo radical‐radical coupling. Instead, N‐phenyl‐1,4‐benzoquinonediimine
(PQD), the diimine of PADPA, is the most important intermediate, independent of whether a one‐
electron or a two‐electron oxidant is used (Figure II.5.3b). The reason that there is no radical‐radical
bond formation in the case of PADPA oxidation seems to be because the symproportionation reaction
PADPA + PQD  2 PADPA• leans heavily towards the left with an equilibrium constant of ca K ≈ 0.03
(Petr & Dunsch 1995). As such, even if PADPA is oxidized in a one‐electron oxidation to form PADPA•,
a disproportionation reaction of two PADPA• molecules towards PADPA and PQD is very likely.
Once PQD has been formed, a PQD and a PADPA molecule can undergo an electrophilic aromatic
substitution reaction to form the PADPA dimer – an aniline tetramer ‐ (PADPA)2 (Male & Allendorfer
1988, Shumakovich et al 2011, Kitani et al 1987) (Figure II.5.3b). (PADPA)2 can either be linear or
branched, where linear, head‐to‐tail coupled (PADPA)2 already behaves like PANI‐ES (Geniès et al 1989,
Kulszewicz‐Bajer et al 2004). The next reaction step was proposed to be a further oxidation of the
aniline tetramer to a pernigraniline‐type chain, onto which another PQD or PADPA molecule could be
added (Ćirić‐Marjanović et al 2008). However, if all PQD and PADPA molecules have already been
consumed, the next step would be the dimerization of two (PADPA)2 molecules (Kitani et al 1987), and
then so on, the successive dimerization of always longer chains (in analogue to step‐growth
polymerization). However, the oxidation of (PADPA)2 does not necessarily lead to higher molecular
weight oligomers which possess PANI‐ES type characteristics (Kulszewicz‐Bajer et al 2004) – instead,
cross‐linked, non‐conducting products are formed at high potentials (Geniès et al 1989). The different
chain propagation mechanisms could account for the difference in chain length of the final products
as a result of the oxidation of aniline or PADPA. Because the PANI‐type products obtained from PADPA
are oligomeric in nature, we will from now on refer to them as oligo(PADPA) instead of poly(PADPA).
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Figure II.5.3: Comparison of the two different reaction mechanisms following the oxidation of a) aniline and b)
PADPA. For reasons of clarity, the reaction mechanisms (especially that of aniline) have been simplified. For
details see the main text.
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II.5.4 PANI‐ES type products obtained enzymatically in the presence of SDIs
II.5.4.1 Initial motivation: green chemistry
Classical synthetic strategies towards PANI‐ES type products include electrochemical oxidation and
polymerization, or the chemical oxidation with strong oxidants (Wallace et al 2009). In all cases, a) the
products precipitate, and b) very low pH values (< 2) are required. In attempts to avoid such harsh
conditions and product precipitation, different types of approaches were tested. Harsh conditions
were avoided due to green chemistry aspects, and product precipitation was avoided in order to
facilitate post‐synthesis processing with the view towards applications, e.g. coating.
The first attempts to avoid the harsh conditions were undertaken by Kaplan and coworkers (Akkara et
al 1991), where the authors polymerized a range of different monomers using the oxidative enzyme
horseradish peroxidase (HRP) and H2O2 in buffer/dioxane mixtures in pH ranges from 5 – 7. As shown
previously, the high pH would not lead to the formation of PANI‐ES, but was most probably used in
order to retain the activity of HRP, which loses activity at around pH 4 (Bovaird et al 1982). The authors
did indeed obtain PANI. However, the obtained PANI was branched, and precipitated.
First attempts to avoid product precipitation were undertaken around the same time by Liu et al
(1992). Here, aniline was polymerized non‐enzymatically, by using ferric chloride and H2O2 as oxidant.
In order to avoid precipitation and to prepare water‐soluble PANI, a so‐called template polymer was
added to the reaction solution. A promising candidate was found to be sulfonated polystyrene (SPS),
a polyanionic polymer. The model the authors use for this reaction is that before polymerization, a
complex between the template polymer and the aniline monomers is formed. During polymerization,
the growing PANI chain remains complexed to SPS: since the template polymer is water‐soluble, the
resulting PANI‐ES chain is solubilized as well. The model developed is based on DNA synthesis. The pH
of the solution is unfortunately not given, but must have been low.
II.5.4.2 Successful use of anionic micelles and polymers as SDIs to obtain PANI‐ES
The two concepts described above were finally combined in the late 1990s, when Samuelson and
coworkers (Samuelson et al 1998) developed a completely new synthetic approach for PANI‐ES: they
used HRP as enzyme and H2O2 as oxidant to oxidize aniline in the presence of SPS at pH ≈ 4 and
obtained water‐soluble PANI‐ES. The pH chosen was low enough to obtain protonated emeraldine
products, and high enough to ensure HRP activity. Without SPS, brown products formed, which
precipitated (Figure II.5.4, left). The authors argued that SPS serves as a DNA‐type template for pre‐
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alignment of the aniline monomers (Figure II.5.4, right) and that using SPS as a counterion enables
both doping and water solubility of PANI – a model comparable to that used by Liu et al (1992).

Figure II.5.4: Left: Photograph of the first (to our knowledge) SDI‐guided enzymatic oxidative polymerization of
aniline. In the presence of SPS at pH = 4, PANI‐ES is formed and is colloidally stable. Without SPS at pH = 4, PANI‐
ES does not form and the products precipitate. Right: Schematic representation of how the authors describe how
the SPS polymers enable the formation of SPS from enzymatically oxidized aniline at pH ≈ 4. Reprinted from
Samuelson et al 1998 with permission from ACS Publications.

The reaction conditions using SPS were later optimized (Liu et al 1999a) and a pH of 4.3 was found to
be a good trade‐off between protonation of PANI and HRP stability. In the same year, the group
expanded their work to study the influence of different types of template polymers and found that the
template polymer used must be a strong acid polyelectrolyte with a hydrophobic backbone in order to
obtain PANI‐ES (Liu et al 1999b). Later, micelles were tested instead of SPS for the enzymatic synthesis
of PANI‐ES (Liu et al 2002). Anionic micelles from SDBS led to the formation of products with an optical
spectrum resembling that of PANI‐ES, whereas micelles from cationic or neutral amphiphiles did not
lead to the formation PANI‐ES (Figure II.5.5). The model the authors developed to explain the fact that
the presence of micelles can also lead to the formation of PANI‐ES is based on their ‘template’ model
they had developed previously for SPS, but it is slightly more sophisticated. The authors argue as
follows: the anionic surface charge of the micelles is extremely important because it electrostatically
attracts the anilinium cations from solution, leading to a micelle‐aniline complex formation. Thus,
aniline is loaded into the interior or complexed to the surface of the micelles. This complex formation
leads to a pre‐organization of the aniline molecules, perhaps by being ‘…intercalated between the
surfactants as components of the micelles…’ As such, the micelles were perceived as possessing a
similar ‘templating effect’ – with respect to preorganization and thus regioselectivity control ‐ as the
SPS polymers. The anionic surface charge also attracts H+ from the reaction solution, leading to a lower
local pH at the surface of the micelles. This low pH is necessary for the synthesis of polyaniline. Thus,
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the anionic micelles are seen as possessing two main reaction‐controlling effects: 1) pre‐orientation of
the monomer, and 2) decrease of local pH. Thus, the interfacial area of the micelles is acknowledged
to be extremely important to the reaction, but the role of the hydrophobic domain of the micelles is
not discussed in depth.

Figure II.5.5: Left: UV‐vis‐NIR spectra of PANI synthesized the presence of micelles from a) CTAB, b) Triton X‐100,
and c) SDBS. Only anionic micelles (from SDBS) lead to the formation of products with the spectroscopic
properties of PANI‐ES. Right: Schematic illustration of the reaction. Reprinted from Liu et al with permission from
ACS Publications.

Almost 10 years later, SDBS micelles were also used as SDIs in the oligomerization of PADPA with
Trametes hirsuta laccase as enzyme and molecular O2 as oxidant at pH = 3.8 to form colloidally stable
oligo(PADPA) with PANI‐ES type spectroscopic characteristics (Shumakovich et al 2011). The authors
found that the rate of PADPA oxidation is faster than that of aniline due to the lower formal potential
of PADPA in comparison to aniline. Due to the fact that they were able to dissolve their oligo(PADPA)
in tetrahydrofurane, MALDI‐TOF measurements of the resulting products were conducted,
measurements that are impossible to do with conventional PANI. The authors found that chains were
formed with 4‐22 aniline repeat units. This low degree of PADPA oligomerization was already known
for the chemical and electrochemical oligomerization of PADPA as described in the previous chapter.
Regarding these MS results, it is important to keep two experimental details in mind: a) the authors
dried their oligo(PADPA) products, which may lead to post‐synthesis changes in the product, and b)
the mass spectrum of this product mixture contains a lot of different peaks which stem from a lot of
different processes (hydrolysis, post‐synthetic alterations, reactions during the MALDI‐TOF process
itself, incomplete deprotonation) which makes them very difficult to interpret. Unfortunately, there is
no report about control measurements without micelles.
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II.5.3.3 Successful use of anionic vesicles as SDIs to obtain PANI‐ES
The results presented above are from pioneering work in the field of enzymatic synthesis of PANI‐ES
and PANI‐ES type products using SDIs such as micelles and SPS in order to gain coloidally stable PANI‐
ES in an environmentally benign manner. This built the basis for further research in this field. A next
step was to use vesicles instead of micelles or polymers to guide the enzymatic oxidation and
polymerization of aniline (Guo et al 2009) with HRP and H2O2 at pH = 4.3. It was found that mixed
vesicles formed from SDBS and decanoic acid (1:1 molar ratio) are even better than SDBS micelles in
guiding the reaction because the stability of HRP is higher in the presence of vesicles than in the
presence of micelles. Optimization procedures showed that too much H2O2 led to an over‐oxidation of
the final products, and cryo‐TEM images of the vesicles before, during and after the reaction show that
the vesicles change shape on the addition of aniline and after the reaction had completed. Control
reactions without any vesicles, or using POPG vesicles (which has a much weaker zeta‐potential than
SDBS/decanoic acid vesicles, ‐55.4 mV vs ‐94 mV) did not lead to the formation of PANI‐ES. The model
to explain the reaction‐controlling behavior of SDBS/decanoic acid vesicles is very similar to the one
proposed by Samuelson and coworkers in 2002 (Liu et al 2002): the vesicles adsorb and seem to align
the anilinium monomers for preferential head‐to‐tail coupling towards linear PANI‐ES .

Figure II.5.6: Schematic illustration of the oxidation and polymerization of aniline with HRP/H2O2 presence of 80
nm sized, unilamellar AOT vesicles. Reprinted from Junker et al 2012 with permission from the Royal Society of
Chemistry.

Later on, a lot of work was conducted on the oxidation of aniline with peroxidase/H2O2 in the presence
of anionic vesicles from AOT (Guo et al 2011, Junker et al 2012, Junker et al 2013) (Figure II.5.6). The
advantage of using AOT vesicles in comparison to the SDBS: decanoic acid vesicles is that the AOT
vesicles are still stable at 5°C, whereas the latter vesicles precipitate at low temperatures. Aniline was
also polymerized with TvL/O2 in the presence of AOT vesicles (Junker et al 2014). The primary method
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of characterizing the resulting products was always UV‐vis‐NIR spectroscopy, usually complemented
with EPR spectroscopy and FT‐IR. Other techniques, such as small angle neutron scattering, 1H‐NMR
with deuterated aniline and molecular dynamics (MD) simulations, were used to study the interaction
between the AOT vesicles and aniline or the AOT vesicles and the enzyme. The in‐depth and detailed
work led to the following findings:
1) Vesicles from AOT can guide the enzymatic oxidation and polymerization of aniline towards the
formation of PANI‐ES. The formed product remained solubilized in water. Thus, the field of possible
SDIs for the synthesis of PANI‐ES was expanded to include vesicles from synthetic amphiphiles. In the
absence of AOT vesicles, the products turned brown‐red and precipitated.
2) For the first time, it was explicitly shown that both a hydrophobic domain and a high local content
of negative charges are necessary to obtain a PANI‐ES product. Control measurements with short‐
chained AOT molecules – which do not form aggregates under the reaction conditions used – led to
the formation of brown products which precipitated, just like as in the case of no vesicles. Thus, it in
the context of the enzymatic synthesis of PANI, the simple presence of sulfonate groups is not sufficient
to obtain PANI‐ES.
3) The experimental details of the reaction are extremely important ‐ a slight change in the pH; a
change in the buffer salts; the concentration of either aniline, the enzyme, H2O2 or AOT; the
temperature; or a change of the enzyme (e.g. using soybean peroxidase instead of HRP, or using
Trametes versicolor laccase and oxygen (TvL/O2) as an enzyme/oxidant system); can have a large
influence on the outcome of the reaction and the quality of the obtained product. The change in the
product quality as a function of an experimental parameter was impossible to predict beforehand, but
it was possible to explain in hindsight.
4) Another finding, which confirms one part of the model elaborated by Samuelson and coworkers,
showed that aniline indeed does bind – but only loosely ‐ to the AOT vesicles, leading to a deformation
of the AOT vesicles which is visible in cryo‐TEM images. The exact localization of aniline with respect
to the AOT vesicles was not determined. However, the prevailing model assumes that the aniline
molecules lie on top of the AOT vesicles, in close proximity to the surface, but not within the bilayer.
This binding is important because in that way, the sulfonate headgroups in the AOT vesicles act as
counter‐ions to PANI‐ES. In addition, HRP was also found to interact with the AOT vesicles, but not to
the extent that the structure of the enzyme changed.
5) The aniline polymerization was determined to proceed via a radical‐radical bond formation towards
the aniline dimer, followed by chain growth through the addition of radical cations to the chain. In
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addition, it was determined by NMR studies that para coupling between aniline radical cations
dominated, leading to linear PANI‐ES chains.
6) No comprehensive model of how or why the AOT vesicles control the reactivity was developed,
primarily due to the difficulty in analyzing PANI formed in the absence and presence of vesicles, since
the formed product was not soluble in an organic solvent, and therefore not accessible to more
detailed structural analysis. However, the prevailing working hypothesis was nevertheless that the AOT
vesicles control the regioselectivity of the bond formation between two aniline radical cations via a
pre‐organization of the monomers ‐ in particular, the AOT vesicles were seen to avoid π‐ π stacking of
aniline, which would lead to ortho coupling. As described above, it was clear that the negatively
charged headgroups of the AOT vesicles are important for stabilizing the formed cationic PANI‐ES.
However, the possible role of the hydrophobic domain of the AOT vesicles was not particularly taken
into consideration.
Despite the high quality of the obtained product, there were still two main drawbacks to this system.
The first drawback was that a high amount of enzyme was necessary to obtain PANI‐ES (Junker et al
2012), which means that the reaction was not economically beneficial. The second drawback, from a
scientific view, was that the products were very long and insoluble in conventional organic solvents,
making the formed products inaccessible for further analysis. This means that only phenomenological
observations of the reaction were possible, and not further or deeper studies with respect to product
distribution or structure. In order to alleviate these two drawbacks, attempts were taken to oxidize
the aniline dimer, PADPA instead of aniline due a) its lower oxidation potential than aniline and b) due
to the fact that shorter products are formed in contrast to the polymerization of aniline.
II.5.4 Successful use of AOT vesicles for enzymatic PADPA oligomerization
After lengthy reaction optimization, and in the presence of AOT vesicles, a product resembling PANI‐
ES was obtained, using Trametes versicolor laccase (TvL) and molecular oxygen (TvL/O2) as oxidant
system. (Figure II.4.7). A publication by Shumakovich et al (2011) was the inspiration for this work. The
advantage of this new system in comparison to the previous ones using aniline as monomer was that
much less enzyme was required because PADPA is much easier to oxidize than aniline and because the
products obtained are not as inhibitory as the products from aniline. In addition, by using laccase, it
was not necessary to use an additional oxidant like H2O2 since laccase is continuously re‐oxidized by
molecular oxygen originating from the air which is in contact with the reaction mixture. Similar to
previous results from the chemical oxidation of PADPA, we found that oligo(PADPA) has spectroscopic
resemblance to PANI‐ES, but is not quite the same molecule(s), primarily because the chains are
shorter. MD simulations were conducted to provide a picture of the initial state of PADPA and the AOT
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vesicles, and they showed that PADPA is inserted into the AOT vesicle membrane. In addition, there
was no preferential perpendicular alignment, a finding which was in contradiction to the old model of
monomer pre‐orientation. Finally, as Shumakovich et al (2011) also found, it was possible to dissolve
(or in this case, extract) the final products into an organic solvent, which made it possible to conduct
MS measurements. It was found that short chains are formed, and that in the absence of AOT vesicles,
products containing oxygen – at the expense of amino groups – were formed.

Figure II.5.7: Schematic illustration of the oxidation and oligomerization of PADPA catalyzed with TvL/O2 in the
presence of ≈ 80 nm sized unilamellar AOT vesicles at pH = 3.5. Reprinted from Junker et al 2014 with permission
from ACS Publications.

This last system opened the door for an in‐depth study of the effect of SDIs on the course of a complex
enzymatic reaction, and it enabled us to study both the products formed in the absence and presence
of AOT vesicles in order to develop a more detailed model of how the AOT vesicles control this
enzymatic reaction. Hopefully, these findings would then enable us to develop more general ‘rules’ for
how SDIs can control the reactivity of highly reactive intermediates. In addition, it allowed us, for the
first time, to do a detailed structural analysis of PANI‐ES type products in order to get explicit
information on the obtained chains. So, it is at this point that the main work of this thesis begins.
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II.6 Reaction systems studied and key analytical strategy
In this work, PADPA was oxidized with three different types of oxidative enzymes, both in the presence
and absence of AOT vesicles. The most extensive work was conducted on the oxidation of PADPA with
Trametes versicolor laccase and molecular oxygen (TvL/O2): product distribution and product structure
analysis was first conducted on this system. For this reason, the results of the laccase system will be
discussed in the most depth. These results were then used as the basis to understand the other two
systems: the oxidation of PADPA with horseradish peroxidase and H2O2 (HRP/H2O2) as well as with
cytochrome C and H2O2 (cyt C/H2O2). In addition, preliminary proof‐of‐principle experiments were
conducted on using the as‐obtained product mixture to coat electrodes in order to immobilize an
enzyme to construct a biosensor.
Standard analytical methods include in situ measurements: UV‐vis‐NIR, EPR and Raman spectroscopy.
The main strategy to determine the product distribution and product structures was HPLC‐DAD (HPLC
coupled to a diode array detector) and HPLC‐MS of the extracted, deprotonated and reduced products.
At first, time‐resolved HPLC –DAD was conducted, which enabled us to determine the kinetic behavior
as well as the UV‐vis spectra of PADPA, the intermediate products and the end products. HPLC‐MS was
conducted only for one time point (1 h) and, at first, it was used to identify the mass of the products
assigned to chromatographic peaks.
a)

b)

Figure II.6.1: Chemical structures and synthesis procedure of the synthesized D5‐PADPA (a) and D1‐PADPA (b)
used for the product structure elucidation in this work. a) was a two‐step synthesis, where commercially available
pentadeuterated D5‐aniline was coupled with nitrochlorobenzene, followed by a reduction of the nitro group.
b) was a three‐step synthesis, where, in the first step, p‐bromoaniline was deuterated via an exchange reaction.
From the obtained para deuterated aniline D1‐PADPA was obtained in the same manner as described and shown
in a).
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HPLC‐MS was particularly fruitful to detect the products formed from partially deuterated PADPA.
Penta‐deuterated PADPA (D5‐PADPA) (Figure IV.1.1a) and mono‐deuterated PADPA (D1‐PADPA)
(Figure IV.1.1b) were both successfully synthesized by using standard literature procedures (see
chapter III.1.3). The products formed from their enzymatic oxidation were then analyzed by HPLC‐MS.
The exact mass of the individual products (e.g. whether a deuterium atom had been displaced due to
a bond formation) indicated the binding site between two or more PADPA molecules, which made
possible a partial structure determination of all of the formed products. For an exact description of the
structure elucidation procedure refer to Luginbühl et al (2016). The advantage of this approach was
that it enabled the structural analysis of all formed products simultaneously, without the need for
lengthy product purification and NMR. Complementary methods to determine the structures of the
obtained products were a) the use of reference compounds, and b) MD simulations.
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III Summary of materials, methods and publications
III.1 Materials and methods
In the following, the most important analytical and synthetic methods are summarized. Further details
are provided in the publications.
III.1.1 Enzymatic PADPA oligomerization
The materials, basic procedures for buffer and stock solution preparation, as well as the exact
descriptions of enzymatic PADPA oligomerization are all listed in the following publications: Junker et
al (2014) and Luginbühl et al (2016) for the TvL/O2 system, Luginbühl et al (2017a) for the HRP/H2O2
system and Luginbühl et al (2017b) for the cyt C/H2O2 system.
III.1.2 Analytical Methods
III.1.2.1 In situ methods
UV‐vis‐NIR: JASCO V670 spectrophotometer with Hellma Quartz cuvette, pathlength 1 mm.
Measurements conducted by the author.
EPR: Bruker EMX X‐Band with a TM cavity. Measurements conducted by Dr. Reinhard Kissner, ETH
Zürich, Switzerland. Data analysis conducted by Dr. Reinhard Kissner, Dr. Boris Rakvin, and the author.
Raman: DXR Raman microscope from Thermo Scientific, CCD detector. HeNe gas laser with an
excitation wavelength of 633 nm. Measurements carried out by Dr. Aleksandra Janoševic Ležaić, Dr.
Maja Milojević‐Rakić and Dr. Danica Bajuk‐Bogdanović in the laboratory of Prof. Ćirić‐Marjanović,
University of Belgrade, Serbia. For details on the experiments, data analysis and interpretation, see
Janoševic Ležaić et al (2016) and Luginbühl et al (2017a).
III.1.2.2 Ex situ methods: HPLC‐DAD and HPLC‐MS
In order to obtain information on the chemical structures of the formed products as well as the
product distributions, the key analytical method was HPLC, using either a diode array (DAD) or a mass
spectrometer (MS) as a detector. For more details, refer to Luginbühl et al (2016).
HPLC‐DAD: Thermo Scientific Dionex UltiMate 3000 UHPLC+ focused and Thermo Scientific Dionex
UltiMate 3000 DAD‐3000‐RS. Measurements conducted by the author. Equipment was kindly provided
first by Dr. Reinhard Kissner, former Koppenol group; and then by Dr. Jean‐Daniel Compain and Nicolas
Kaefer, Copéret group, LAC, ETH Zürich, Switzerland. Measurements conducted by the author.
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HPLC‐MS: Agilent 1200 HPLC and Bruker Daltonics maXis ESI‐QTOF. Measurements conducted by Louis
Bertschi, MS Service, ETH Zürich, Switzerland
Column: Machery‐Nagel EC 150/4.6 Nucleodur C18 Isis.
Separation conditions: 75 min solvent gradient from 20 % acetonitrile, 80 % pH 10, 10 mM NH4CO3
buffer to 95 % acetonitrile, 5 % pH 10, 10 mM NH4CO3. Flow speed 0.7 ml/min. Separation conditions
designed by the author.
Sample Preparation for HPLC: 500 µl of the reaction suspension was removed and added to 1 ml MTBE
and 100 µl of a 25 wt% aqueous NH3 solution in an Eppendorf flask. It was left to stand overnight, then
the supernatant was removed. 2 ml acetonitrile was added to the MTBE solution, MTBE removed in
vaccuo (70 mbar) at room temperature. Reduction by adding 400 ul H4N2 and stirring vigorously for 10
min. Finally, 8 ml of pH 10, 10 mM NH4CO3 buffer was added. Sample preparation conducted by the
author and designed by the author with help from Dr. Katja Junker.
Structure elucidation with deuterated PADPA: Selectively deuterated PADPA was synthesized (see
below) and the products obtained from selectively deuterated PADPA were separated and detected
by HPLC‐MS in order to determine the bond formation sites between two or more PADPA molecules
for every chromatographic peak. In addition, HPLC‐MS measurements of the products obtained from
non‐deuterated PADPA were also conducted. This was complemented by the use of reference
materials which were kindly provided by Prof. Kulszewicz‐Bajer, Warsaw University of Technology,
Poland (Kulszewicz‐Bajer et al 2004). For more details on the analysis of the HPLC‐MS data, refer to
Luginbühl et al (2016). Product analysis and structure elucidation conducted by the author.
Use of
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O‐water: For the TvL/O2 system using only MS, it was determined that in the absence of

vesicles, some of the products formed contained oxygen (Junker et al 2014). In order to determine the
source of oxygen, 50 % of the water in the reaction without vesicles was replaced with H218O. The
formed products were then separated and analyzed by HPLC‐MS:
III.1.2.3 Electrochemistry
Preliminary cyclic voltammetry measurements conducted by Dr. Igor Pašti, University of Belgrade,
Serbia. For details refer to Janoševic Ležaić et al (2016) and Luginbühl et al (2017a).
Electrochemical measurements for enzyme immobilization studies conducted by the author with
invaluable help from Dr. Reinhard Kissner and Dr Nicolas Kaeffer. Experiments were conducted on
Metrohm Autolab Potentiostat kindly provided by the group of Prof. Copéret, ETH Zürich, Switzerland
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III.1.2.4 Other Methods
Molecular Dynamics (MD) simulations: conducted by Dr. Lukas D. Schuler from xirrus GmbH,
Switzerland. For details refer to Junker et al (2014) and Luginbühl et al (2016)
Time‐dependent density function (TD‐DFT) calculations: conducted by Dr. Martin Willeke, Department
of Materials, ETH Zürich, Switzerland. For details refer to Luginbühl et al (2016).
Cryo‐TEM: conducted by Prof. Takashi Ishikawa, PSI Villigen, Switzerland. For details on sample
preparation and imaging, refer to Namani et al (2007).
Fluorescence spectroscopy: Hydrophobic fluorescence probes were embedded into AOT vesicles in
order to determine changes in polarity and order. Conducted by Dr. Fumihiko Iwasaki. For details refer
to Iwasaki et al (2017c).
III.1.3 Synthesis
III.1.3.1 Synthesis of selectively deuterated PADPA
D5‐PADPA: D5‐PADPA refers to the PADPA molecule where the terminal ring is completely deuterated
(Figure II.7.1a). It was synthesized according to Giera et al (2001) and Bavin (1973). First, commercially
available pentadeuterated aniline (D5‐aniline) was coupled with 4‐chloronitrobenzene to make D5‐
nitrodiphenylamine, and then the terminal nitro group was reduced.
D1‐PADPA: D1‐PADPA refers to the PADPA molecule where the C10 position of PADPA is deuterated
(Figure II.7.1b). First, p‐deuterated aniline was synthesis from p‐bromoaniline according to Miura et al
(1997). The coupling reaction and subsequent reduction was then done in the same way as for D5‐
PADPA.
All of the corresponding NMR spectra as well as molecular structures can be seen in the supporting
information of Luginbühl et al (2016).The syntheses were conducted by the author. The deuteration
reaction was conducted with the help of Dr. Katja Junker.
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III.2 Publications
The repository of the articles published in the course of the PhD work is divided into four parts. The
first part represents the bulk of the published papers, and deals with the oxidation of PADPA with
laccase and molecular oxygen (TvL/O2) in the presence and absence of vesicles. (Junker et al 2014) is
the first paper that was published on this system, and is devoted to the optimization of the reaction
system to obtain a PANI‐ES type product. It includes in situ UV‐vis‐NIR and EPR measurements; MD
simulations of the AOT vesicle membrane with PADPA; and preliminary MS measurements of the
extracted products. (Janoševic Ležaić et al 2016), the second paper on the TvL/O2 system, is a more
detailed study of the reaction system, where we gain information on the different types of functional
groups present in the product dispersion, and it was shown that the product dispersion can be used to
coat glassy carbon electrodes to yield an electrochemical signal. It includes detailed Raman
spectroscopy measurements and analysis, as well as cyclic voltammetry measurements. (Luginbühl et
al 2016) is the third paper on the TvL/O2 paper, where we determine the structure of the main product
in the reaction with AOT vesicles, elucidate the product distribution with and without AOT vesicles,
and develop a hypothesis as to the reaction pathways with and without AOT vesicles, including a
possible reaction mechanism. It is primarily based on HPLC‐DAD and HPLC‐MS measurements, and
includes MD and DFT simulations.
The second part includes papers where, instead of laccase, iron‐containing heme enzymes with H2O2
were used to oxidize PADPA and aniline. The findings and the discussions in these papers are based on
the results from the papers on the TvL/O2 system. (Luginbühl et al 2017a) reports on using horseradish
peroxidase and H2O2 (HRP/H2O2) to oxidize PADPA in the presence and absence of AOT vesicles. In this
work, we show that by using HRP in the presence of AOT vesicles, a PANI‐ES type product can also be
obtained under optimal conditions. We demonstrate that the product distribution is slightly different
than the product distribution with TvL/O2. It includes the results from in situ UV‐vis‐NIR, EPR and
Raman spectroscopy measurements; HPLC‐DAD and HPLC‐MS measurements; and cyclic voltammetry
measurements. In (Zhang et al 2017), a mixture of PADPA and aniline were oxidized and oligomerized
with HRP/H2O2 in the presence of AOT vesicles. These products were compared to the products
obtained only with PADPA and HRP/H2O2 in the presence of AOT vesicles and found to contain fewer
defects. In addition, a reaction scheme was developed based on the results from in situ UV‐vis‐NIR
spectroscopy, EPR spectroscopy, Raman spectroscopy, cyclic voltammetry, HPLC‐DAD and HPLC‐MS.
In (Luginbühl et al 2017b) we show that cytochrome C (cyt C/H2O2), a protein which contains a heme‐
group, can also be used to oxidize PADPA in the presence of AOT vesicles to form a PANI‐ES type
product. We show that the AOT vesicles induce a peroxidase‐type activity in cyt C via a change in its
conformation. It includes the results from in situ UV‐vis‐NIR spectroscopy, EPR spectroscopy, CD
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spectroscopy and HPLC‐DAD. In this work it was recognized that SDIs can play an additional role in
addition to those discussed previously, namely to act as a catalyst activator.
The third part does not focus on a specific reaction, but instead focuses on the AOT vesicle membrane
characteristics, both unaltered, and after being changed by the addition of PADPA. This was done by
fluorescence spectroscopy of hydrophobic fluorescent probes in (Iwasaki et al. 2017c). Here, we show
that there exists a very strong interaction between the PADPA monomer and the AOT vesicle
membrane which leads to a change in the AOT vesicle membrane fluidity and polarity, which may be
crucial for how AOT vesicles control the above reactions.
Finally, the fourth part includes reviews which were primarily inspired by three PhD theses conducted
in our lab. (Ćirić Marjanović et al 2016) is a comprehensive review of the enzymatic oxidative oligo‐and
polymerization of arlyamines, which was inspired by this thesis, the thesis by Katja Junker (Junker
2013) and the work conducted in the group of Gordana Ćirić Marjanović. (Küchler et al 2016) is a
conceptual review on the confinement of enzymes for single‐or multistep enzymatic reactions on
different types of solid or soft surfaces or within different types of compartments, marginally inspired
by this thesis and primarily derived from the thesis of Andreas Küchler (Küchler 2015).
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IV Key results
In this chapter, the key results obtained for all of the reaction systems under study will be presented.
It is based on the published papers, and is complemented by some unpublished data. This chapter is
organized in the same manner as the order of the papers; first, the TvL/O2 system will be discussed,
then the HRP/H2O2 system followed by the cyt C/H2O2 system. In all cases, PADPA was oxidized in the
presence and absence of AOT vesicles. This core part will be followed by preliminary and unpublished
results on electrode coating and biosensor manufacturing as a demonstration of how the as‐obtained
product mixture can directly be used without work‐up.

IV.1 Overview of results
A rapid, schematic and easy‐to‐understand overview of all of the results is shown in Scheme IV.1.1,
below. The findings with respect to both the in situ and ex situ results, as summarized in this graph,
are broadly applicable to all of the reaction systems that were studied. On the next page, the most
important findings of the different systems under studied are summarized.

Scheme IV.1.1: General summary of the findings obtained from all three reaction systems.
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Oxidation of PADPA with Trametes versicolor laccase and O2 (TvL/O2), pH = 3.5
‐ Under optimal conditions, a stable dispersion is obtained, and the
products resemble PANI‐ES. Without AOT vesicles, no such product is
obtained.
‐ The main product formed with AOT vesicles is the head‐to‐tail coupled
PADPA dimer, with a low yield of undesired phenazine‐type side products
‐ Without AOT vesicles, hydrolysis reactions also occur, in conjunction with
more undefined coupling reactions
Oxidation of PADPA with horseradish peroxidase isoenzyme C and H2O2 (HRP/ H2O2), pH = 4.3
‐ Under optimal conditions, a stable dispersion is obtained, and the
products roughly resemble PANI‐ES. Without AOT vesicles, no such
product is obtained.
‐ The main product formed with AOT vesicles is the head‐to‐tail coupled
PADPA dimer, with a high yield of undesired phenazine‐type side products
‐ Without AOT vesicles, primary reaction is the hydrolysis of PADPA
‐ PANI‐ES type products only form if the negative charge density on the
vesicle membrane surface is sufficiently high.
Oxidation of PADPA with cytochrome C and H2O2 (cyt C/ H2O2), pH = 4.3
‐ The presence of AOT vesicles can induce cyt C to display peroxidase‐type
activity even though it is not an oxidative enzyme.
‐ This change in activity is due to a structural change at the heme site
‐ The main product formed with AOT vesicles is the phenazine‐type PADPA
trimer, along with the head‐to‐tail coupled PADPA dimer as a secondary
product.
‐ In contrast to the other two systems, a very high concentration of the
enzyme is required.
Electrode coating and enzyme immobilization
‐ The as‐obtained PANI‐ES type product dispersion from PADPA and
TvL/O2 can be cast onto glassy carbon electrodes and elicits an
electrochemical response.
‐ Onto this layer, a HRP‐dendronized polymer conjugate can easily be
immobilized non‐covalently.
‐ The presence of H2O2 in the buffer solution leads to an increased current
response upon a negative voltage, when HRP is immobilized.
‐ For the conditions tested so far, there was no linear relationship
between the H2O2 concentration and the current response of the
electrode, due to the rapid denaturation of the enzyme
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IV.2 Trametes versicolor Laccase and O2 (TvL/O2) system
From the Papers: Junker et al 2014, Luginbühl et al 2016, Janoševic Ležaić et al 2016
IV.2.1 In situ results
TvL contains an active site with 4 copper atoms, has a formal potential of 0.8 V, and an isoelectric point
of about 3.5 (Piontek et al 2002). TvL can oxidize a wide range of small, organic molecules in a one‐
electron oxidation, which, after being reduced by the substrate, is then re‐oxidized by molecular
oxygen (Jeon & Chang 2013). Thus, TvL in solution is recycled by oxygen from the air, and does not
require another co‐substrate.
When PADPA (1.0 mM) is oxidized with TvL/O2 ([TvL] ≈ 30 nM)) in the presence of AOT vesicles ([AOT] =
1.5 mM) at pH = 3.5 ([NaH2PO4] = 100 mM) at room temperature, a green, stable suspension is formed
(Figure IV.2.1a). The in situ measurements show a high absorption at ≈1000 nm, a high EPR signal
intensity and a high intensity of the polaron band in Raman spectroscopy (Figure IV.2.2a‐c). This all
indicates that with AOT vesicles, a PANI‐ES type product is formed. Without vesicles, the products turn
purple and precipitate (Figure IV.2.1b). There is no absorption at ≈ 1000 nm, only a weak EPR signal,
and no polaron band (Figure IV.2.2a‐c). Control experiments conducted using sodium di‐n‐
butylsulfosuccinate (C4‐AOT) (same headgroup as AOT but shorter hydrophobic chains; does not form
vesicles or micelles at pH = 3.5) lead to purple products which precipitate (Figure IV.2.1c) and POPC
(zwitterionic headgroup, forms vesicles) leads to purple products which do not precipitate (Figure
IV.2.1d). This shows that the combination of a high local concentration of anionic sulfonate groups and
a hydrophobic assembly are critical for a successful reaction.
a)

b)

c)

d)

Figure IV.2.1 Images of the reaction dispersions after 24 h at 25 °C of the oxidation of PADPA (1.0 mM) with
TvL/O2 ([TvL] ≈ 30 nM) a) in the presence of AOT vesicles ([AOT] = 1.0 mM), b) without additives, c) with C4‐
AOT([C4‐AOT] = 1.0 mM), and d) with POPC vesicles ([POPC] = 1.0 mM). [H2PO4] = 100 mM, pH 3.5.
(Unpublished photos)
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Figure IV.2.2: In situ spectra of the reaction of PADPA with TvL/O2 with (in green) and without (in red) AOT vesicles
after 2 h. a) UV‐vis‐NIR spectra (pathlength = 1 mm) from Luginbühl et al (2016) b) EPR spectra using DPPH glued
onto the flat cell as a reference compound from Luginbühl et al (2016), c) Raman spectra from Janoševic Ležaić
et al (2016).

Preliminary MS measurements (without prior HPLC separation) of the extracted and deprotonated
products showed that with AOT vesicles, a large variety of products were formed. However, the main
product was found to be a PADPA dimer. Without AOT vesicles, MS indicated the formation of oxygen‐
containing products.
IV.2.2 Ex situ results: Product distribution analysis
In order to gain a more detailed picture of the product distribution with and without AOT vesicles,
HPLC‐DAD of the extracted, deprotonated and reduced products was conducted. In order to determine
the mass of these formed products, HPLC‐MS of the extracted, deprotonated and reduced products
from commercial PADPA was conducted. In addition, HPLC‐MS was used to analyze the extracted,
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deprotonated and reduced products formed from selectively deuterated PADPA in order to determine
the site of bond formation between two or more PADPA molecules. In addition, 18O‐marked water was
used in the reactions without vesicles in conjugation with HPLC‐MS in order to determine the source
of the oxygen in oxygen‐containing products formed in the absence of AOT vesicles.
At first, the kinetics of the reduced and deprotonated products were studied with HPLC‐DAD,
where it was observed that PADPA is consumed within ca 2 h with a concomitant increase of a
main product (data not shown, refer to original publication). The HPLC chromatograms after a
reaction time of 1 h with and without AOT vesicles are shown Figure IV.2.3. With AOT vesicles,
the PADPA dimer, (PADPA)I2 (Figure IV.2.3 Peak nr 1) is primarily formed. It is linear, and is formed
via a para‐N‐C coupling. The structure of the dimer shown in Figure IV.2.3 was determined
doubtlessly, using partially deuterated PADPA, DFT calculations and a reference material which
was synthesized using conventional organic synthesis and structurally confirmed with NMR
(reference material provided by Prof. Kulszewicz‐Bajer, Warsaw University of Technology,
Poland). In addition, a low amount of linear, para‐N‐C coupled PADPA trimer, (PADPA)I3 was also
found to have formed (Figure IV.2.3a, peak nr 2). Another reaction route in the presence of
vesicles was also found: instead of para coupling, products formed most probably via an ortho
coupling and subsequent cyclization were detected. The length of these oligomers vary from the
dimer of PADPA, (PADPA)II2 until the pentamer of PADPA, (PADPA)5II (Figure IV.2.3a, peak nrs 3).
The presence of phenazine‐type products was independently found using in situ Raman
spectroscopy. As the chemical structures of these products were not undoubtedly determined,
their structure is shown only very roughly. In the context of PANI, these phenazine‐type products
are usually considered as unwanted side products, as they do not possess the redox activity or
electrical conductivity of para‐N‐C coupled aniline chains. As such, it is advantageous that their
formation with TvL/O2 is minimal. Without vesicles, the situation was found to be slightly more
complicated, in that a larger variety of side products were formed, which we refer to as
‘degradation products’, see Figure IV.2.4. By using HPLC‐MS and analyzing the isotope distribution
of the products formed in the presence of 50 %
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O‐marked water, it was found that PADPA

underwent hydrolysis where the primary amino group was replaced by a hydroxyl group (Figure
IV.2.4, peak nr 4). Another degradation product which was formed to a large degree was the
linear, N‐C coupled aniline trimer (Figure IV.2.4, peak nr 5). One of the most interesting findings
was that both (PADPA)2I (1) as well as hydrolysed (PADPA)2I (6) are formed in the absence of
vesicles (Figure IV.2.4, peak nrs 1,6). Finally, the phenazine‐type oligomers (3) which are formed
with vesicles, are also formed without vesicles. In addition, the hydrolysis products of these
phenazine‐type products – most probably phenoxazines ‐ were also found (Figure IV.2.4 peak nr
7).
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Figure IV.2.3: Chromatogram and structures formed with vesicles after 1h
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Figure IV.2.3: HPLC chromatograms of the deprotonated, extracted and reduced products after a reaction
time of 1 h for in the presence of AOT vesicles. The chemical structures of the formed products as determined
with HPLC‐MS with selectively deuterated PADPA are shown below the chromatogram: Peak 1 is the linear,
para‐N‐C coupled PADPA dimer, (PADPA)2I, peak 2 is the linear, para‐N‐C coupled PADPA trimer, (PADPA)3I,
peaks 3 represent all phenazine‐like oligomers which are formed ((PADPA)2II‐(PADPA)5II). Chromatogram from
Luginbühl et al (2016).
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Figure IV.2.4: Chromatogram and structures formed without vesicles after 1h

40

abs 310 nm (mAU)

30

1,6

20

PADPA
degradation
products

4

10

5

3,7

0
15

20

25

30

35

40

45

50

55

60

65

retention time (min)

(4)

(5)

(6)

(7)
Figure IV.2.4: HPLC chromatograms of the deprotonated, extracted and reduced products after a reaction
time of 1 h for the reaction without AOT vesicles. The corresponding chemical structures of the products are
shown below. Peak 4 is hydrolysed PADPA, peaks 5 is the N‐C coupled aniline trimer, peak 6 is hydrolysed
(PADPA)2I , and peak 7 represents different types of phenoxazines. Chromatogram from Luginbühl et al
(2016).
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Based on TD‐DFT calculations, it was determined that it is most likely that in the native solution in
the presence of AOT vesicles, (PADPA)2I (1) is in the protonated and half‐oxidized, half‐reduced,
i.e. in the separated polaron, emeraldine salt form (8 in Scheme IV.2.1). Therefore, in the ES form
(PADPA)2I (1) is therefore primarily responsible for the green color of the product suspension, the
NIR absorption at ≈ 1000 nm, the strong EPR signal and the polaron band in the Raman spectra.
This structure is very stable as it does not seem to undergo further reactions to a significant
degree. It is very likely that the lower amount of linear (PADPA)3 (2) is also in the same ES form
and also contributes to the NIR absorption at ≈ 1000 nm, the strong EPR signal and the polaron
band in the Raman spectra. In the absence of AOT vesicles, (PADPA)2I (1) is still formed, but to a
lower degree than in the presence of AOT vesicles. The large spectroscopic difference between
the products formed with and without vesicles indicates that (PADPA)2I (1) is in a different
protonation and/or oxidation state than when it is formed with vesicles. Assuming it is in the
same oxidation state as in the presence of vesicles, it may be that (PADPA)2I is present in the
emeraldine base form and is therefore not protonated (9 in Scheme IV.2.1) in the absence of AOT
vesicles.

(8)

(9)
Scheme IV.2.1: Most probable oxidation and protonation states of (PADPA)2I in the native reaction
solutions: with vesicles in the emeraldine salt form with separated polarons (8) and without vesicles in the
emeraldine base form (9).

IV.2.3 Scheme for the reactions in the presence and absence of AOT vesicles
This product distribution analysis, in combination with previous reaction mechanism studies from
literature (Shumakovich et al 2011, Geniès et al 1989, Ćirić‐Marjanović et al 2008) led us to propose
the following reaction scheme to describe how the main products with and without vesicles are formed
(Scheme IV.2.2). The reactions which predominantly take place in the presence of AOT vesicles are
62

given in bold, green arrows, and the reactions with predominately take place in the absence of AOT
vesicles are shown in bold, violet arrows. Reactions that take place without vesicles to a lesser degree
are shown in thin, violet arrows, and reactions that take place with vesicles to a lesser degree are
shown in thin, green arrows.
The first product after the oxidation of PADPA with TvL/O2 is the radical cation of PADPA, PADPA•+ (as
seen in EPR spectroscopy, unpublished) since TvL is a one‐electron oxidant. However, as discussed in
the Introduction (Chapter II.4), two PADPA•+ radical cations are unlikely to couple with one another,
instead, it is more likely that two PADPA•+ molecules undergo a disproportionation reaction towards
N‐phenyl‐1,4‐benzoquinonediimine (PQD) (10) and PADPA. Alternatively, PADPA•+ may also be
oxidized again by TvL to form PQD (10). Thus, the most important intermediate product is PQD (10).
PQD (10) is rapidly protonated to PQDH+ (pKA = 5.6) (11) at pH = 3.5 (Bergamini et al (2000). In the
presence of AOT vesicles, one PQDH+ cation (11) and one PADPA molecule can undergo electrophilic
aromatic substitution at the C10 position of PADPA, leading to the formation of para‐N‐ C coupled
PADPA dimer, (PADPA)2I (1). This is the major reaction pathway in the presence of AOT vesicles. After
coupling, there is a proton shift in (PADPA)2I (1). In the presence of AOT vesicles, this proton shift is
accompanied by a protonation, leading to (PADPA)2I in the ES form (8). This protonation step in the
presence of AOT vesicles is most likely due to the low local pH at the AOT vesicle surface. There is
evidence from HPLC measurements that (PADPA)2I (1) can couple with PADPA to form the linear
(PADPA)3 molecule (2). The extent of formation, as well as the mechanism for formation, are not clear.
In any case, under optimal conditions, longer linear N‐C para coupled oligomers than (PADPA)3 were
not found. There is indirect evidence that a much higher TvL concentration leads to the formation of
longer PADPA oligomers of which the structure is unknown – they may be branched. These longer
oligomers do not seem to be beneficial because preliminary UV‐vis‐NIR and EPR spectroscopy indicated
that the formed chains are most likely overoxidized, i.e. in the pernigraniline state. A minor reaction
pathway in the presence of AOT vesicles is an ortho coupling between PQDH+ (11) and PADPA followed
by cyclization; and subsequent oligomerization steps can lead to the formation of phenazine‐type
oligomers (3). An increased reaction temperature was found to be correlated with an increased yield
of the phenazine‐type products, whereas a decreased reaction temperature was found to decrease
the yield of phenazine‐type products (unpublished).
In the absence of AOT vesicles, PQDH+ (11) primarily undergoes hydrolysis to form hydrolysed PADPA
(4), which may undergo further coupling reactions with PQDH+ (11) to form hydrolysed (PADPA)2I (6)
(para coupling) or phenoxazines (7) (ortho coupling). The coupling reaction between PQDH+ (11) and
PADPA towards (PADPA)2I takes place to a minor degree in the absence of AOT vesicles. However, in
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the absence of AOT vesicles (PADPA)2I is not protonated, leading to the EB form (9) of (PADPA)2II.
Finally, phenazine‐type products formed from ortho coupling are also obtained without AOT vesicles.
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Scheme IV.2.2: Major (thick arrows) and minor (thin arrows) reaction pathways of the oxidation of PADPA with
TvL/O2 in the presence (green) and absence (violet) of AOT vesicles. Reprinted and adapted from Luginbühl et al
(2016).

Thus, by utilizing HPLC and HPLC‐MS, the product distribution from the oxidation of PADPA with TvL/O2
at pH = 3.5 in the presence and absence of AOT vesicles was elucidated. From this product distribution
analysis, probable reaction routes in the presence and the absence of AOT vesicles were established.
For important steps in the reaction routes (coupling and hydrolysis), probable mechanisms are
suggested.
From Scheme IV.2.2 it becomes clear that the AOT vesicles have a profound effect on the course of
the reaction of the oxidation of PADPA with TvL/O2. First, the presence of the AOT vesicles suppresses
the hydrolysis of PQD (10), second, it favors the coupling reaction of PQD (10) and PADPA to (PADPA)2I
(and also linear (PADPA)3) and third, it promotes protonation of (PADPA)2II. Thus, AOT vesicles control
the activity of the reactive intermediate, PQD (10): they suppress one major reaction pathway and
favor another one. These findings led us to develop the concept of AOT vesicles, or soft dispersed
interfaces in general, as ‘reaction pathway controlling’ additives.
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IV.2.4 Reaction localization
In order to develop a more mechanistic model of how AOT vesicles control the course of the reaction
of the oxidation of PADPA with TvL/O2, a more detailed picture of the local state of the AOT membrane
in conjunction with PADPA was required. It was assumed that PADPA and the AOT vesicle membrane
interact with each other, and that this interaction is crucial. However, it is difficult to experimentally
gain access to the local conditions at the AOT vesicle membrane. For this reason, MD simulations of
the AOT vesicle membrane with both PADPA and PQDH+ (11) were conducted. Figure IV.2.5a shows
that MD simulations predict that, before the addition of the enzyme, all of the protonated PADPA
cations, PADPAH+, are associated to the AOT vesicle membrane. They are localized in the hydrophobic
membrane, close to the membrane surface (palisade area). This finding is in agreements with the the
claims made by Quagliotto et al (2017) and Oehme et al (1998), see Chapter II.4.2 & II.5.3. This means
that the oxidation of PADPA and all follow‐up reactions take place in a hydrophobic domain, but
nevertheless very close to the negatively charged AOT vesicle surface. The situation is similar for PQDH+
(11) (Figure IV.2.5b), where the cations are even more deeply embedded in the AOT vesicle
membrane.
The dissolution of PADPA within the AOT vesicle membrane leads to experimentally observable
phenomena. For example, upon the addition of PADPA to the AOT vesicles, the fluorescence spectrum
of the hydrophobic fluorescent probe, Laurdan, shifts markedly to lower wavelengths, indicating a
change in the local structure of the AOT vesicle membrane from the Ld to the Lo state (Iwasaki et al
2017c). The fluorescence spectroscopy measurement indicates the co‐existence of these two phases,
most probably on one and the same vesicle membrane (compare to Chapter II.3.2). However, the
importance of this phase change on the reaction is not known. Furthermore, observation by eye shows
that after PADPA is added to the AOT vesicle suspension, the turbidity of the suspension increases
markedly. This turbidity increase indicates that larger aggregates are formed. Indeed, most probably
because of this binding, the AOT vesicles undergo fusion, as can be seen in Figure IV.2.5c (unpublished
micrographs). These observations are consistent with literature, where counter‐ions are accumulated
to the surface of a charged membrane, which can lead to leakage and fusion (Cevc 1990). However,
the importance of this fusion event on the reaction is not clear at the moment.
Taking the simulation and experimental results together, we conclude that PADPA and later PQDH+
(11) are dissolved in the hydrophobic membrane of the AOT vesicles, and that PADPA and PQDH+ (11)
are located very close to the negatively charged interface of the AOT vesicles. Thus, the AOT vesicles
provide a special microenvironment for the oxidation and coupling reactions to occur, an environment
which is profoundly different than that provided by bulk water, C4‐AOT or POPC vesicles.
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Figure IV.2.5: MD simulation of the AOT vesicle membrane from the side (in brown) with a)
protonated PADPA cations (from Junker et al 2014); and b) PQDH+ (11) embedded within the
membrane (from Luginbühl et al 2016). The green and red shapes indicate the buffer salts, c)
cryo‐TEM images of virgin AOT vesicles ([AOT] = 15 mM) (left) and the AOT vesicles after the
addition of PADPA ([AOT] = 15 mM, [PADPA] = 1.0 mM) (right) show that as a consequence of
this binding, vesicle fusion occurs. This observation is consistent with literature (Cevc 1990).
Unpublished micrographs taken by Takashi Ishikawa at PSI.
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IV.3 Horseradish Peroxidase and H2O2 (HRP/H2O2) System
From the Paper and manuscript: Luginbühl et al 2017a, Zhang et al 2017 (Unpublished)
IV.3.1 Motivation for using HRP instead of TvL
The findings presented thus far show that the AOT vesicles exert a pathway controlling effect on the
course of the oxidation and oligomerization of PADPA with TvL/O2. In order to generalize this finding,
TvL and molecular oxygen were replaced with HRP and H2O2. HRP is a heme‐containing oxidative
enzyme, which after being oxidized by H2O2, can oxidize a wide range of organic molecules in two one‐
electron oxidation steps with a formal potential of around 1 V (Veitch 2004) (Note: this is a higher
formal potential than in the case of TvL). In this work, HRP isoenzyme C was used, which has an
isoelectric point at around 9 (Veitch 2004). The goal was to determine a) whether PANI‐ES type
products can also be obtained with another enzyme and PADPA, b) how a change in the enzyme
influences the product distribution, and c) whether the AOT vesicles also control the reactivity if PADPA
is oxidized by another enzyme. The results of the HRP/H2O2 system, especially with respect to the
product structures and product distribution, will be discussed on the basis and in the context of the
findings from the TvL/O2 system, since the products formed are comparable.
IV.3.2 In situ and ex situ results
When PADPA (1.0 mM) is oxidized at room temperature with HRP (30 nM) and H2O2 (1.0 mM) in the
presence of AOT vesicles ([AOT] = 2.0 mM) at pH = 4.3 ([NaH2PO4] = 100 mM), a green, stable
suspension is formed after 24 h. The in situ measurements show a high absorption at ≈1000 nm (Figure
IV.3.1a), a high EPR signal and a high intensity of the polaron band in Raman spectroscopy (not shown).
This all indicates that with AOT vesicles, a PANI‐ES type product is formed. Without AOT vesicles, the
products turn purple and precipitate. There is no absorption at ≈ 1000 nm, a weak EPR signal, and no
polaron band. This behavior is very similar to that of the TvL/O2 system. Thus, PANI‐ES type products
can be obtained from the oxidation of PADPA with HRP/H2O2, and the AOT vesicles are crucial for that
to occur.
However, the UV‐vis‐NIR spectrum shows one fundamental difference between this system and the
TvL/O2 system: in the HRP/H2O2 system in the presence of AOT vesicles, products are formed which
have a high absorbance at ≈ 600 nm (Figure IV.3.1a), unlike in the TvL/O2 system (Figure IV.2.2a). Thus,
by changing the enzyme from laccase to peroxidase, a shift in the product distribution is incurred. The
results from Raman spectroscopy showed that bands attributed to phenazine‐type structures are more
intense for the HRP/H2O2 system than for the TvL/O2 system. Thus, Raman spectroscopy may indicate
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that the in‐situ UV‐vis‐NIR absorption peak at 600 nm (Figure IV.3.1a) stems from a high content of
oligomers with a phenazine or phenoxazine core.
If one looks at the chromatograms of the reaction of PADPA with HRP/H2O2 in the presence of AOT
vesicles after a reaction time of 2 h (Figure IV.3.1b), it is obvious that the number of products formed
is much higher than in the case of TvL/O2, which is indicative of a higher content of ‘degradation
products’. All the chromatographic peaks were identified with HPLC‐MS, using the same techniques as
for the TvL/O2 system. The analysis showed that in the HRP/H2O2 system (PADPA)2I (1) is primarily
formed, and that linear (PADPA)3 (2) is formed to a certain amount, although once again, the
quantification of the PADAP trimer is difficult. Phenazine‐type products (3) are also formed in the
presence of AOT vesicles. All of these products are also formed in the TvL/O2 system with AOT vesicles.
In contrast to the previous system, the oxidation of PADPA with HRP/H2O2 in the presence of AOT
vesicles leads to the formation of hydrolysed PADPA (4), a relatively high content of the aniline trimer
(5), as well as phenoxazine‐type products (7). All of these latter products were found to be formed in
the reaction of PADPA with TvL/O2 in the absence of AOT vesicles. Thus, from the point of view of the
HPLC chromatograms, the product distribution of the TvL/O2 system without AOT vesicles is similar to
the product distribution of the HRP/H2O2 with AOT vesicles. However, there is one important
difference: hydrolysed (PADPA)2I (6) is not formed in the HRP/H2O2 in the presence of AOT vesicles.
This is a strong indication that intact (PADPAI)2I is very important for the NIR band at ≈ 1000 nm to
develop.
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Figure IV.3.1: a) UV‐vis‐NIR spectrum of the reaction of PADPA with HRP/H2O2 after 24 h (pathlength 1 mm)
and b) chromatograms of the deprotonated, extracted and reduced products of the oxidation of PADPA with
HRP/H2O2 in the presence of AOT vesicles after 2 h. From Luginbühl et al (2017a).

HPLC kinetics of the reaction products formed in the absence of AOT vesicles gives an interesting
picture (Figure IV.3.2): During the first 2 hours, PADPA is slowly converted to hydrolysed PADPA (4).
Practically no other product seems to form during this time. However, after a reaction time of 24 h, a
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new product is formed, which is hydrolysed (PADPA)2I (6). This implies that PADPA and hydrolysed
PADPA (4) undergo a head‐to‐tail coupling reaction after longer reaction times in the absence of AOT
vesicles. This is different from the TvL/O2 system, where (PADPA)I2 is formed to a limited extent in the
absence of AOT vesicles.
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Figure IV.3.2: HPLC kinetics of the reaction of PADPA with HRP/H2O2 in the absence of AOT vesicles. The
chromatograms represent the deprotonated, extracted and reduced products after a given reaction time. From
Luginbühl et al (2017a).

IV.3.3 Scheme of the reactions in the presence and absence of AOT vesicles
Based on these findings and on the reaction scheme developed for the reaction of PADPA with TvL/O2
(Scheme IV.2.2), a reaction scheme is proposed for the HRP/H2O2 system (Scheme IV.3.1). As discussed
above, from the point of view of the HPLC chromatograms, the reaction of PADPA with HRP/H2O2 in
the presence of AOT vesicles is remarkably similar to that of PADPA with TvL/O2 in the absence of AOT
vesicles, except that in the reaction with HRP/H2O2 in the presence of AOT vesicles, no hydrolyzed
(PADPA)2I (6) is formed. In comparison to the reaction of PADPA with TvL/O2 in the presence of AOT
vesicles, the HRP/H2O2 system leads to a higher formation of phenazine‐type products (3). However in
both cases, (PADPA)2I (1) is formed predominantly. As in the TvL/O2 system, (PADPA)2I undergoes
protonation and proton shift after formation, leading to the separated polaron, emeraldine salt form
of (PADPA)2I (8). For simplicity, it is assumed that the reaction route in the HRP/H2O2 system towards
(PADPA)2I is the same as the one for the TvL/O2 system, in that PQDH+ (11) undergoes electrophilic
aromatic substitution at the C10 position of PADPA. Without AOT vesicles, HPLC indicated that in the
HRP/H2O2 system, there is no coupling reaction between PQDH+ (11) and PADPA molecules, in contrast
to the TvL/O2 system. Instead, the primary reaction route in the absence of AOT vesicles is the
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hydrolysis of PQDH+ (11) towards hydrolysed PADPA (4). Hydrolysed PADPA (4) then later couples to
PADPA to form hydrolysed (PADPA)2I (6). These considerations are reflected in Scheme IV.3.1.

Scheme IV.3.1: Major (thick arrows) and minor (thin arrows) reaction pathways of the oxidation of PADPA with
HRP/H2O2 in the presence (green) and absence (violet) of AOT vesicles.

So, overall, in this system, a shift to more hydrolysis and a larger phenazine yield can be seen. It is not
clear why this is the case – it may be due to a change in the oxidant system or due to an increased pH.
In terms of the quality of the obtained product from PADPA, using TvL/O2 as oxidant at pH = 3.5 is
superior to HRP/H2O2 at pH = 4.3 in the presence of AOT vesicles. Nevertheless, as in the case of the
TvL/O2 system, the AOT vesicles have a very clear effect on the reaction route ‘chosen’ by PQD and
thus have a very clear effect on the final product distribution and product characteristics. Thus, it was
possible to demonstrate that AOT vesicles, as soft dispersed interfaces, control the reactivity of the
oxidation of PADPA with HRP/H2O2 at pH = 4.3.
IV.3.4 Changes to the reaction system
After gaining a deeper understanding of the oxidation of PADPA with HRP/H2O2, small changes to the
reaction system were introduced. In the first case, aniline was co‐oligomerized with PADPA with the
hope of obtaining longer oligomers. In the second case, the vesicles were altered to determine the
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extent to which the slight changes in the hydrophobic domain of the AOT vesicles altered the reaction.
In addition, zwitterionic vesicles from POPC with an increasing content of anionic additives were also
employed in order to determine the extent to which the surface charge of the vesicles influence the
reaction.
IV.3.4.1 Co‐polymerisation of aniline and PADPA
When aniline and PADPA were co‐polymerized with HRP/H2O2, changes in the reaction were observed
in comparison to the reaction only with PADPA. Note that the total aniline concentration was kept
constant in comparison to the reaction of PADPA with HRP/H2O2 ([aniline] = 2.0 mM). From a
phenomenological point of view, the NIR absorption band at ≈ 1000 nm was higher, the band at ≈ 600
nm was lower, and the current response from cyclic voltammetry was higher in comparison to the
reaction only with PADPA. Thus, it seems as if the addition of aniline to the PADPA‐HRP‐H2O2 reaction
system leads to a better product quality. From the point of view of the product distribution, in contrast
to the reaction of only PADPA with HRP/H2O2, no formation of hydrolysis products in the presence of
AOT vesicles was observed, and the yield of phenazine‐type products (3) was lower than only with
PADPA. The reaction pathway was altered as well: the initial, rapid reaction was a bond formation
between the primary amino group of PADPA and the para carbon atom of aniline to form the aniline
trimer (5). At later time points, the aniline trimer (5) content slightly decreased. The mechanism for
the consumption of the aniline trimer (5) is not clear, but it is probable that is via the dimerization of
two aniline trimer molecules (5) to form the linear aniline hexamer (2). At the same time, it was
observed that (PADPA)2I (1) was also formed. Thus, it seems as if there are two competing reactions
with PADPA taking place. It was concluded that the better quality of the product obtained from the co‐
polymerization of aniline and PADPA is due to a fast head‐to‐tail reaction between PADPA and aniline,
leading to a) no hydrolysis products, b) a lower phenazine yield, and c) possibly a higher yield of aniline
hexamer. The extent to which the remaining aniline trimer contributes to the absorption at ≈ 1000 nm
is not clear.
IV.3.4.2 Change of Vesicles (Unpublished Student work (Scoccimarro & Roncoroni 2015))
Despite the relatively poor product quality of the reaction of PADPA with HRP/H2O2, this reaction
system was used as a probe due to the ‘success‐or‐fail’ nature of the reaction. A ‘failure’ is deemed
when PADPA is merely hydrolysed, and a ‘success’ is deemed when (PADPA)2I (1) is formed in the
polaron form. The nature of the vesicles was altered in order to test which vesicle membrane
properties are required for the reaction to fail or to succeed. Thus, AOT vesicles were altered by
inserting small amounts of pyrene, anthracene, and up to 80 % hexanol. Upon this alteration, the two
main characteristics of the AOT vesicles, size and zeta‐potential, remained constant (d ≈ 100 nm, ζ ≈ ‐
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70 mV), but the addition of hexanol led to a slight decrease in membrane fluidity and polarity (Iwasaki
et al 2017c). However, even with these changes, the reaction was always successful. Thus, this may
indicate that small changes of the nature of the hydrophobic domain are not crucial to the success or
failure of the reaction. The situation is quite different when the AOT vesicles were replaced by POPC
vesicles, and POPC vesicles which had been altered by inserting up to 50 mol % sulfonated cholesterol.
The size of the POPC vesicles remained constant (d ≈ 200 nm), but the zeta potential increased from ζ
≈ 0 mV (no sulfonated cholesterol) to ζ ≈ – 30 mV (50 mol % sulfonated cholesterol), e.g. about half
the value as AOT vesicles. For all of these cases the reaction failed. The color of the reaction suspension
turned purple, just like in the case in the absence of vesicles altogether. This indicates that a high
anionic surface charge of the vesicles is crucial to the success or failure of the reaction. The reason for
this is most likely because a high negative charge density on the vesicle surface is required to
electrostatically attract a high concentration of protons to the vesicle surface, leading to a lower local
pH at the vesicle surface in comparison to the pH at bulk. This low local pH is crucial for protonation of
(PADPA)2I (1) towards the emeraldine salt form, to occur.
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IV.4 Cytochrome C and H2O2 (cyt C/H2O2) System
From the Manuscript: Luginbühl et al 2017c
HRP was replaced with another heme‐containing enzyme, cytochrome C (cyt C). In cyt C, the heme
group is covalently bound to the protein. Cyt C is not a true peroxidatic enzyme, but it can be induced
to display peroxidase‐type activity when placed in close proximity to a negatively charged soft interface
such as anionic micelles or vesicles from cardiolipin, DOPS, SDS or AOT (Pinheiro et al 1997, Gebicka
2001). It was found that this peroxidase‐type activity is due to a change in the tertiary structure of cyt
c when it is bound to a negatively charged interface: the heme crevice is highly perturbed, leading to
an ‘opening’ of the heme group towards the surrounding medium. This is reflected in a CD spectrum
similar to the one cyt c has under denaturing conditions. Instead of inactivation, this structural change
leads to a higher peroxidase activity, e.g. the rate of reaction of cyt c with H2O2 and a reducing substrate
is increased. Indeed, we confirmed that AOT vesicles induce a conformational change in cyt C at pH =
4.3, as measured with CD spectroscopy (Figure IV.4.1a). This conformational change triggers a
peroxidase‐type activity which can be monitored by using ABTS2‐ as a substrate and H2O2 as an oxidant
(Figure IV.4.1b).
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Figure IV.4.1: Change in the conformation, and induced peroxidase activity of cyt C when exposed to AOT vesicles
at pH = 4.3 as determined with a) CD spectroscopy and b) enzyme assay with ABTS as substrate. a) The CD
spectrum at 400 nm of cyt C without AOT vesicles (red, line 3) is markedly different from the CD spectrum of cyt
C with AOT vesicles (green, line 1). This band is associated with heme crevice and thus indicates a structural
change around the heme group. b) The increase at 734 nm reflects the formation of the radical ABTS•− from
ABTS2‐ , which is indicative of a peroxidase‐like enzyme activity. This type of activity from cyt C in the presence
of AOT vesicles is much higher than in the absence of AOT vesicles.

The next step was to determine whether the peroxidase activity of cyt C induced by the AOT vesicles
is sufficient to oxidized PADPA and whether PANI‐ES type products can be obtained in the presence of
AOT vesicles. It was found, after lengthy optimization, that when PADPA (1.0 mM) is oxidized with cyt
C (10 μM) and H2O2 (1.0 mM) in the presence of AOT vesicles ([AOT] = 2.5 mM) at pH = 4.3 ([NaH2PO4]
73

= 100 mM), a green, stable suspension is formed and that there is a NIR absorption at ≈ 1000 nm after
4 h with a concomitant high EPR signal. (Figure IV.4.2 in green). Similar to the HRP/H2O2 system, there
is also a relatively high absorption at ≈ 600 nm. In contrast to the HRP system, this band becomes even
more pronounced after 2 days and has a comparable intensity to that of the band at ≈ 1000 nm (data
not shown). This indicates a very high abundance of phenazine or phenoxazine type products in the
final reaction suspension. Note that in contrast to the other two systems discussed so far, a) the
reaction kinetics is much slower, and b) the amount of necessary enzyme is about 1000 times higher.
Without AOT vesicles, the reaction mixture turns red and precipitates; in the UV‐vis‐NIR spectrum,
there is only a broad band at ≈ 600 – 800 nm and no absorption at ≈ 1000 nm and only a very weak
EPR signal (Figure IV.4.2 red). Thus, as before, AOT vesicles are essential for obtaining a PANI‐ES type
product from PADPA and and cyt C/H2O2. A control measurement in the absence of both AOT vesicles
and cyt C was conducted in order to account for the spontaneous, uncatalyzed oxidation of PADPA
with H2O2. After 4 h, no consumption of PADPA was observed anymore (Figure IV.4.2 top, blue).

Figure IV.4.2: Top: UV‐vis‐NIR spectra of the oxidation of PADPA with cyt C in the presence of AOT vesicles (1‐
green), and in the absence of AOT vesicles (2‐red) after 4h at room temperature. Control measurements in the
absence of AOT vesicles and cyt C (3‐blue). Bottom: EPR spectra of the oxidation of PADPA with cyt C in the
presence of AOT vesicles (1‐green), and in the absence of AOT vesicles (2‐red) after 4 h. From Luginbühl et al
(2017b)
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Product distribution analysis with HPLC (Figure IV.4.3) of the reaction of PADPA with Cyt C/H2O2 after
2 d in the presence of AOT vesicles showed that (PADPA)2I (1) (peak 2 in Figure IV.4.3) is indeed formed.
It is assumed that, like in the previous two systems, it is in the half‐oxidized, half reduced ES polaron
form. In addition, in the presence of AOT vesicles, no hydrolysis products were detected, unlike the
HRP/H2O2 system. However, the yield of phenazine‐type products (peaks 3 and 4 in Figure IV.4.3),
especially the phenazine‐type PADPA trimer (peak 3 in Figure IV.4.3), is extremely high, higher even
than the yield of (PADPA)2I (1). This shows that the quality of the products obtained with cyt C/H2O2 is
lower than the products obtained with HRP/H2O2 or TvL/O2 in the presence of AOT vesicles. HPLC
measurements in the absence of AOT vesicles were not conducted, mainly because it was assumed
that the conversion of PADPA would be very low because cyt C is not active in the absence of AOT
vesicles.

Figure IV.4.3: Chromatogram of the deprotonated, extracted and reduced products obtained from PADPA and
cyt C/H2O2 in the presence of AOT vesicles after 2 days at room temperature. Peak 1 stems from PADPA, Peak 2
from (PADPA)2I, peak 3 from the phenazine‐type PADPA trimer, and Peak 4 from the phenazine‐type PADPA
tetramer. From Luginbühl et al (2017b)

Nevertheless, by studying the oxidation of PADPA with cyt C/H2O2 it was possible to confirm that the
AOT vesicles affect the course of this reaction in two ways. As established for the previous two systems,
they steer PQD (10) towards the desired end‐product, (PADPA)2I in the emeraldine salt form. In
addition, the AOT vesicles can induce a change in the activity of cyt C, which leads to the formation of
PQD (10) in the first place. Thus, it was possible to confirm the reaction‐controlling capabilities of AOT
vesicles for a third reaction, not only on the activity of a reactive intermediate but also on changing
the activity of an enzyme. In addition, the results show that the resulting product distribution with
respect to the regioselectivity of bond formation and thus the product quality, from the oxidation of
PADPA is very dependent on the employed enzymes. It is unclear why this is the case.
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IV.5 Application of the oligo(PADPA) mixture: Electrode coating for a biosensor of H2O2
Unpublished
IV.5.1 Motivation and introduction
The as‐obtained product dispersion of oligo(PADPA) with AOT vesicles, synthesized enzymatically from
PADPA has spectroscopic similarities to PANI‐ES (redox‐active, high content of unpaired electrons) and
is colloidaly stable in water. The combination of these two phenomena makes its an ideal candidate
for applications involving electroactive and redox‐active thin films or coatings (similar to PANI‐ES, see
Stejskal et al (2015)), without the need for intensive product preparation (extraction or purification)
which would involve a large volume of organic solvents. This colloidal stability in water of the as‐
obtained oligo(PADPA)‐AOT mixture is unique, since other examples in literature on the synthesis of
aniline oligomers in aqueous solutions lead to the precipitation of the product and requires a number
of post‐processing steps; see, for example Wang et al (2010), Udeh et al (2011), Wang et al (2012), Li
et al (2016).
As shown in the previous sections, the product dispersion obtained from PADPA and TvL/O2 in the
presence of AOT vesicles was found to be superior to the oligo(PADPA) obtained with HRP/H2O2 or cyt
C/ H2O2 as oxidants in terms of spectroscopic characteristics and product distribution. This
oligo(PADPA)‐AOT product dispersion can be directly cast onto a commercial glassy carbon electrode
(Janosevic‐Lezaic et al 2016) and the formed coating displays a redox‐activity similar to PANI‐ES.
However, in contrast to PANI, oligo(PADPA) retains its redox activity at elevated pH values, up until pH
= 6. PANI is only redox‐active up until ca pH 4, at which many oxidative enzymes are not significantly
active. Therefore, despite, or maybe even because of the much shorter chain lengths of oligo(PADPA)
in comparison to PANI, oligo(PADPA) may be superior as a redox‐active layer for applications involving
the immobilization of redox‐active enzymes, e.g. HRP, in order to assemble an enzymatic biosensor or
fuel cell (Gerard et al 2002).
The decision was made to try to immobilize HRP on the oligo(PADPA)‐AOT coating on a glassy carbon
electrode to form an amperometric biosensor to detect H2O2, in analogue to previous efforts (Mathebe
et al 2004, Sassolas et al 2012, Morrin et al 2003). An amperometric biosensor measures the current
produced during the oxidation or reduction of a substrate when a potential is applied (Gerard et al
2002). Thus, the presence of H2O2 in the buffer near the immobilized HRP would oxidize HRP, followed
by a reduction of the immobilized HRP due to the applied negative voltage. The electrons would flow
from the potentiostat, via the electrically conductive oligo(PADPA) layer, to the immobilized HRP. An
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increased current would be detected. Figure IV.5.1 shows the schematic illustration of entire
experimental setup.

Figure IV.5.1: Schematic illustration of the entire measurement setup (left), and a blow‐up of the different layers
of the biosensor. The glassy carbon counter‐electrode, the Ag/AgCl reference electrode as well as the self‐made
working electrode were all immersed in a 50 mM phosphate buffer, pH = 6, containing H2O2. The glassy carbon
electrode is coated with the oligo(PADPA)‐AOT dispersion, upon which HRP is immobilized in the form of de‐PG2‐
BAH‐HRP (see Figure IV.5.2). When a negative potential is applied to the working electrode, H2O2 oxidizes the
immobilized HRP, which is then reduced by the electrons from the external circuit which flow through the glassy
carbon electrode surface and through the oligo(PADPA)‐AOT layer (red arrows denote the flow of electrons).

The deposition of the electrically conductive oligo(PADPA)‐AOT layer on the electrode surface turned
out to be straightforward, and was done by dip‐coating (see below), but the enzyme immobilization is
more difficult. There are many different strategies for enzyme immobilization, such as entrapment,
adsorption and covalent binding (Sassolas et al 2012). The chosen strategy was electrostatic
adsorption: conjugates between second‐generation dendronized polymer molecules and HRP
enzymes via a BAH‐linker had been synthesized previously (de‐PG2‐BAH‐HRP), while HRP still retained
its activity (Küchler et al 2015) (Figure IV.5.2). In the cited work, the conjugates were electrostatically
and non‐covalently immobilized on anionic silicate glass due to the many amino groups along the
dendronized polymer chain, making it cationic and therefore electrostatically attracted to the anionic
glass surface. Thus, we reasoned that perhaps de‐PG2‐BAH‐HRP could be immobilized on the
oligo(PADPA)‐AOT layer due to the cationic dendronized polymers electrostatically interacting with
anionic AOT.
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Figure IV.5.2: Schematic illustration of how the HRP‐conjugate is formed. First, (1) a deprotected, water soluble
second generation dendronized polymer with a high density of terminal amino groups (de‐PG2) is modified with
succinimidyl 6‐hydrazinonicotinate acetone hydrazone (S‐HyNic). In a second step, (2) HRP is modified with
succinimidyl 4‐formylbenzoate (S‐4FB). Finally, (3) the modified dendronized polymer and the modified HRP are
mixed, and a bis‐aryl‐hydrazone (BAH) bond is formed between the polymer and the enzyme. All three steps can
be quantified spectrophotometrically. Scheme reprinted and modified from Küchler et al (2015) with permission
from the Royal Society of Chemistry. For details see Küchler et al (2015).

This chapter shows the proof‐of‐concept results that the oligo(PADPA)‐AOT suspension can indeed be
used as a conductive layer for an electrode; that HRP can be immobilized on the oligo(PADPA)‐layer as
described above; and that the addition of H2O2 to the buffer solution with a concomitant potential
change does lead to a flow of electrons to H2O2 via HRP, the olig(PAPDA)‐AOT layer, and the glassy
carbon electrode.

IV.5.2 Experimental
The design of the electrode and of the electrochemical experiments were to a large degree based on
the work by Iwuoha and coworkers (Mathebe et al 2004). The strategy to non‐covalently immobilize
HRP onto the electrode surface is based on the work by Walde and coworkers (Küchler et al 2015,
Küchler 2015). The corresponding electrode was made by hand because an electrode with a large
surface area was required, which was not available commercially.
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IV.5.2.1 Electrode
Three electrodes with a large surface area (1.25 x 1.25 cm) were prepared by hand (Figure IV.5.3). The
electrode consisted of a glassy carbon plate glued to a round copper rod. The type 1 glassy carbon
plate (thickness 3 mm) was purchased from Alfa Aesar. The round copper rod (diameter 4 mm, length
10 cm) was purchased in‐house from the D‐PHYS shop. Prior to gluing, all of the surfaces were cleaned
b< the following procedure: rinsing with acetone, then with 10 % citric acid in water, then with milli‐Q
water and finally drying by washing with isopropanol. The glassy carbon plate was additionally rinsed
and dried with methanol. The center of the glassy carbon plate was coated with a thick layer of
conductive silver paint in order to ensure optimal conductivity between the glassy carbon plate and
the copper rod. The silver paint was not purchased, but instead merely borrowed from another
research group. The copper rod was placed on top of the silver paint coating and left overnight until
the paint had dried. In order to glue the copper rod to the glassy carbon plate and in order to
electrically insulate the entire structure, a thick layer of epoxy glue (UHU plus schnellfest 2‐K‐
Epoxidharzkleber) was applied to nearly the full length of the copper rod, the top and sides of the
glassy carbon plate, and especially to the area at the base of the copper rod. Note: there was no epoxy
glue between the glassy carbon plate and the copper rod. This was left to harden overnight. The top
of the copper road was left uncoated in order to make contact with the potentiostat.

Figure IV.5.3: Schematic illustration of the self‐made glassy carbon electrode. Please note that there is no air
between the epoxy glue and the copper rod. See text for details.

By using a conventional multimeter, the resistance across a single glassy carbon plate was determined
to be 10 ohm, and through a Cu rod to be 0 ohm. The resistance across the entire electrode was
determined to be 3 ohm. This shows that the interface between the glassy carbon plate and the copper
rod does not increase the resistance, instead, the main resistance stems from the glassy carbon plate.
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IV.5.2.2 Coating with oligo(PADPA) suspension and cleaning
The electrode was coated by dipping the glassy carbon plate into the product suspension of
oligo(PADPA) synthesized from PADPA and TvL/O2 in the presence of AOT vesicles at 5 °C (age of
reaction ca 1 month) followed by drying the suspended glassy carbon plate over a wolfram lamp
(commercially available) for about 5 min. This was repeated 5 times. When not in use, the electrode
was stored in 50 mM phosphate buffer (NaH2PO4 salt from Sigma‐Aldrich), pH = 6. The thus prepared
electrode was cleaned by immersing the surface in concentrated sulfuric acid. The surface was then
wiped with Kimtech Wipers and rinsed repeatedly with methanol. Occasionally, it was polished with
diamond polish.
IV.5.2.3 Electrochemical measurements
A Metrohm Autolab Potentiostat was used in conjunction with the program Nova 1.11 for all
electrochemical measurements. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
measurements were conducted using a glassy carbon counter‐electrode and a Ag/AgCl as a reference
electrode. CV measurements were conducted in a potential window from 600 mV to – 600 mV at
100 mV/s. The LSV measurements were conducted in a potential window from ‐ 200 mV to ‐ 800 mV
with a step potential of 2.5 mV, an interval of 0.24 s and a scan speed of 10 mV/s. All measurements
took place in a 50 ml of a 50 mM phosphate buffer at pH = 6. For the LSV measurements, H2O2 (Sigma‐
Aldrich 35 %) was added to the buffer solution as corresponding volumes from a 100 mM stock solution
of H2O2 in milli‐Q water to obtain 0.1, 1, 2, 3, 4, 5 and 10 mM H2O2. For quantification, the integral of
the resulting current signal from the LSV was calculated with the OriginPro 8.6 software.
IV.5.2.4 Enzyme Immobilization and enzyme activity measurements
The de‐PG2‐BAH‐HRP conjugate was synthesized by Dr. Chengmin Hou according to Küchler et al
(2015). It was stored in a refrigerator at 4 °C in a 50 mM phosphate buffer, pH = 7. For initial enzyme
immobilization and activity tests, 4 small (0.75 x 0. 75 cm x 0.2 cm) pieces of glassy carbon were used.
Onto these small pieces, the oligo(PADPA)‐AOT dispersion was cast as described in Section IV.5.2.2.
and then HRP was immobilized by immersing the coated glassy carbon pieces into the conjugate
solution ([HRP] ≅ 10 µM) for 1 h. Non‐immobilized HRP was removed by rinsing with 50 mM phosphate
buffer (pH = 7) and the small glassy carbon pieces were stored in a 50 mM phosphate buffer at pH = 7.
The activity of the immobilized enzyme was determined by immersing the coated glassy carbon pieces
in an ABTS2‐‐H2O2 containing solution ([ABTS2‐] = 1.0 mM, [H2O2] = 0.2 mM, pH 7, H2O2 35 % from Sigma‐
Aldrich, ABTS2‐ from Sigma‐Aldrich) for 3 minutes. The subsequent formation of ABTS•‐ was measured
with UV‐vis spectroscopy. The intensity at 740 nm, using a pathlength of 1 cm, was used as an
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indication of the activity and stability of the immobilized HRP. These enzyme activity measurements
were all conducted by Dr. Chengmin Hou.
For HRP immobilization on the electrode surface, a ca. 1 ml aliquot of the solution containing the
conjugate was taken ([HRP] ≅ 10 µM), and the surface of the electrode was immersed into the solution
for 1 hr. Nonimmobilized HRP was removed by rinsing with 50 mM sodium phosphate buffer (pH = 7).
The electrode was then stored in a 50 mM phosphate buffer at pH = 6.
IV.5.2.5 Control Measurements
Control measurements for enzyme immobilization and enzyme activity studies were: immersion of the
oligo(PADPA)‐AOT coated small glassy carbon pieces in a solution containing free HRP, as well as
immersion of small uncoated glassy carbon pieces in de‐PG2‐BAH‐HRP and free HRP containing
solutions. Control measurements for electrochemical studies were: cyclic voltammetry measurements
of the uncoated electrode and LSV measurements of the oligo(PADPA)‐AOT coated electrode without
immobilized HRP but with changing [H2O2] in the buffer solution.
IV.5.3 Results and discussion
Preliminary experiments included CV measurements of all three uncoated electrodes and of all three
electrodes coated with oligo(PADPA)‐AOT. The results from these measurements are shown in
Figure IV.5.4. Figure IV.5.4a shows the cyclic voltammograms of the uncoated electrodes. It can be
seen that all electrodes elicit an electrochemical response, which shows that the self‐made electrodes
actually function. Figure IV.5.4b shows the cyclic voltammograms of all three coated electrodes after
equilibration, which shows that the oligo(PADPA)‐AOT coating elicits an electrochemical response
separate from the electrode. The anionic peak is at ‐200 mV and the cationic peak at 400 mV (Figure
IV.5.4b), similar to our previous publication (Janosevic‐Lezaic et al 2016). 5 sweeps per coated
electrode are shown. This all demonstrates that the electrode assembly can be done in a reproducible
manner, and that the current peaks and electrochemical response of the oligo(PADPA)‐AOT are
reproducible. In addition, the cyclic voltammograms in Figure IV.5.4b also show that the coating is
stable over the course of 5 cyclic voltammetry sweeps.
Finally, Figure IV.5.4c shows the cyclic voltammograms during equilibration and after cleaning for one
single electrode. It shows that during the course of the first 3 scans directly after coating, the current
intensity of the coated electrode drops by about 50 % and remains stable after that. The cause of this
initial current decrease may be due to cross‐coupling or chain scission of oligo(PADPA) (Li et al 2016).
On a positive note, it was found that after soaking the coated electrode in buffer overnight, the
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intensity of the current signal remained, but that the shape of the current signal shifted. After cleaning
the electrode with sulfuric acid and methanol, the cyclic voltammogram was back to the same level as
before coating. Thus, the oligo(PADPA)‐AOT layer does not delaminate from multiple oxidation‐
reduction cycles or from being exposed to buffer for long periods of time. With this knowledge, the
immobilization of the HRP on the oligo(PADPA)‐AOT could be attempted.
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Figure IV.5.4: Cyclic voltammetry. a) shows the signals generated from the three uncoated, self‐made electrodes.
3 scans per electrode were conducted. a) shows the signals generated from the three coated, self‐made
electrodes. Each electrode contains 5 coatings of the oligo(PADPA)‐AOT mixture. 5 scans per coated electrode
were conducted. These 5 scan were preceded by 3 ‘equilibration’ scans. c) shows all of the cyclic voltammograms
from electrode 1: curve 1 (black) is from the uncoated electrode (1 scan); curve 2 (red) show the first three
equilibration scans directly after coating 5 x with oligo(PADPA)‐AOT; curve 3 (green) shows the next 5 scans (same
as in B), nr 1); curve 4 (dark blue) shows the cyclic voltammograms after soaking the coated electrode in buffer
for 24 hours (3 scans), and finally, curve 5 (light blue) shows the cyclic voltammogram of the electrode after
removing the oligo(PADPA) coating ( 1 scan).

Preliminary HRP immobilization tests were conducted as the next step. The activity of HRP was
determined with an ABTS assay and measured at 740 nm (A740) (see experimental). The de‐PG2‐BAH‐
HRP conjugate was immobilized on small glass carbon pieces, which had been coated with the
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oligo(PADPA)‐AOT reaction dispersion, by immersing the glassy carbon pieces into the de‐PG2‐BAH‐
HRP conjugate solution. For the assay conditions described in section IV.4.2.4, A740nm directly after
immobilization was found to be ≈ 1.5 (pathlength 1 cm), and after 1 month also to be ≈ 1.5.Thus, the
HRP immobilized in this manner retained its activity for 1 month. The following two control
experiments were conducted: immersing the coated glassy carbon pieces in a solution containing free
HRP, and immersing uncoated glassy carbon pieces in a solution containing the de‐PG2‐BAH‐HRP
conjugate. These two control experiments led to

a) a lower enzyme activity directly after

‘immobilization’ (A740 ≈ 0.5 AU and 0.7 AU, respectively) and b) a decrease of the HRP activity. This
shows that HRP must be in the conjugate form in order to be immobilized non‐covalently onto the
oligo(PADPA)‐AOT coating, and that the HRP conjugate is not electrostatically attracted to the glassy
carbon surface, but only to the anionic AOT coating. Thus, it was possible to immobilize HRP onto the
oligo(PADPA)‐AOT layer on the glassy carbon electrode via the de‐PG2‐BAH‐HRP conjugate.
With these successful initial results, finally the biosensor was constructed by coating the glassy carbon
electrode with oligo(PADPA)‐AOT and immobilizing de‐PG2‐BAH‐HRP on top. The biosensor was tested
by increasing the concentration of H2O2 in the buffer solution, with the expectation that the current
response should increase linearly with an increasing H2O2 concentration. LSV measurements were
conducted instead of cyclic voltammetry in order to get more quantitative current peaks. In addition,
control measurements with increasing H2O2 concentration were conducted only with the
oligo(PADPA)‐AOT coating, without the immobilized HRP in order to make sure that an increased
current response was solely due to the presence of HRP and not due to an oxidation of the
oligo(PADPA) layer from H2O2. Indeed, an increased H2O2 concentration did not lead to an increased
current response in the absence of HRP (Figure IV.5.5a). When HRP is immobilized on the electrode,
and without H2O2 present in the buffer (Figure IV.5.5b, black line) there is already a slight increase in
the current density in comparison to the case where no HRP is immobilized. Adding H2O2 leads to an
even higher current (Figure IV.5.5b). For all scans, the current peak was integrated and plotted as a
function of [H2O2] (Figure IV.5.5c). As can be seen in the resulting figure, the presence of the
immobilized HRP (black squares – 1) leads to an increased current density in the presence of H2O2, in
comparison to only the oligo(PADPA)‐AOT coating without HRP (red circles ‐ 2). However, for
immobilized HRP, there is no positive linear correlation between [H2O2] and the measured current. In
contrast, the current even decreases – it decreases with every subsequent measurement. The last
measurement which was conducted with [H2O2] = 0.1 mM yields a very low current density (Figure
IV.5.5c, circled).
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Figure IV.5.5: LSV measurements. a) shows the results for the electrode coated with oligo(PADPA)‐AOT and
without immobilized HRP, with increasing H2O2 concentrations (1‐ 0 mM H2O2; 2 – 3 mM H2O2; 4 – 10 mM H2O2).
b) shows the results for the electrode coated with oligo(PADPA)‐AOT and with immobilized HRP, with increasing
H2O2 concentrations (1‐ 0 mM H2O2; 2 – 3 mM H2O2; 4 – 10 mM H2O2). In c) the current integrals of both series is
plotted against [H2O2]. Black squares (1) – with HRP, red circles (2) without HRP. The circled black square
represents the last measurement which was conducted.

IV.5.4 Conclusion
The results indicate that a oligo(PADPA)‐AOT coating can indeed be deposited onto glassy carbon
surface, that the resulting layer is redox‐active, and that it does not delaminate after being immersed
in buffer or due to multiple reduction‐oxidation cycles. It was also possible to immobilize the de‐PG2‐
BAH‐HRP conjugate onto the oligo(PADPA)‐AOT layer.
The results pertaining to the biosensor showed that immobilized HRP is indeed oxidized by H2O2 and
is reduced by the external current circuit, thus, the proof‐of‐principle experiments were successful.
However, there are two main issues that remain. The first is that the HRP activity decreases very
rapidly, either due to denaturation due to a too high H2O2 concentration, or due to de‐immobilization
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from multiple oxidation‐reduction cycle. This rapid denaturation may be the reason why there is no
linear correlation between the current from the LSV measurements and the H2O2 concentration. The
second issue is that the current density is very low, substantially lower than in other publications on
similar systems.
If one wishes to continue pursuing this project, the two main issues must be solved. The first (HRP
activity decrease) may be solved by choosing a different enzyme (if the issue is denaturation), or
perhaps by massively decreasing the amount of H2O2 in the buffer solution. If the activity loss is due to
de‐immobilization, a more robust immobilization technique may be required. Perhaps a Nafion layer
could be employed to prevent HRP from going into the solution. In order to increase the total current,
the surface area must be substantially increased, for example through the use of a porous glassy
carbon surface instead of a flat, unporous one. Further, more fundamental properties of the electrode
could also be studied, for example, looking at the morphology of the dried oligo(PADPA)‐AOT layer
with light microscopy or determining the exact concentration of the immobilized HRP.
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V. Discussion
V.1 Summary of findings thus far
In the introduction to this thesis, it was shown that the aggregate structures formed from amphiphiles
in water are soft because the forces that hold the constituent molecules together are weak. The result
of this softness is that the morphologies and phase states of the aggregate structures are very sensitive
to changes in the environment. In general, the structures that are formed have very large interfacial
areas, and are dispersed in the aqueous surroundings. These types of structures were dubbed ‘soft
dispersed interfaces’, or SDIs for short. Of all of the SDIs that can be formed, the focus was on micelles
and vesicles, but especially on vesicles. In general, we emphasized that the local conditions in and near
vesicle membranes are different from the conditions in the bulk aqueous surroundings. In particular,
the water content in the hydrophobic membrane is decreased, and, in the case a negative surface
charge, the local pH on the vesicle surface is lower, and the local counter‐ion concentration is higher,
than in the bulk aqueous surroundings (Chapters II.2 and II.3).
As a result of the change in the local conditions, a wide range of reactions were presented which were
found to be altered upon the addition of SDIs. We especially focused on the aqueous enzymatic
polymerization of aniline towards redox‐active PANI‐ES, since in those cases, the effect that SDIs have
upon the reactions is dramatic. It was shown that a PANI‐ES type product can also be obtained
enzymatically from the aniline dimer, PADPA, in the presence of vesicles from AOT. In the absence of
AOT vesicles, a PANI‐ES type product does not form (Chapters II.4 and II.5).
Taking this information as a starting point, three different systems were analyzed in‐depth: the
oxidation and subsequent oligomerization of PADPA towards a PANI‐ES type product in the presence
and absence of AOT vesicles using either TvL/O2, HRP/H2O2 or cyt C/H2O2 as enzyme/oxidant system.
For all systems, the product distribution (with and without AOT vesicles) was determined, as well as
the chemical structures of the formed products. In this context, of particular importance was HPLC‐MS
of the products formed from selectively deuterated PADPA, as well as HPLC‐MS of the products formed
in the absence of AOT vesicles but with H218O (Chapter II.6). The goal was to determine why the AOT
vesicles have such a dramatic effect on the course of the reaction (Chapter I).
The results from in situ and ex situ experiments, from MD‐ and TD‐DFT simulations as well as cryo‐TEM
indicate that PADPA as well as all subsequent products are localized in the AOT vesicle membrane. In
general, without AOT vesicles, hydrolysis products are formed, as well as the PADPA dimer which may
be in the emeraldine base state. With AOT vesicles, hydrolysis is suppressed, and the para N‐C coupled
PADPA dimer which is formed is in the emeraldine salt, separated polaron state – (PADPA)22(•+).
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Phenazine‐type molecules are formed as side products, the content of which seems to be dependent
on other reaction conditions, in particular the oxidant system. A reaction scheme for each system was
developed, where we propose that the primary intermediate after PADPA oxidation is N‐phenyl‐1,4‐
benzoquinonediimine, PQD. PQD is highly reactive and can ‘choose’ between two main reaction
pathways: head‐to‐tail coupling, followed by protonation towards the formation of (PADPA)22(•+), or
acid‐catalyzed hydrolysis. Of course, other reactions are also possible (such as the coupling of
hydrolysed PQD and PADPA), but they are not relevant for the following discussion. In the case of the
cyt C/H2O2 system, we found that the AOT vesicles also activate cyt C towards a peroxidase‐type activity
(Chapter IV).
The final step is to develop a model of how the AOT vesicles control the reaction pathway ‘chosen’ by
PQD. In order to do so, the reaction schemes as well as the MD simulations of the interaction between
PQD and the AOT vesicle membrane were considered. In this context, the physico‐chemical
characteristics of vesicle membranes and the general character of aggregate structures formed from
amphiphiles are extremely important, because they give information on the local microenvironment
in and near the AOT vesicle membrane, and how the AOT vesicles could interact with PADPA, and later,
PQD. Our model was also compared with previous findings in literature on the influence of SDIs on
different organic and polymerization reactions.
Thus, the model on how AOT vesicles ‘steer’ the reactivity of PQD is presented in Chapter V.2 and
summarized in Scheme V.2.1. This model is then generalized to form a working model on how SDIs can
control a wide range of reactions in aqueous media (Chapter V.3). This generalized model is then
discussed and used to explain the phenomenological observations presented in chapters II.4 and II.5.
We also briefly discuss the limitations of the model. Finally, some general considerations are discussed
in Chapter V.4, in particular the analytical strategy that was developed for this work.
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V.2 Model how AOT vesicles control the enzymatic oxidation and oligomerization of PADPA
In the scheme below, the different roles the AOT vesicles play in the enzymatic oxidation and
oligomerization of PADPA towards a PANI‐ES type product are summarized. This model is discussed in
this section. Note that that the high interfacial area provided by the AOT vesicles is crucial.

Scheme V.2.1: Overview of the eight elaborated roles the AOT vesicles have for the enzymatic oxidation and
oligomerization of PADPA towards (PADPA)2I in the polaron form (8), as demonstrated for the case of TvL/O2. See
text for details.

Role 1: PADPA is bound to the vesicle membrane

MD‐simulations (Junker et al 2014, Luginbühl et al 2016), turbidity measurements (Junker et al 2014),
fluorescence spectroscopy (Iwasaki et al 2017c), and cryo‐TEM images (unpublished) very strongly
indicate that PADPA is dissolved in – or associated to – the AOT vesicle membrane. This most likely
occurs a) because PADPA has a low solubility in water and is partially hydrophobic; which would make
the hydrophobic AOT vesicle membrane a better ‘solvent’ for PADPA than water and b) because the
protonated cationic PADPA (at pH = 3.5 or pH = 4.3) is electrostatically attracted by the anionic AOT
vesicle membrane (Cevc 1990). Due to the fact that the AOT vesicles membranes are thin, with a
thickness of only ≈ 2 nm (Junker et al 2012), the local concentration of PADPA in any particular AOT
vesicle membrane is higher than the local concentration an arbitrary point in the solution if PADPA
were homogenously dissolved in water (same bulk concentration).
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Role 2: The enzyme oxidizes PADPA at the membrane surface

It is known from experiments that cyt C is electrostatically attracted to the AOT vesicle membrane
surface and that as a result of this interaction, cyt C gains a peroxidase‐type activity (Luginbühl et al
2017b). In addition, it is also known that HRP is electrostatically attached to the AOT vesicle membrane
surface, but it is unclear to what extent this alters its activity (Guo et al 2011, Junker et al 2012). As for
TvL, its localization is unknown, but it can safely be assumed to also be close to the vesicle membrane
surface. As a result, the formed intermediate product is also located in the hydrophobic membrane,
with the consequence that its reactivity is controlled by the microenvironment provided by the AOT
vesicle membrane.

Role 3: Due to the hydrophobic interior of the AOT vesicle membrane, hydrolysis is suppressed

The accessibility of water into the AOT vesicle membrane is low due to the hydrophobic nature of the
membrane. This has been known for quite some time, using a DPPC bilayer as a model (Marrink et al
2004) and it was possible to show this explicitly for the AOT membrane by employing MD simulations
and rdf (=radial distribution function) calculations (Luginbühl et al 2016). Thus, due to the low
accessibility of water into the AOT membrane, PQD and all of the other oxidation products are less
available for acid‐catalysed hydrolysis of their primary imine groups (Hand & Nelson 1978). In this way,
one reaction pathway, the hydrolysis of PQDH+, is suppressed. Indeed, unrelated research showed that
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micelles inhibit the spontaneous hydrolysis of other types of substrates (Torres et al 2016).
Interestingly, for the TvL system, hydrolysis is completely suppressed, whereas for the HRP/H2O2
system, hydrolysis is only partially suppressed. This may have to do with the nature of the enzyme or
the pH at which the reaction takes place.

Role 4: Coupling reactions are enabled

The suppression of one possible reaction route ‘opens up’ the possibility of another reaction occurring,
namely that of the head‐to‐tail (and to a lesser degree, head‐to‐head) coupling of two oxidized PADPA
molecules or cations. In addition, the high local concentration of PADPA in the AOT vesicle membrane
also helps to promote the coupling reactions by increasing the equilibrium constant K in favor of the
PADPA dimer and oligomers.

Role 5: Negatively charged surface attracts protons, leading to a lower local pH

Not only the hydrophobic interior, but also the negatively charged surface of the AOT vesicles play a
crucial role for the successful formation of a PANI‐ES type product. The anionic interface
electrostatically attracts protons (H+), leading to a lower local pH at the surface of the vesicles than in
bulk aqueous solution (pH 3.5 or 4.3) (Cevc 1990, Haines 1983, Férnandez and Fromherz 1977 ). The
exact pH at the AOT interface was not determined. Thus, the PADPA dimer formed in the AOT vesicle
membrane (Role 4) encounters a lower pH than the PADPA dimer formed in the bulk aqueous solution,
making it more likely for the protonation of (PADPA)2I to occur. If (PADPA)2I is in the correct oxidation
state (a function of the oxidant type and concentration), this leads to the formation of separated
polarons, i.e. to the formation of the PADPA dimer in the ES form.
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Role 6: Cationic, protonated (PADPA)2I in the polaron state (PADPA)22(+•), is stabilized by the
negatively charged interface.

In order for PANI‐ES type chains to be formed and remain stable, the presence of an anionic counter‐
ion as a dopant is crucial (Wallace et al 2009). The anionic AOT vesicle membrane acts as a counter‐
ion to cationic, protonated (PADPA)2I, which ensures that (PADPA)2I remains in the polaron, emeraldine
salt form. Without the counter‐ion effect of the AOT vesicles, protonated (PADPA)2I in the polaron form
would either not be obtained. Instead, it would be in a deprotonated form (i.e. emeraldine base).

Role 7: The products remain dispersed and do not precipitate

Finally, after the formation of the desired products, the water‐insoluble products do not precipitate
but instead remain solubilized within the AOT vesicle membrane. This is role is advantageous in terms
of processability of the final product mixture. At the end of the reaction, like in the beginning, the
membrane of the AOT vesicle behaves as a hydrophobic co‐solvent.
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V.3 Model of how SDIs can control the course of other reactions
Based on the model on how AOT vesicles control the reaction pathway ‘chosen’ by PQD, a more
general model for how SDIs can control the course of a reaction was developed. The three developed
rules are presented in the following.

Rule 1: Multiple reaction pathways must be available; one of which is the preferred one
In order for SDIs to control the course of a reaction and not only the reaction rate or extent of
conversion, it is a crucial prerequisite that different reaction pathways are available for the educt or
an intermediate product. Figure V.3.1 illustrates this concept in the case of a reactive intermediate. In
order to predict an unknown reaction, a basic understanding of the reaction, its different pathways,
and parameters it is sensitive to must be known. This may require a lengthy product distribution
analysis, which is rarely done. One example of a reagent undergoing different reaction pathways is the
oxosulfonylation of an arylamine (Handa et al 2014) via a one electron oxidation: either a simple
double bond or a ketone can be formed, depending on whether micelles are present or not (see Figure

II.4.5). In this case, and also in the case the oxidation of PADPA and aniline, the educt is quite sluggish,
which means that it must first be ‘activated’ to form a reactive and relatively promiscuous intermediate
which can then undergo two or more reaction pathways.

Figure V.3.1: Schematic illustration for the first proposed Rule 1 on how and when SDIs can control the course
of a reaction. The first prerequisite is that either the educt or an intermediate is reactive enough as to undergo
multiple reaction pathways, one of which is the desired one. In this case, the formation of an intermediate
reactive species is shown.
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Rule 2: There must an interaction between the educt and/or product with the dispersed interfaces,
leading to the dissolution of the educt in the interfacial area or in the dispersed phase
There must be a strong attractive interaction between the SDI in the aqueous solution and the educt
so that the educt is partially or wholly dissolved in the interfacial area or in the dispersed phase. In
addition, it is also feasible that the product should has an attractive interaction with the SDI so as to
alter the reaction equilibrium. The three most straightforward types of interactions are either purely
electrostatic, purely hydrophobic, or a combination of both electrostatic and hydrophobic interactions
(Figure V.1.2).

Figure V.2.2: Schematic illustration of the three different types of interactions between an educt A and a soft
dispersed phase. The first is a purely electrostatic interaction, where the educts are close to the interface, but
still dissolved in water. The second is a purely hydrophobic interaction, where the educts are dissolved in the
center of the soft hydrophobic dispersed phase. The third is a combination of both interactions, where the educts
are dissolved in the interfacial area between the hydrophobic domain and the surface.

For an electrostatic interaction, the SDI must be oppositely charged to the educt. As a result of a purely
electrostatic interaction, it is most likely that the educts are localized near the surface of the dispersed
phase, but still dissolved in water (Cevc 1990) (Figure V.1.2, first image). Note that for this type of
interaction to occur, the dispersed phase does not necessarily have to be soft.
For a hydrophobic interaction, three prerequisites must be fulfilled. The first is that the dispersed
phase must be hydrophobic. The second prerequisite that must be fulfilled is that the educt or
monomer must also be at least partially hydrophobic. A sufficiently hydrophobic educt will have a
higher solubility in the dispersed hydrophobic phase than in the aqueous surroundings, leading to the
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dissolution of the educt within the hydrophobic core of the dispersed phase (Figure V.1.2, second
image). The third prerequisite is that the hydrophobic domain of the dispersed phase is fluid and
dynamic (dispersed Ld or Lo phase in the case of vesicles) so as to allow the hydrophobic educts to enter
in and dissolve in the hydrophobic domain. For example, the lateral diffusion in bilayers from
amphiphilic block co‐polymers is about an order of magnitude lower than of the bilayers formed from
POPC (Itel et al 2014), and for this reason, would probably not be a suitable SDI for reactions.
Finally, a combination of both electrostatic and hydrophobic attractions requires that all prerequisites
as outlined above must be fulfilled. It is predicted that a combination of these two forces would lead
the educts to be localized in the interfacial area between the hydrophobic domain of the dispersed
phase and the charged surface area (Figure V.1.2, third image), in analogy to PADPA in AOT vesicles
(MD simulations, Figure IV.2.5).
The hydrophobic interaction is responsible for the solubilizing effect SDIs have on water‐insoluble
compounds. Hydrophobic compounds can be dissolved in an aqueous environment with the help of
e.g. micelles (Ravichandran et al 2012).
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Rule 3: The different microenvironment provided by the SDI must lead to the suppression of the
undesired pathway and must lead to the encouragement of the desired pathway.

Figure V.2.3: Very schematic illustration of the micro‐environment in and around a SDI. If it has a positive surface
charge (orange +), the counter ions (red squares) and hydroxid anions (black triangles) are attracted to the
interface, leading to a higher local salt concentration and a higher local pH. In addition, the local water
concentration (blue circles) near the interface, and especially in the hydrophobic phase, is lower than in bulk
solution. The attracted educt A‐ as well as any other reagents or catalysts (X) also have a higher local
concentration in the dispersed phase. These – and other – changes, can lead to a suppression of an unwanted
reaction pathway in water (towards C), and instead encourage the desired reaction pathway (towards B).

When the educt has been attached the SDI as described above, the molecules are then localized in a
microenvironment which is significantly different than the bulk aqueous surroundings (Figure V.2.3).
Thus, the reaction that one wishes to manipulate must be sensitive to the environmental changes
provided by the SDIs: water content, salt concentration, pH, local educt concentration, educt solubility,
and local total reagent concentration. A reaction pathway one wishes to suppress must be negatively
correlated with the microenvironment provided by the SDIs, and the reaction pathway one wishes to
encourage must be positively correlated with the microenvironment provided by the SDIs. This point
is related to Rule 1.
For example, unwanted reaction pathways as a result of a high water content, such as hydrolysis,
radical quenching or catalyst deactivation can be suppressed with SDIs. Reactions with an educt which
is insoluble in water can take place in an aqueous medium due to the solubilizing effect of dispersed
hydrophobic phases. Coupling reactions which require a high monomer concentration can be favored.
Reactions which require extremely high or low local pH values can be conducted without resorting to
harsh bases or acids. The necessary concentration of a metal catalyst can be decreased markedly
(Lipshutz 2017) since the SDIs lead to a high local concentration of all reagents.
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V.3.1 Scope and limitations of the model
It is proposed that most of the reactions presented in Chapter II.4 and II.5 can be explained or
rationalized by utilizing the three rules as presented above. In the following, only a few of the examples
will be discussed.
V.3.1.1 Applicability to enzymatic PANI‐ES synthesis
It is highly probable that the mechanisms described for how AOT controls the reactivity of PADPA and
PQD (Chapter V.2) is very similar to how the SPS polymers and SDBS micelles as additives (Samuelson
et al 1998, Liu et al 1999a, Liu et al 1999b, Liu et al 2002), as well as vesicles from SDBS/decanoic acid
or AOT (Guo et al 2009, Guo et al 2011, Junker et al 2012, Junker et al 2013) lead to the formation of
PANI‐ES from aniline and HRP/H2O2 via the anilinium radical cation. Conceptually, aggregates from SPS
polymers, micelles from SDBS, and vesicles from SDBS/decanoic acid or AOT are all similar: they all
contain a high density of negative charges at the interface and also possess a hydrophobic domain. Of
course, the exact details of the structures differ, for example, the aggregate structure of the SPS
polymer is more ill‐defined.
The mechanisms behind the formation of PANI‐ES by using these additives is probably similar in all
cases: after oxidation, the anilinium radical cation can undergo many different reactions (Ćirić‐
Marjanović 2013), most of which are undesired, such as hydrolysis, ortho coupling, cyclization, etc.
(Rule 1). Aniline, being partially hydrophobic, and at low pH values, being positively charged, is
hydrophobically and electrostatically attracted to and into the anionic, soft hydrophobic dispersed
phase (Rule 2). When aniline, and later the anilinium cation and PANI chain, are dissolved in the
dispersed phase, the local concentration of the monomer is higher (aids the coupling reaction); the
water content is low (hydrolysis suppression), the local pH is decreased (para coupling is favored, PANI
chains are protonated); the formed PANI‐ES is localized near the negatively charged surface
(stabilization of protonated PANI); and the microenvironment provided by the dispersed phase is oil‐
like (aids solubilization of the water‐insoluble PANI molecules) (Rule 3). The presence of the SDIs do
not have any observable effect on oxidation state or chain length since these two outcomes are not
necessarily sensitive to changes in the environment provided by the soft dispersed hydrophobic
phases.
The pre‐organization or pre‐orientation of the monomers in a DNA‐like fashion – which was
hypothesized to be the prevailing mechanism behind the ‘template‐effect’, especially regarding SPS
(e.g. Samuelson et al 1998, Guo et al 2009) ‐ most likely does not occur. For example, MD simulations
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in Junker et al (2014) and Junker et al (2012) gave no evidence for a pre‐orientation of the PADPA or
aniline monomer in vesicles.
V.3.1.2 Applicability to organic synthetic reactions
Cross‐coupling reactions of aromatic substrates (Lipshutz et al 2011, Quagliotto et al 2017) and
aromatic substitution reactions (Lee et al 2017, Isley et al 2015) can take place in aqueous media in the
presence of SDIs. These known organic reactions were transferred from organic solvents to aqueous
media in the presence of micelle‐forming amphiphiles. In these cases, the extent to which the educts
can undergo multiple reaction pathways in water was not discussed and is unclear (Rule 1), especially
since their solubility in water is very low. In the work by Lipshutz and coworkers, the educts are always
relatively hydrophobic, leading to a hydrophobic interaction between the educts and the SDIs, and in
the work of Quagliotto et al (2017), the educts are charged and partially hydrophobic, leading to a
hydrophobic and electrostatic interaction with the SDIs (Rule 2). The hydrophobic, mostly water‐free
microenvironment provided by the interior of the SDIs is similar to the environment provided by an
organic solvent, which enables the coupling reactions and aromatic substitution reactions to proceed
without the negative effect of water (Rule 3). In these cases, the SDIs can be seen as a dispersed co‐
solvent and as a replacement for organic solvents – thus, a water‐free reaction is taking place in water!
The effect of the headgroup is not explicitly discussed here.
In three further examples (Ravichandran et al 2012, Hamasaka and Uozumi 2016, Handa et al 2014),
the SDIs have the same effect as described above (solubilization of the educt), but have the additional
effect of leading to the co‐localization of the educts, and the catalyst or co‐reagent. In Ravichandran
et al (2012), hematin cannot oxidize and polymerize pyrrole in water because hematin is insoluble in
water and precipitates (Rule 1). However, when SDBS micelles are employed, both pyrrole and
hematin are hydrophobically attracted to the interior of the SDBS micelles (Rule 2). This leads to a high
local concentration of both hematin and pyrrole, which enables the polymerization of pyrrole to
proceed (Rule 3). The work of Hamasaka and Uozumi (2016) is completely different, but the concept
is the same. Pt was used to catalyze the hydrosilylation of styrene in the presence of vesicles, a reaction
which did not take place if the reaction was carried out in water with ‘free’ Pt, or with Pt dispersed in
organic solvents (Rule 1). The authors synthesized Pt‐containing, amphiphilic pincer molecules which
form vesicles where Pt is localized at the interfacial area between the hydrophobic domain and the
headgroup area. The hydrophobic substrates were hydrophobically collected in the interior of
membrane (Rule 2), leading to the co‐localization of the substrates and the catalyst, which enabled
the coupling reaction to proceed (Rule 3). Finally, in the work of Handa et al (2014), a vinyl radical is
formed from the one‐electron oxidation of an arylacetylene. This reactive intermediate can either be
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quenched by water, which leads to the formation of a double bond, or it can be trapped by molecular
oxygen, leading to a ketone (Rule 1). When micelles are present, the educt is hydrophobically confined
to the interior of the micelles (Rule 2). The educt, and the vinyl radical, are thus localized in a region
with a low water content. There is a higher content of dissolved O2 in the interior of the micelles. The
combination of these two effects leads to the suppression of the quenching reaction and to the
formation of the ketone (Rule 3).
In the above examples, only the influence of the hydrophobic domain was discussed. Two examples
will be shown where the surface charge of the SDI is important (Ravichandran et al 2012, Mann et al
2016). In Ravichandran et al (2012), in addition to the micelles acting as nanoreactors, their surface
charge is also important. The micelles must also have an anionic surface charge in order for the formed
polypyrrole to absorb in the NIR regime. Cationic and uncharged micelles do not lead to the formation
of electroactive polypyrrole with an absorption band at ≈1000 nm. The reason for this seems to be the
same as for the case of oligo(PADPA): the anionic surface charge of the micelles leads to a lower local
pH at the surface of the micelles, which enables the protonation of polypyrrole towards the formation
of polaron‐like structures, leading to a polymer which has an absorption band at ≈ 1000 nm (Rule 3).
The micelles also stabilize the formed products as counterions.
V.3.1.3 Limitations of the model
The general model developed in this work for how SDIs can control reactions is very preliminary. With
the proposed model, a number of experimental observations can be explained. In addition, the extent
to which certain SDIs can change the reaction pathway of an untested reaction may coarsely be
anticipated. However, due to the complexity of these reactions, and the simplicity of the model, it is
nearly impossible to precisely predict the effect one particular SDI will have on one particular reaction.
The reason for this is because for each individual reaction, optimal conditions must be elucidated.
These optimal conditions must be found on a trial‐and‐error basis and cannot be predicted even
though it may be possible to rationalize them in hindsight. Therefore, the process for optimizing a
reaction could shed light on new, previously unknown effects which were not anticipated beforehand.
This phenomenon is ubiquitous to organic chemistry in general. It is also worthwhile to mention
another minor point: the developed model cannot account for the observation of regio‐ or
enantioselectivity of a reaction.
Another major limitation is related to the dynamic nature of these systems. Before the reagents are
added to the aqueous SDI containing system, the SDI is usually in a well‐defined state. For example, in
our case, the AOT vesicles are small (d ≈ 100 nm), unilamellar, and monodisperse. In the case of the
work of Lipshutz and coworkers, micelles are present. When the reagents are added to the dispersion,
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the nature of the SDIs changes: in our case, large (d ≈ 800 nm), multilamellar, and polydisperse AOT
vesicles are obtained after adding PADPA. In the case of Lipshutz and coworkers, a milky suspension is
obtained after the addition of the reagents, which is indicative of the formation of an emulsion. In both
cases, the exact state of the SDI after the addition of the reagent(s) is ill‐defined. However, it is
precisely that ill‐defined state which controls the reaction. The situation is that the SDIs bind to the
educts, which may lead to a change in the morphology of the SDIs, which in turn affects the reactivity
of the educt. In this regard, the softness of the colloidal additives may be crucial for them to be able
to control a reaction, for it is precisely the softness of the colloidal additives which enables them to
change their morphology upon the addition of the reagents. This dynamic interplay leads to a number
of open questions: (i) how and why the reagents alter the morphology of the SDIs; (ii) how these
morphological changes influence a given reaction; (iii) whether, and why, the morphology of the SDI
at the end of the reaction is different from its morphology before and after adding the reagents; and
(iv) in general, how the a change in the morphology of an SDI, all else being equal (e.g. SDBS vesicles
or micelles) influences a given reaction.

V.4 Final considerations
With the developed analytical method, it was possible to determine the approximate structure of all
of the products formed from the enzymatic oxidation of PADPA in the presence and absence of AOT
vesicles, even those formed with a low yield. This enabled us to gain a deeper understanding of
oligo(PADPA) as a PANI‐ES type product; in particular it was possible to explicitly show that the product
dispersion resembling PANI‐ES consists of a number of different molecules ( (PADPA)22(+•) and
phenazine‐type oligomers). The use of peroxidase instead of laccase were found to be correlated with
a shift towards more phenazines. The reason behind this shift remains unclear.
Such a comprehensive product distribution and structure analysis as was conducted in this work is very
rarely conducted in organic chemistry research, since the interest is only on the main product formed
and not on the side‐products. This was also the case in many of the reactions presented in Chapter
II.4. It is proposed herein that it may be extremely fruitful if a similar product distribution analysis were
to be conducted for other SDI‐guided reactions, both in the presence and absence of SDIs. This may
open the door for a more detailed understanding on how micelles, vesicles and polymers can control
reactions. In addition, it may also enable us to understand the extent to which systematic changes to
the SDI (e.g. morphology, surface charge, etc) affect a given reaction.
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VI Conclusion
In the course of this work, the influence of AOT vesicles on the enzymatic synthesis of oligo(PADPA)
from PADPA and three different types of oxidative enzymes and oxidants (Trametes versicolor laccase
and molecular oxygen (TvL/O2), horseradish peroxidase (HRP/H2O2) and cytochrome c (cyt C/H2O2))
was studied. It was found that for all three cases under optimal conditions, the obtained colloidally
stable oligo(PADPA) product mixture has spectroscopic similarities to polyaniline in the protonated salt
form, PANI‐ES. The products have a high absorption in the near infrared (λ ≈ 1000 nm) and a high
content of unpaired electrons, as determined with EPR and Raman spectroscopy. In the absence of
AOT vesicles, such products are not formed. HPLC‐MS analysis of the deprotonated, extracted and
reduced products enabled us, for the first time, to determine the product distribution of the
enzymatically formed oligo(PADPA), both in the presence and absence of AOT vesicles. Products
obtained from partially deuterated PADPA allowed us to determine the binding sites between two or
more PADPA molecules, thus enabling a partial structure determination of all of the formed products.
18

O‐marked water in conjugation with HPLC‐MS was used to determine the oxygen source of the

oxygen‐containing products formed in the absence of AOT vesicles. For the most important products,
other techniques were used, such as the use of reference materials and simulations.
It was found that using TvL/O2 as oxidant in the presence of AOT vesicles, the main product is the N‐C
para coupled linear PADPA dimer, (PADPA)2II. This product was found to be the dominant product for
all three systems. In addition, there was evidence for the formation of the linear PADPA trimer,
(PADPA)3. TD‐DFT calculations showed that in the half‐oxidized, half‐reduced emeraldine salt state, the
linear PADPA dimer (and by extension, the linear PADPA trimer) is predominantly responsible for the
high absorption in the NIR and for the high content of unpaired electrons. The number, type and
concentration of side products formed in the presence of AOT vesicles was found to be dependent on
the oxidant system and on the conditions used. In the laccase system under standard conditions, a low
content of phenazine‐type products (up until the PADPA pentamer) were found to have formed. An
increased concentration of TvL led to a product mixture resembling pernigraniline (over‐oxidation) and
most probably to undesired cross‐linking. The use of HRP/H2O2 led to a larger number of side‐products,
most notably to hydrolysed PADPA, phenoxazines, and a higher content of phenazines than with
TvL/O2. The use of cyt C/H2O2 as an oxidation system led to a very high content of phenazine‐type
products, higher even than the yield of the linear PADPA dimer. In addition, AOT vesicles were found
to have activated the peroxidase activity of cyt C via slight denaturation due to the interaction between
cyt C and the AOT vesicle membrane surface.
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In the TvL/O2 system in the absence of AOT vesicles, all of the products which were formed in the
presence of vesicles were found to have undergone hydrolysis. In addition, (PADPA)2 was formed, but
to a lower degree than with AOT vesicles, and was most probably present in the un‐protonated,
emeraldine base form. In the HRP/H2O2 system, the primary reaction was the hydrolysis of PADPA.
Hydrolysed PADPA and PADPA coupled to form hydrolysed (PADPA)2. In the cyt C/H2O2 system in the
absence of AOT vesicles, the conversion was very low because in the absence of AOT vesicles, cyt C
only has a very limited peroxidase activity. Based on the results from HPLC‐MS, reaction schemes in
the presence and absence of AOT vesicles were developed. In these reaction schemes, the primary
intermediate product is hypothesized to be N‐phenyl‐1,4‐benzoquinonediimine (PQD), which is
reactive and can undergo a number of different reactions. In the absence of vesicles, it mainly
undergoes acid‐catalyzed hydrolysis. To a limited degree it can also couple with PADPA to form
(PADPA)2 in the emeraldine base form. In the presence of AOT vesicles, the hydrolysis pathway is
suppressed, and the para coupling with PADPA is favored, followed by protonation, leading to a high
yield of (PADPA)2 in the emeraldine salt form. These reaction schemes led to the finding that AOT
vesicles exert a reaction pathway control on the reactive intermediate, PQD. A model for how the AOT
vesicles can control the reactivity of PQD and the following products was constructed, leading to the
insight that the AOT vesicles may assume up to 7 different roles.
Proof‐of‐concept experiments (unpublished) in using the product suspension obtained from PADPA
and TvL/O2 in the presence of AOT vesicles at 5 °C to coat self‐made electrodes for the immobilization
of HRP towards a biosensor were semi‐successful. The biosensor functioned, but issues with respect
to stability, current density, and possible product decomposition must be solved. As an advantage, the
directly obtained product mixture was utilized and no work up was required. This leads us to propose
that oligoanilines are useful and may even be beneficial. Our model on how AOT vesicles control the
reaction of the oxidation of PADPA led us to the general understanding that soft, disperse interfaces
(SDIs), such as micelles, vesicles and polycatonic polymers, can control the course of a wide range of
organic and polymerization reactions. Three rules were developed on how this can be accomplished:
1) the educt, or a reactive intermediate, must be able to undergo different pathways, 2) there must be
an attractive interaction between the educt(s) and the dispersed phase, and 3) the different
microenvironment provided by the SDI must suppress an undesired pathway and encourage the
desired pathway. Thus, from a conceptual point of view, reactions that are guided by vesicles, micelles,
polymers and colloidosomes are comparable. The correctly chosen SDI can enable an essentially water
free and water‐intolerant reaction to take place in water! This is remarkable. The developed rules may
be useful for predicting the behavior of new, untested reactions in the efforts to transfer organic
reactions out of organic media into an aqueous media in the ongoing efforts to develop green
chemistry.
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VII Outlook
Further work for the enzymatic oxidation of PADPA could include an expansion towards different
reaction conditions, such as the use of other oxidative enzymes or SDIs, or the use of different salts or
pH values, in order to observe the effects that they have on the product distribution.
More work with respect to the ‘biosensor’ can also be conducted, for example by testing different
types of oxidative enzymes or enzyme combinations (such as HRP and glucose oxidase). In addition,
the stability and current density of the biosensor must be increased. Other areas of potential
applications of the as‐obtained product mixture could be explored, such as anti‐corrosion,
antibacterial, or radical‐scavenging coatings.
In a broader context, it is likely that there is a large, untapped potential in transferring organic synthetic
reactions out of organic solvents into aqueous, micellar or vesicular solution. This would pave the way
for a more environmentally compatible synthetic chemistry. However, the concomitant chemistry in
SDI‐containing aqueous suspensions is different than in traditional chemistry because a heterogeneous
reaction dispersion is employed instead of a homogenous solvent. One step towards understanding
and predicting the alternative chemistry in interface‐rich aqueous systems was provided in this thesis.
Thus, two very general paths for further work are suggested: 1) gain a better theoretical understanding
for reactions taking place in aqueous, interface rich systems, and 2) broaden the library of reactions
that can take place in aqueous, interface rich systems instead of in organic solvents.
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ABSTRACT: The aniline dimer PADPA (= p-aminodiphenylamine
= N-phenyl-1,4-phenylenediamine) was polymerized to poly(PADPA) at 25 °C with Trametes versicolor laccase (TvL)/O2 as
catalyst and oxidant and in the presence of vesicles formed from
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) as templates. In
comparison to the previously studied polymerization of aniline with
the same type of enzyme−vesicle system, the polymerization of
PADPA is much faster, and considerably fewer enzymes are required
for complete monomer conversion. Turbidity measurements indicate
that PADPA strongly binds to the vesicle surface before oxidation
and polymerization are initiated. Such binding is conﬁrmed by
molecular dynamics (MD) simulations, supporting the assumption
that the reactions which lead to poly(PADPA) are localized on the vesicle surface. The poly(PADPA) obtained resembles the
emeraldine salt form of polyaniline (PANI-ES) in its polaron state with a high content of unpaired electrons, as judged from UV/
vis/NIR, EPR, and FTIR absorption measurements. There are, however, also notable spectroscopic diﬀerences between PANIES and the enzymatically prepared poly(PADPA). Poly(PADPA) appears to be similar to a chemically synthesized poly(PADPA)
as obtained in a previous work with ammonium peroxydisulfate (APS) as the oxidant in a mixture of 50 vol % ethanol and 50 vol
% 0.2 M sulfuric acid (J. Phys. Chem. B 2008, 112, 6976−6987). ESI-MS measurements of early intermediates of the reaction with
TvL and AOT vesicles indicate that the presence of the vesicles decreases the extent of formation of unwanted oxygen-containing
species in comparison to the reaction in the absence of vesicles. This is the ﬁrst information about the diﬀerences in the chemical
composition of early reaction intermediates when the reaction carried out in the presence of vesicles under optimal conditions is
compared with a template-free system.
KEYWORDS: aniline, enzyme, laccase, liposomes, p-aminodiphenylamine, polyaniline, polymer, vesicles

■

INTRODUCTION
The investigation of the synthesis of polymers with peroxidases
or laccases as a catalyst is an active area of research.1−5 It is
fascinating but also highly challenging, in particular if one aims
at understanding the details of the molecular complexity of the
reaction. In general, enzymatic polymerizations are promising
because they can be carried out under mild conditions in
aqueous media, thereby contributing to the development of
environmentally friendly, atom-eﬃcient polymerization processes.6,7 On the other hand, the particular challenge in using
oxidizing enzymes to initiate polymerization reactions often is
to speciﬁcally control the outcome of the reaction so that
© 2014 American Chemical Society

desired polymers with a distinct chemical structure are obtained
instead of ill-deﬁned products.3 Indeed, ill-deﬁned reaction
products may be obtained with peroxidases and laccases,
depending on the type of monomers used and depending on
the experimental conditions.8,9 This unpleasant situation can be
comprehended by considering the actual role which a
peroxidase or laccase plays in the entire reaction, brieﬂy
outlined as follows. In contrast to a lipase-catalyzed polymerReceived: June 4, 2014
Revised: August 19, 2014
Published: August 22, 2014
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Scheme 1. Stoichiometric Equation for the Polymerization of PADPA into Poly(PADPA) with TvL as Catalyst and O2 as
Oxidanta

a

Poly(PADPA) is represented as polyaniline in its emeraldine salt form (PANI-ES), shown with tetrameric aniline repeating units in their bipolaron
or polaron states.28,42 Polarons have unpaired electrons and are “EPR active”.42 Depending on the experimental conditions, n may vary from n = 1 to
n ≫ 1, and more importantly, other couplings of PADPA may also exist, leading to the formation of oligo- and poly(PADPA) products with n = 3/2,
5/2, etc. Furthermore, the formation of phenazine units is also possible, as well as other structural deviations from the ideal linear para-NC-coupled
form shown.28,43,44 A− represents the counter ion, which in the system used probably mainly is the AOT anion.

investigated Trametes versicolor laccase (TvL)/O2-catalyzed
polymerization of aniline in the presence of vesicles formed
from AOT (= sodium bis(2-ethylhexyl) sulfosuccinate) at pH =
3.5 in 0.1 M phosphoric acid−sodium dihydrogen phosphate
solution and T = 25 °C.19 Although the vesicles clearly served
as templates for the reaction, three major drawbacks were
recognized: (i) the reaction with aniline (Ar-NH2) as the
monomer is very slow, (ii) overoxidized products are obtained,
and (iii) the laccase is unstable in diluted aqueous solution if
kept for the long period of time required for the reaction (≈ 27
days at room temperature to reach high yields under the
conditions used). One enzyme molecule was needed for the
oxidation of about 750 aniline molecules19 (corresponding to
about 190 cycles, each involving four molecules of Ar-NH2, one
O2 molecule, and the transferal of four electrons). The general
diﬃculty in oxidizing aniline with laccases is mainly due to the
low value of the standard potential for the oxidation of aniline

ization reaction, for example, in which the active site of the
lipase is directly involved in the coupling reactions leading to
polymeric products, peroxidases and laccases solely oxidize
monomers (or oligomers), presumably without direct participation of the enzyme’s active site in the bond formation steps
that lead to the polymers. Therefore, if various possibilities for
the nonenzymatic coupling of oxidized monomers (or
oligomers) exist, and if side reactions with the solvent may
occur, it is expected that a complex mixture of diﬀerent
products is obtained. In this case, the addition of structuredirecting templatespolymers, micelles, or vesicleshas
proven to be a powerful tool for controlling the actual
polymerization reaction in a desired way.3,10−18 The presence
of such templates leads to a localization of the reaction process
in their vicinity, thereby increasing the extent of desired over
unwanted coupling reactions. Moreover, the templates prevent
the products from precipitating. One example is the recently
3422
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(E°ox = −1.0 V for Ar−NH2 → Ar−NH2•+ + 1 e−).20 The
reduction potential for TvL at pH = 2.5−7.0, E°′red, is only
about 0.78 V (Cu(II)T1 + 1 e− → Cu(+I)T1).21,22
In the work presented here, we show that replacing aniline
with the aniline dimer p-aminodiphenylamine (PADPA, Ar−
NH−p−Ar−NH2) leads to an eﬃcient formation of poly(PADPA) at pH = 3.5 if the same type of AOT vesicles is used
as templates as for the polymerization of aniline with the same
laccase/oxidant system (i.e., TvL/O2). The reaction with
PADPA has several important advantages compared to the
polymerization of aniline catalyzed by the same enzyme−vesicle
system. First, PADPA is easier to oxidize than aniline: E°ox for
Ar−NH−p−Ar−NH2→ Ar−NH−p−Ar−NH2•+ + 1 e− is
about −0.4 V to −0.5 V,23 as compared to E°ox = −1.0 V for
Ar-NH2.20 Second, the reaction with PADPA is much faster
than with aniline. Third, laccase inactivation during the reaction
with PADPA is much less severe as compared to the reaction
with aniline. Overall, the amount of laccase required for the
polymerization of PADPA is signiﬁcantly lower than for the
polymerization of aniline. In a previous study, Shumakovich et
al.24 already demonstrated that a laccase from Trametes hirsuta
can be used eﬃciently for the polymerization of PADPA with
micellar templates formed from sodium dodecylbenzenesulfonate at pH = 3.8.
The polymerization of PADPA with TvL/O2 and AOT
vesicles was optimized for obtaining a poly(PADPA) reaction
product which resembles polyaniline in its conductive
emeraldine salt form (PANI-ES, Scheme 1), with the
characteristic UV/vis/NIR absorption spectrum of the polaron
state. PANI-ES is one of the most intensively investigated
conductive polymer due to its many applications in various
ﬁelds25−27 (e.g., for rechargeable batteries, for sensor devices,
for anticorrosion coatings, etc). Poly(PADPA) was characterized by UV/vis/NIR-, EPR- and FTIR-spectroscopy and
compared with (i) polyaniline obtained with the same laccase
and the same vesicle templates but using aniline as monomer
instead of PADPA; (ii) poly(PADPA) obtained by Shumakovich et al.24 with Trametes hirsuta laccase and micellar
templates; and (iii) poly(PADPA) obtained chemically with
ammonium peroxydisulfate (APS) as oxidant.28 Furthermore,
molecular dynamics (MD) simulations were performed to shed
some light on the interactions of PADPA with the AOT vesicle
bilayer. A schematic representation of the entire vesicular
reaction system used in this work is shown in Scheme 2.

Scheme 2. Schematic Representation of the Reaction
Systema

a

The vesicles have a diameter of about 80 nm and are mainly
unilamellar.15,31 They are formed from AOT in aqueous solution in
the presence of a mixture of H3PO4 and H2PO4− (0.1 M, pH = 3.5).
Some of the AOT molecules are expected to exist in bulk solution and
in the internal aqueous pool of the vesicles; the critical concentration
for vesicle formation (cvc) is about 0.4 mM.31 PADPA (at pH = 3.5
predominantly existing as Ar-NH-Ar-NH3+, pKa = 4.7037) and the
reaction intermediates and product, poly(PADPA), are localized
preferentially in the area of the bilayer of the negatively charged
vesicles. Glycosylated TvL is expected to distribute between the vesicle
surface and the bulk solution, depending on the isoenzymes present in
the crude laccase sample used; the reported pI values of the
isoenzymes are between about 2.8 and 3.529,30,45 and between about
5.7 and 6.6.45 TvL, PDB ID: 1GYC.30 Assuming a one electron
oxidation of PADPA by TvL/O2, the stoichiometric equation for one
catalytic cycle is 4 Ar-NH-Ar-NH2 + O2 + 4 H+ → 4 Ar-NH-Ar-NH2•+
+ 2 H2O.

■

MATERIALS AND METHODS
Chemicals. Laccase from Trametes versicolor (TvL, EC
1.10.3.2; product no. 51639, 13.6 U mg−1, lot no. BCBF7247
V), sodium bis(2-ethylhexyl) sulfosuccinate (AOT ≥ 99%),
diethyl ether (≥99.8%, GC), and PADPA (p-aminodiphenylamine, N-phenyl-1,4-phenylendiamine, 98%) were purchased
from Sigma-Aldrich. Before use, PADPA was recrystallized two
to three times from hexane until the product was colorless;
stock solutions (1.5 mM) were freshly prepared on the day of
use by dissolving the puriﬁed PADPA in pH = 3.5 solution in
an ultrasound bath (see below), followed by adjustment of the
pH with HCl to pH = 3.5. Methyl t-butyl ether (MTBE, ≥
99.0%, GC) and sodium di-n-butylsulfosuccinate were from
Fluka. All other chemical used were the same as in our previous
work and used as received.19
Rough Estimation of the Molar Concentration of the
Laccase. The content of active enzyme in the laccase stock
solution prepared from the commercial laccase sample (12.9

mg/mL) was estimated as described previously.19 First, the
laccase activity was measured at pH = 3.0 with the substrate
ABTS2−(NH4+)2, the diammonium salt of 2,2′-azino-bis(3ethylbenzothiazoline-6-sulfonate), at various ABTS2− concentrations with a ﬁxed amount of laccase. Then, the obtained
extrapolated maximum reaction velocity (Vmax, Michaelis−
Menten kinetics) was related to the literature value for the
turnover number for a puriﬁed isoenzyme TvL/ABTS2− at pH
= 3.0 (kcat = 220 s−1, isoenzyme LacIIb with pI between 2.8 and
3.2).29 In this way, the concentration of TvL in the laccase
stock solution prepared (12.9 mg commercial TvL product
dissolved in 1 mL of deionized water) was found to be ≈16
μM. This means that only about 8−9 wt % of the commercial
laccase sample contained active enzyme, as calculated on the
basis of a molar mass of TvL of 70 kDa.30
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UV/vis/NIR and EPR Measurements of the Vesicle
Suspensions. All UV/vis/NIR measurements were carried out
with a JASCO V-670 spectrophotometer, and the EPR
measurements of the vesicle suspensions with a Bruker EMX
X-band spectrometer equipped with a TM cavity.15
Preparation of AOT Vesicles. AOT vesicles were prepared
with the freeze−thawing polycarbonate membrane extrusion
method by using a pH = 3.5 phosphate solution (0.1 M H3PO4
+ NaH2PO4), as described previously.19 The AOT concentration in the suspension was 20 mM and the average
hydrodynamic vesicle diameter about 80 nm, as determined
by dynamic light scattering measurements carried out
immediately after vesicle preparation.31 The vesicle suspension
was stored protected from light at room temperature before
use.
Interaction of PADPA with AOT Vesicles. The
interaction of PADPA with AOT vesicles was analyzed by
measuring the turbidity of a vesicle suspension (1.5 mM AOT,
pH = 3.5) containing various amounts of PADPA. The samples
were prepared by mixing deﬁned volumes of a 20 mM AOT
vesicle suspension (pH = 3.5), a 1.5 mM PADPA solution (pH
= 3.5), and a pH = 3.5 solution (0.1 M H3PO4 + NaH2PO4) to
obtain the desired concentrations of AOT and PADPA. After
incubation for 1 h at room temperature, the turbidity of the
samples was measured at λ = 600 nm by using a quartz cell with
a path length of 1 cm.
Enzymatic Polymerization of PADPA with TvL in the
Presence of AOT Vesicles. Polymerization reactions of
PADPA with laccase/O2 were carried out at pH = 3.5 at room
temperature in 2 mL closed Eppendorf tubes with a reaction
volume of 500 μL. The reaction vessel volume was 4 times the
reaction volume. The reaction was started by mixing a pH = 3.5
solution (0.1 M H3PO4 + NaH2PO4), a vesicle suspension, a
substrate stock solution, and an enzyme stock solution as
follows (optimal conditions): 128.2 μL of pH = 3.5 solution
(0.1 M H3PO4 + NaH2PO4), 37.5 μL of AOT vesicle
suspension (20 mM, pH = 3.5 solution), 333.3 μL of
PADPA stock solution (1.5 mM, pH = 3.5 solution); after
mixing, the reaction was started by adding 1.0 μL of TvL stock
solution (12.9 mg/mL ≈ 16 μM, deionized water). The initial
concentrations in the reaction system were the following: 1.5
mM AOT, 1.0 mM PADPA, and ≈32 nM TvL. The required
O2 molecules for the reaction to occur were those available
from the aqueous solution (0.5 mL) and from the air reservoir
in the Eppendorf tube (1.5 mL). The typical reaction time was
24 h.
Polymerization reactions without vesicles were carried out in
the same way, but instead of the vesicle suspension the same
volume of the pH = 3.5 solution was added. For control
measurements with sodium n-dibutylsulfosuccinate, a 20 mM
stock solution of sodium n-dibutylsulfosuccinate was prepared
and used instead of the 20 mM AOT vesicle suspension.
Laccase Activity Measurements during the Polymerization of PADPA. The activity of TvL in the reaction mixture
was measured with 0.25 mM ABTS2− as substrate at pH = 3.5
(0.1 M H3PO4 + NaH2PO4) and T = 25 °C. Volumes of 15 μL
were withdrawn from time to time from a 10 mL reaction
mixture and then added into a 1 cm, 1.5 mL polystyrene
cuvette to which 935 μL pH = 3.5 solution and 50 μL of an
ABTS2− stock solution (5 mM prepared in pH = 3.5 solution)
were ﬁrst added. After gentle mixing, the solution was
incubated for 7 min and then the increase in absorbance at λ
= 414 nm, ΔA414, originating from the formed ABTS•− radical

anion, was recorded for the following 3 min. A reproducible
analysis during the ﬁrst 7 min was not possible because often a
lag phase with a nonlinear increase of A414 with time was
observed. ΔA414/Δt was taken as measure of the activity of TvL
and the value determined for the reaction solution which was
withdrawn 2 min after the start of the polymerization reaction
was set to 100%.
ESI-MS Measurements. During PADPA polymerization,
unreacted PAPDA and reaction products were extracted into a
MTBE solution to which aqueous NH3 was ﬁrst added; the
MTBE solution was then analyzed by ESI-MS. Details of the
sample preparation and the MS analysis are given in the
following. At predetermined times during the polymerization
reaction (initial volume: 10 mL), 500 μL of the reaction
mixture were withdrawn and added to 500 μL MTBE to which
50 μL of a 25 wt % aqueous NH3 solution were ﬁrst added.
After vigorous shaking and waiting for phase separation, the
colored lighter organic phase was separated and analyzed by
ESI-MS, using an ESI-Q-TOF system (maXis, Bruker
Daltonics, Germany) coupled with an Agilent 1200 system
(Agilent Ltd., Germany). The MS instrument was operated in
wide pass quadrupole mode with the TOF data being collected
between m/z 50−1300 with a low-collision energy of 10 eV.
The optimized source conditions were drying gas 8.0 L/h
(nitrogen 99.99% purity) at a temperature of 200 °C, nebulizer
pressure of 1.6 bar, capillary and end plate voltages of 500 and
4500 V, respectively, TOF ﬂight tube voltage of 9867 V,
reﬂection voltage of 1999 V, pusher voltage of 1638 V, and
detector voltage of 3450 V. The resolving power of the
instrument was around 35 000 with 2.5 Hz spectra rate. The
ESI-TOF mass spectrometer was calibrated routinely for ﬂow
injection analysis (FIA) in the positive and negative electrospray ionization mode using Agilent-ESI-TOF tuning mix on
the enhanced quadratic algorithmic mode. Further data
processing was calculated using the Data Analysis 4.0 software
(Bruker Daltonics, Germany).
Reference measurements were carried out with solutions that
contained PADPA, AOT vesicles, or laccase samples only, or
AOT vesicles together with laccase (instead of the reaction
mixture).
Determination of the Consumption of PADPA during
the Polymerization Reaction. The decrease in the amount
of PADPA present in the reaction mixture as a function of
reaction time was determined by ESI-MS, as described above.
The EIC (extracted ion chromatograms) of signals between
183.09 and 186.11 ± 0.05 m/z were integrated between 1.0 and
1.3 min elution time. The value obtained for 2 min reaction
time was set as 100%.
The EICs of reaction mixtures analyzed at diﬀerent reaction
times are shown in Figures S1 and S2, Supporting Information
(SI). Scheme S1 (SI) shows possible chemical structures and
calculated m/z values of the relevant detectable forms of
PADPA that were taken into account for this determination,
Ar−NH−Ar−NH3+, Ar−NH−Ar−NH2•+, Ar−N•−Ar-NH2•+,
and Ar−NArNH2+.
Isolation of Poly(PADPA) and Analysis of Isolated
Poly(PADPA). Poly(PADPA) was isolated by extraction with
diethyl ether and MTBE from the reaction solution. All organic
phases were combined, and the solvent was removed in vacuo.
The remaining solid was treated with 1 M HCl solution for 30
min, afterward it was washed extensively with water and dried
at high vacuum overnight. FTIR measurements of the isolated
products were carried out with a Bruker Alpha instrument (KBr
3424
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pellet), and the EPR measurements were made with a
ELEXSYS E580 instrument from Bruker, operated at X-band
frequency, as described previously.19,32 Conductivity and X-ray
diﬀraction (XRD) measurements were performed in the same
way as described previously.19
MD Simulations of AOT Bilayers. A patch of an AOT
bilayer membrane composed of 16 × 16 × 2 AOT molecules
was considered for simulation at T = 298 K, τt = 0.1 ps, and
Berendsen thermostat33 under periodic boundary conditions.
The AOT bilayer was set up by including all eight possible
stereoisomers of AOT; the use of a mixture of AOT
stereoisomers for the simulation, instead of one type of AOT
with particular conﬁgurations, reﬂects the real experimental
situation and may be an important consideration, see the
previous work of Horta et al.34 For the individual AOT
molecules, a polar headgroup area of 0.67 nm2 was assumed,
according to experimental data obtained by Grillo et al.35 To
compensate for surface tension, lateral pressure coupling in a
range of plateral = −18 to −45 bar was considered, but no
equilibrium close to the headgroup area was reached.
Therefore, a cubic box with isotropic pressure coupling, τp =
0.5 ps, p = 1 bar,33 was established. NaH2PO4 and H3PO4 (0.1
M total concentration) were included according to pH. Some
solvent molecules (water, SPC model)36 were introduced or
deleted after equilibration of 1 ns until little deviation from the
experimental headgroup area was established. PADPA was
introduced by λ perturbation during 1 ns after the pure
membrane-buﬀer system was equilibrated for at least 20 ns. The
equilibrium simulation was analyzed for 10 ns. Further details
of the model, the protocol and details about the simulation of
the AOT bilayer without any PADPA added are disclosed in
the SI (Figure S3−S5, Tables S1−S4). The concentration of
PADPA was chosen as 5 times higher than in the experiments,
to gain better local statistics. The local concentration of AOT
was 252 times higher than the experimental 1.5 mM due to the
limited solvent volume.

Figure 1. Eﬀect of PADPA on the turbidity of the AOT vesicle
suspension used (■); [AOT] = 1.5 mM, pH = 3.5 (0.1 M H3PO4 +
NaH2PO4). (○): Control measurements without vesicles. The
turbidity was measured at λ = 600 nm by recording the absorbance
(path length: 1 cm). The data shown are mean values and standard
deviations for three measurements at T = 25 °C. The arrow indicates
the approximate start of the increase in turbidity which was at
[PADPA] ≈ 0.35 mM.

species for mimicking the experimental situation as well as
possible (see SI). At this pH value, the dominant species of
PADPA is its protonated form Ar-NH-Ar-NH3+ (pKa 4.7).37
Therefore, all MD simulations were carried out by considering
Ar-NH-Ar-NH3+.
As a ﬁrst interesting ﬁnding, the simulations showed that the
AOT bilayersimulated without any added PADPAhas a
bumpy surface and a partially disrupted structure (SI, Figure
S5). The surface average maximal height minus the surface
average minimal height of AOT leads to an estimate of 2.60 nm
for the thickness of the AOT in the bilayer, comparable to the
thickness obtained from SANS experiments (1.85 ± 0.8 nm).15
An analysis of the simulated AOT bilayer in the presence of
PADPA (Figure 2A,B) shows that along the normal z-axis,
100% of the AOT molecules are distributed within the central
half of the box and that 87% of PADPA are found within the
vicinity of AOT. Such PADPA binding to the AOT bilayer is
reasonable because it reﬂects the experimental observations
made (see above) and agrees with the known low water
solubility of PADPA.28 In contrast to PADPA, over two-thirds
(69%) of H3PO4 and H2PO4− are found in the AOT-free
solvent half of the simulation box, that is, they are part of the
bulk aqueous solution, as expected. The MD simulations
indicate that PADPA is partially inserted into the AOT bilayer
and has some orientation, see the side view shown in Figure 2B.
We calculated the angular distribution of PADPA and found
that 30−45° (and 135−150°) tilt angles are preferred (Figure
2C). A tilt angle of 90° means that the PADPA alignment is
perpendicular to the bilayer normal. This situation clearly does
not dominate.
Overall, the MD simulations indicate that PADPA integrates
into the membrane, rather than lying ﬂat on the surface.
Although there is uncertainty about the real molecular situation
with respect to the PADPA-AOT bilayer interaction, the MD
simulations provide some hints about how the situation might
be. For example, Ar-NH-Ar-NH3+ was found to be involved in
hydrogen binding as follows: on average per time frame, one

■

RESULTS
Interaction of PADPA with AOT Vesicles. Mixing an
AOT vesicle suspension at T = 25 °C with an aqueous solution
of PADPA at pH = 3.5 led to an increase in turbidity of the
vesicle suspension, the extent of turbidity increase being
dependent on the concentrations of AOT and PADPA. This
initial qualitative observation allowed us to investigate the
interaction of PADPA with AOT vesicles turbidimetrically by
measuring the optical density of a vesicle suspension, at the
arbitrarily chosen wavelength of λ = 600 nm, as a function of
the concentration of PADPA, see Figure 1. The AOT
concentration was kept constant at 1.5 mM, the pH value
was 3.5 (0.1 M H3PO4 + NaH2PO4), and the temperature was
25 °C. These were the conditions which we found to be
optimal for the polymerization reaction (see below). Figure 1
shows that the turbidity of the vesicle suspension up to about
0.30−0.35 mM PADPA was low. Above 0.40 mM PADPA,
there was a distinct increase in turbidity which could easily be
seen by the naked eye. Without vesicles, the sample remained
transparent up to at least 1.0 mM PADPA. Above about 2 mM,
PADPA was no longer soluble at pH = 3.5.
PADPA interactions with AOT bilayers are supported by
MD simulations (Figure 2A,B). The simulations were carried
out with an AOT bilayer fragment, positioned horizontally in
the center of the simulation box, and by taking into account pH
= 3.5 conditions in the presence of H3PO4, H2PO4−, and Na+
3425
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Figure 2. Molecular dynamics simulation of 5 mM PADPA dissolved in the AOT suspension at pH = 3.5 (0.1 M H3PO4 + NaH2PO4). (A) Top
view, 87% of the PADPA molecules are found to be associated with AOT within 10 ns of simulation. Hydrogen bonding of the amine group to the
solvent is preferred−it is often exposed to the surface. (B) Side-view of PADPA “dissolved” in the AOT suspension. PADPA is shown as space ﬁlling
model. AOT is displayed as thin-wire drawing, and sodium counterions in vicinity of AOT are sketched as smaller spheres. (C) Distribution of angles
of PADPA orientation dissolved in the AOT suspension within 10 ns of simulation. The angle between the longitudinal axis of PADPA and the z-axis
of the box (red) or the normal axis perpendicular to the local elevation of the membrane (black) has been calculated.

Ar-NH-Ar-NH3+ hydrogen bonded to 3.2 water molecules, to
1.0 AOT and to 0.1 of the phosphates. The presence of
hydrogen bonds is further supported by additional analysis of
the radial distribution functions with respect to the acidic
oxygen of AOT and the water oxygen. In PADPA, of the two
amines, only the exposed and protonated amine end group is
unambiguously bonded to water, whereas both amines are
hydrogen bonded to the oxygen atoms of AOT.
Formation of Poly(PADPA) with Trametes versicolor
Laccase (TvL)/O2 and AOT Vesicles as Templates, as
Monitored by UV/vis/NIR and EPR Measurements. The
optimal conditions for the polymerization of PADPA to
poly(PADPA) with TvL/O2 as catalyst and oxidant and AOT
vesicles as templates were found to be 1.5 mM AOT, 1.0 mM
PADPA, [TvL] ≈ 32 nM, pH = 3.5 (0.1 M H3PO4 +
NaH2PO4), T = 25 °C, t = 24 h. They were judged to be
optimal on the basis of the following criteria: (i) high
absorption of the reaction products in the NIR-region of the
absorption spectrum (around 1000 nm) and concomitant low
absorption at about 500 nm, which can be considered as an
indication for the formation of products that resemble the
conductive dark-green emeraldine salt form of polyaniline
(PANI-ES) in its polaron state,15,38 see Scheme 1; (ii) high
yield (i.e., high PADPA conversion as determined by ESI-MS,
see Materials and Methods, and high absorbance at λ ≈ 1000
nm); and (iii) use of small amounts of TvL. With respect to this
last criterion, the eﬀect of the TvL concentration on the
absorption spectrum of the reaction products obtained after 24
h reaction time was investigated. The reaction mixture initially
contained 1.5 mM AOT, 1.0 mM PADPA and various amounts

of TvL at pH = 3.5, see SI, Figure S6. On the basis of these
measurements, the optimal enzyme concentration was found to
be 32 nM (2.0 μL TvL stock solution added per mL), see
Figure 3 and SI, Figure S6H. With this TvL concentration and
1.0 mM PADPA, 1.5 mM AOT (pH = 3.5), the changes in the
absorption spectrum between 220 and 1200 nm were measured
during the polymerization reaction as a function of time. The
spectra recorded after 2 min, 30 min, 1, 2, 3, and 4 h are shown
in Figure 4A,B, and the spectrum recorded after 24 h, with its
maxima at 1014, 421, and 306 nm, is shown in Figure 3. When
the reaction was conducted without vesicles or in the presence
of 1.5 mM sodium di-n-butylsulfosuccinate, which at this
concentration neither forms vesicles nor micelles,15 the spectra
recorded during the polymerization were very diﬀerent, see SI,
Figure S7 and Figure S8. This clearly demonstrates the
important role of the vesicular aggregates as templates.
In addition to recording UV/vis/NIR absorption spectra,
EPR spectra were also measured during the polymerization in
the presence of AOT vesicles, see Figure 5. The appearance of
an EPR signal during the reaction indicates that the products
contained unpaired electrons, as expected for a poly(PADPA)
product which resembles PANI-ES in its polaron state, see
Scheme 1. When the reaction was conducted without vesicles
but under otherwise identical conditions−or in the presence of
1.5 mM sodium di-n-butylsulfosuccinate instead of AOT
vesicles−the obtained reaction products had a very low content
of unpaired electrons, see SI, Figure S9. This again conﬁrms the
importance of the presence of vesicles for obtaining products
with the desired characteristics.3
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Figure 3. Polymerization of PADPA in the presence of AOT vesicles
as templates and TvL/O2 as catalyst and oxidant with [TvL] = 32 nM.
UV/vis/NIR absorption spectrum of the reaction products obtained
after a reaction time of 24 h at room temperature (T ≈ 25 °C). [AOT]
= 1.5 mM, [PADPA]0 = 1.0 mM, pH = 3.5 (0.1 M H3PO4 +
NaH2PO4). The amount of laccase used was 2.0 μL laccase stock
solution (12.9 mg per mL deionized water) added to 1 mL of a
buﬀered suspension of AOT vesicles (pH = 3.5) containing the
substrate PADPA. Total volume of the reaction mixture: 1.0 mL.
Reaction vessel: 5 mL polypropylene Eppendorf tubes with closed
stopper.

PADPA Conversion and Changes in TvL Activity
during PADPA Polymerization. Addition of methyl-t-butyl
ether (MTBE) to samples withdrawn from the aqueous
reaction mixture during the polymerization led to an extraction
of PADPA and some reaction products into the organic phase.
During this extraction, the intensity of the green color of the
aqueous reaction mixture became very weak, whereas at the
same time, the organic phase turned purple. Analysis of the
MTBE soluble compounds by ESI-MS indicated that about
35% PADPA remained after a reaction time of 1 h, although
after 4 h, almost all of the initially present PADPA was
consumed (about 1% left), see Figure 6. Analysis of the
reaction carried out in the absence of the vesicles showed a
somewhat faster decrease in the amount of PADPA with time
(13% left after 1 h, less than 1% after 4 h).
The activity of TvL was measured with ABTS2− as the
substrate during the polymerization reaction by withdrawing
samples from the reaction mixture from time to time, see
Materials and Methods. The results are shown in Figure 7.
Similar measurements were carried out for a reaction in the
absence of AOT but otherwise identical conditions, or in the
presence of sodium di-n-butylsulfosuccinate instead of AOT,

Figure 4. Polymerization of PADPA in the presence of AOT vesicles
as templates and TvL/O2 as catalyst and oxidant. Time-dependent
changes of the UV/vis/NIR absorption spectrum of the reaction
mixture for [AOT] = 1.5 mM, [PADPA]0 = 1.0 mM, pH = 3.5 (0.1 M
H3PO4 + NaH2PO4), T ≈ 25 °C. [TvL] = 32 nM, see legend of Figure
3. Total volume of the reaction mixture: 15.0 mL. Reaction vessel: 50
mL Schott Duran glass bottle with screw cap. Samples were
withdrawn, and the absorption spectrum was measured with a 0.1
cm quartz cuvette. (A) Spectra recorded after a reaction time of 2 min,
30 min, 1, 2, 3, and 4 h. The changes in the spectra correlate with the
sequence of the reaction time as indicated. (B) Changes of the
absorbance at λ = 1000 nm (■, A1000), at λ = 500 nm (●, A500), and at
λmax ≈ 420 nm (Δ, Amax≈420). The dotted line indicates the chosen
reaction time, t = 24 h, considered to be optimal for the continuation
of the investigation.
3427
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Figure 5. Polymerization of PADPA in the presence of AOT vesicles
as templates and TvL/O2 as catalyst and oxidant. Time-dependent
changes of the EPR spectrum of the reaction mixture for [AOT] = 1.5
mM, [PADPA]0 = 1.0 mM, pH = 3.5 (0.1 M H3PO4 + NaH2PO4), T
≈ 25 °C. [TvL] = 32 nM, see legend of Figure 3. Total volume of the
reaction mixture: 1.0 mL. Reaction vessel: 5 mL of polypropylene
Eppendorf tubes with closed stopper. Samples were measured with a
ﬂat quartz cell. The spectra were recorded after a reaction time of 1 h
(1), 3 h (2), 4 h (3), 6 h (4), and 23 h (5).

see SI, Figure S10. In all cases, the enzyme activity decreased
with time. However, about 40% of the initial laccase activity was
still present after 6 h, when practically all of the PADPA had
been consumed, see above. Therefore, there were always
enough active enzyme molecules present for oxidizing the
remaining PADPA.
Preliminary Analysis of Early Reaction Intermediates
by ESI-MS. As mentioned above, compounds soluble in MTBE
were analyzed by ESI-MS during the polymerization reaction to
determine the PADPA conversion, see Figure 6. Although a
detailed analysis of the extractable reaction products would be
beyond the topic of this paper, and is part of a detailed followup study, the ESI-MS spectra obtained after a reaction time of
31 min indicate that there are signiﬁcant diﬀerences between
the reaction products formed in the presence of vesicles as
compared to the reaction carried out without vesicles. Without
vesicles, molecules that contain oxygen are detected, whereas
during the reaction with vesicles, such oxygen-containing
compounds could not be identiﬁed. Figure 8 shows a small
section of the ESI-MS spectrum where the diﬀerences can be
clearly seen (region of m/z = 183.6−186.5). Figure 8A is the
ESI-MS spectrum of the extractable compounds obtained from
the reaction in the presence of AOT vesicles, whereas Figure
8B is the ESI-MS spectrum of the MTBE-soluble compounds
obtained from the reaction carried out without any vesicles. In
the latter, the peaks at 184.0756 m/z and 185.0795 m/z
indicate presence of Ar-NH-Ar−OH+ (Figure 8B). These peaks
are absent in the spectra of the MTBE extracts obtained from
the reaction mixtures with AOT vesicles (Figure 8A).
Characterization of Poly(PADPA). After isolation of
poly(PADPA) obtained under the optimal reaction conditions
with the AOT vesicles as templates (1.5 mM AOT, 1.0 mM
PADPA, 2 μL/mL TvL, pH = 3.5 (0.1 M H3PO4 + NaH2PO4),
T ≈ 25 °C, t = 24 h), the FTIR spectrum of the isolated and
puriﬁed product was measured, see Figure 9 for the recorded
spectrum and Table 1 for the assignments of the bands based
on literature. The spectrum had the characteristic bands one

Figure 6. Polymerization of PADPA in the presence of AOT vesicles
as templates and TvL/O2 as catalyst and oxidant. ESI-MS analysis of
the MTBE soluble compounds showing the signals detected between
181.4 and 188.2 m/z, arising partially from the cationic forms of
PADPA (C12H11N2+: m/z = 183.0922, 184.0956; C12H12N2+: m/z =
184.1000, 185.1034; C12H13N2+: m/z = 185.1079, 186.1112), see SI,
Scheme S1. [AOT] = 1.5 mM, [PADPA]0 = 1.0 mM, pH = 3.5 (0.1 M
H3PO4 + NaH2PO4), T ≈ 25 °C. [TvL] = 32 nM, see legend of Figure
3. Total volume of the reaction mixture: 10 mL. Reaction vessel: 50
mL Schott Duran glass bottle with screw cap. The reaction times were
2 min (A), 1 h (B), and 4 h (C). The ECI of the signals between
(183.09−186.11) ± 0.05 m/z, indicated with dashed lines, were
integrated between 1.0 and 1.3 min elution time, yielding the indicated
relative amounts of PADPA after 1 h (≈ 35%) and after 4 h (≈ 1%);
the value measured after 2 min was taken as 100%. The two arrows in
A point to the low intensities of the two peaks at 181.98 and 182.98
m/z.

expects for the functional groups present in the emeraldine salt
form of PANI in its polaron state, for example, the CC
stretching vibrations at 1572 cm−1 (quinoid diimine) and
3428
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Figure 7. Polymerization of PADPA in the presence of AOT vesicles
as templates and TvL/O2 as catalyst and oxidant. Changes of the
laccase activity during the reaction. [AOT] = 1.5 mM, [PADPA]0 =
1.0 mM, pH = 3.5 (0.1 M H3PO4 + NaH2PO4), T ≈ 25 °C. [TvL] =
32 nM, see legend of Figure 3. Total volume of the reaction mixture:
10 mL. Reaction vessel: 50 mL Schott Duran glass bottle with screw
cap, slightly stirred with a magnetic stirrer bar. The activity of laccase
was measured with ABTS2− as substrate, see Materials and Methods.

around 1500 cm−1 (1506 and 1495 cm−1, benzenoid diamine),
the bands at 1156 and at 1243 cm−1, which are assigned to C−
H and C−N stretching vibrations in subunits expected to be
present in the molecule. The bands at 1734 and 1034 cm−1
show that a substantial amount of AOT was still contained in
the isolated product which is obtained following the
puriﬁcation steps described in Materials and Methods.
The isolated solid poly(PADPA) sample was analyzed by
EPR spectroscopy in the same way as described previously.32 It
was found that there are signiﬁcant diﬀerences between
poly(PADPA) obtained with AOT vesicles and TvL/O2,
abbreviated as poly(PADPA)-TvL-AOT (this work), and
polyaniline obtained with TvL/O2 or HRPC/H2O2 (HRPC:
horseradish peroxidase isoenzyme C) and AOT vesicles (PANITvL-AOT and PANI-HRPC-AOT).32 The estimated spin
concentration determined at room temperature for poly(PADPA)-TvL-AOT (1.98 × 1020 spin/g) was between the
one found for PANI-TvL-AOT (1.47 × 1020 spin/g)32 and the
one for PANI-HRPC-AOT (3.36 × 1020 spin/g).29 The peakto-peak line width (Δpp), the ratio of the peak amplitudes
expected for a Dyson line shape (a/b), and the g-value were
0.26 mT, 1.03, and 2.0056 for poly(PADPA)-TvL-AOT, as
compared to 0.28 mT, 1.21, and 2.0046 for PANI-TvL-AOT,32
or 0.41 mT, 1.209, and 2.0055 for PANI-HRPC-AOT,32
respectively. Diﬀerences between poly(PADPA) and the
previously obtained PANI samples become very obvious if
the temperature dependency of their EPR spectra is compared,
as shown in Figure 10A,B. In these panels, data for PANI-TvLAOT are also plotted for direct comparison. For a comparison
with PANI-HRPC-AOT, see Rakvin et al.32 The order of
magnitude for the J1 and J2 values obtained coincides with the
expected values from quantum chemical calculations for aniline
dimers and tetramers with corresponding conformations for
singlet−triplet transitions in relative short sections of the
polymer chain.39 The parameters describing qualitatively
possible bands of polaron interactions show signiﬁcant

Figure 8. ESI-MS analysis of the MTBE soluble compounds extracted
after a reaction time of 31 min. Shown is the range between 183.6 m/z
and 186.5 m/z. (A) Reaction with AOT vesicles, [AOT] = 1.5 mM,
[PADPA]0 = 1.0 mM, pH = 3.5 (0.1 M H3PO4 + NaH2PO4), T ≈ 25
°C. [TvL] = 32 nM, see legend of Figure 3. (B) Reaction without
vesicles, but otherwise identical conditions as for A. The tentative
assignment of the signals is given with the inserted chemical structures.

diﬀerences in the band structure between poly(PADPA)-TvLAOT and PANI-TvL-AOT. In the case of poly(PADPA)-TvLAOT, the bands with lower J values, compared to the J values of
PANI-TvL-AOT, contribute more to the total distribution of
polaron interaction. It is assumed that polarons with higher J
values appear due to an increased local disorder. Thus, EPR
intensity measurements indicate that poly(PADPA)-TvL-AOT
exhibits a lower percentage of “locally disordered dimers” in
comparison to PANI-TvL-AOT and PANI-HRPC-AOT
polymers. It is also noted that poly(PADPA)-TvL-AOT
contains the largest amount of Curie contribution, C0, that
accounts for noncorrelated spins, in comparison to the other
two PANI samples obtained enzymatically in the presence of
AOT vesicles. For low-dimensional systems, such as conducting
polymers, one expects a complex temperature dependency due
to various types of relaxation mechanisms and their diﬀerent
contributions at diﬀerent temperatures. The temperature
dependency of the EPR line width for typical conductive
polymers (PANI-ES)32 indeed shows two prominent ranges of
temperature dependency where the line width decreases in the
low temperature interval with increasing temperature (5−20 K)
3429
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Figure 9. FTIR spectrum of the polymeric reaction products isolated after a reaction time t = 24 h. [AOT] = 1.5 mM, [PADPA]0 = 1.0 mM, pH =
3.5 (0.1 M H3PO4 + NaH2PO4), T ≈ 25 °C. [TvL] = 32 nM, see legend of Figure 3. Total volume of the reaction mixture: 300 mL. Reaction vessel:
1 L Schott Duran glass bottle with screw cap. The products were isolated from the reaction mixture by extraction into diethyl ether and MTBE,
followed by work as described in Materials and Methods. The isolated products were grinded with KBr and pressed into a pill.

Table 1. Assignments of the IR Bands between 1800 and 400 cm−1 for the Poly(PADPA) Product Obtained with TvL/O2 and
AOT Vesicles as Templatesa
wavenumber, cm−1

assignmentb,c

1734
1037
1572
1506, 1495
1413
1313
1243
1156
879
811
748
696
599
513
409

from AOT, CO (ν)
from AOT, SO (ν)
CC (ν) in NQN
CC (ν) in N−B−N
CC (ν) in phenazines
C−N (ν) in secondary aromatic amines or N−H (δ)
C−N•+ (ν) in polaron lattice
C−H (δ) in QNH+-B or B-NH•+-B
C−H (γ) in 1,2,4-trisubstituted rings or in phenazines
C−H (γ) in 1,4-disubstituted rings
C−H (γ) in monosubstituted or 1,2-disubstituted rings
out-of-plane ring bending in monosubstituted rings
skeletal vibration in phenazines
out-of-plane ring deformation in 1,4-disubstituted rings or in monosubstituted rings
out-of-plane ring deformation

a
Reaction conditions, see legend of Figure 9. bν, stretching; δ, bending; γ, ring deformation; Q, quinoid ring; B, benzenoid ring. cAssignments based
on refs 28, 42, 46, 15, and 16 (for AOT).

and a sharp increase with increasing temperature at higher
temperatures. As was discussed earlier,32 the narrowing
behavior originates from the increase in population of triplet
states with a singlet−triplet energy diﬀerence J comparable to
the excitation energy of kT. The same mechanism leading to
line width decrease could be applied to describe a monotonous
line narrowing for all polymers obtained in the presence of
AOT vesicles with increasing temperature for the entire
temperature interval (5−300 K) monitored. We noted that
for PANI-TvL-AOT and poly(PADPA)-TvL-AOT EPR line
widths can be described with diﬀerent activation processes, ΔE
(detected as diﬀerent possible slopes shown in Figure 10B),
which are related to the energy for singlet to triplet transitions.
Thus, the above analysis indicates that the inhomogeneously
broadened EPR spectrum of these polymers at low temperatures contains distributions of spectral lines which originate
from the distribution of triplet states. The lowest excited triplet
state obtained at the low temperature limit is larger for

poly(PADPA)-TvL-AOT (ΔE = 4.26 K) than for PANI-TvLAOT (ΔE = 1.40 K). The plot in Figure 10B also clearly
indicates the diﬀerence in variation of ΔE in this low
temperature interval, and it could be connected to the diﬀerent
distribution of possible J values for the two polymers in this low
temperature region. The role of the diﬀerent distribution of J
valueswhich is also suggested by the description of the
susceptibility measured by EPR (Figure 10A) or line widths
(Figure 10B)could be related to an order of dimensionality
of the polymer and/or to a local disorder. A recent example40
for an oriented PANI based type of polymer in the form of thin
ﬁlms could be used as a more quantitative example to gather
information on possible anisotropy and distribution of J values.
The orientation-dependent susceptibility obtained from EPR of
the polymer ﬁlm was described by a localized state in which the
spin 1/2 polarons behave as spin 1/2 dimers. The signature of
anisotropy is assigned to anisotropy of the intradimer (J) and
the interdimer (J′) exchange values, along (J∥ ∼138 K, J′∥ ∼ ≤
3430
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line width determinations could be correlated with the
parameter Δ. In addition, it follows that for signiﬁcantly larger
values of J, the values mentioned above (such as J2 = 752 K for
PANI-TvL-AOT or J2= 1133 K for PANI-HRPC-AOT
polymers), could be more safely related to local disorder in
the polymer structure as was discussed previously.32
The conductivity of poly(PADPA)-Tvl-AOT was measured
in the same way as described previously,19 and it was found to
be 4.3 × 10−5 S/cm, in the same range as the conductivity of
PANI-TvL-AOT (6.6 × 10−5 S/cm)19 and PANI-HRPC-AOT
(3.2 × 10−5 S/cm).19
The XRD measurements of poly(PADPA)-TvL-AOT are
shown in Figure 11 (as measured with Mo X-ray) and SI,

Figure 10. EPR analysis of poly(PADPA)-TvL-AOT in comparison
with PANI-TvL-AOT. (A) EPR intensity multiplied with temperature
plotted as a function of temperature for poly(PADPA)-TvL-AOT
(open triangles) and for PANI-TvL-AOT (open circles, data from
Rakvin et al.32), respectively. The continuous lines represent ﬁts of the
experimental data to eq 132 and the given ﬁtting parameters
⎛
⎛
⎛ J ⎞⎞
⎛ J ⎞⎞
χT = C0 + 4C1/⎜⎜3 + exp⎜ 1 ⎟⎟⎟ + 4C2/⎜⎜3 + exp⎜ 2 ⎟⎟⎟ + ...
⎝ kBT ⎠⎠
⎝ kBT ⎠⎠
⎝
⎝
(1)

Figure 11. XRD powder diﬀraction spectra of poly(PADPA)-TvLAOT (curve 1) and PANI-TvL-AOT (curve 2),19 as measured with
Mo X-ray.

Figure S11 (calculated for Cu X-ray). For comparison, the XRD
pattern for PANI-TvL-AOT determined previously19 is also
given. In both records, there is one outstanding peak at 2θMo =
9°. The broadness of this peak and of the other peaks of minor
intensity indicate that poly(PADPA)-TvL-AOT isolated from
the reaction mixture was amorphous, similarly to PANI-TvLAOT. The XRD pattern of poly(PADPA)-TvL-AOT is rather
similar to the one of PANI-HRPC-AOT, see Junker et al.19

whereby Ci = Nig2μβS(S + 1)/3k with N0 = (13.6 ± 1.9) × 10−3 spins/
2-rings, N1 = (28.0 ± 1.9) × 10−3 spins/2-rings, J1 = 22 ± 3 K, N2 =
(37.9 ± 2.2) × 10−3 spins/2-rings, J2 = 108 ± 5 K, for poly(PADPA)TvL-AOT. For PANI-TvL-AOT, see Rakvin et al.32 B: Natural
logarithm of the EPR line width as a function of inverse temperature
(T−1), for poly(PADPA)-TvL-AOT (open triangles) and PANI-TvLAOT (open circles, data from Rakvin et al.32), respectively. The
activation process (ΔE) at low temperature, as calculated from the line
widths (Δpp α exp(−ΔE/kT)), is 4.26 K for poly(PADPA)-TvL-AOT
and 1.40 K for PANI-TvL-AOT.

■

DISCUSSION
General Observations. The polymerization of PADPA
with TvL/O2 in the presence of AOT vesicles under optimal
conditions1.5 mM AOT, 1.0 mM PADPA, ≈ 32 nM TvL,
pH = 3.5 (0.1 M H3PO4 + NaH2PO4)yields reaction
products with more than 95% conversion that resemble PANIES if the UV/vis/NIR spectrum of the obtained poly(PADPA)vesicle suspension (Figure 3) is compared with the spectrum of
PANI-ES obtained with HRPC/H2O2.15,16,31 In both cases,
there is a strong absorption in the NIR region of the spectrum,
with maximal intensity at about 1000 nm. For both products,

66 K) and perpendicular (J⊥ ∼102 K, J′⊥ ≤ 48 K) to the
polymer chain. This results in a gap deﬁned as the energy
diﬀerence between the bottom of the triplet band and the
fundamental singlet state (Δ ≈ J − 2 J′ ∼ 7 K). It is interesting
to note that the magnitude of these J values and their
anisotropy are variable in the close interval of J1 and J2 values in
the present experiment for poly(PADPA)-TvL-AOT. Moreover, following the model described above, the lowest excited
triplet state obtained at the low temperature limit of the EPR
3431
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the overoxidized PANI products obtained with TvL/O2 from
aniline, PANI-TvL-AOT.19 Obviously, poly(PADPA) is a
polymer diﬀerent from PANI. There are notable diﬀerences,
for example, in the relative band intensities at 748 and 879
cm−1, both being stronger in the spectrum of poly(PADPA)TvL-AOT. This may indicate that the poly(PADPA) chains
obtained with TvL/O2 are shorter than PANI chains obtained
from aniline with HRPC/H2O2 or TvL/O2, or that poly(PADPA)-TvL-AOT contains more 1,2-di- and/or 1,3,4trisubstituted benzene rings than PANI-HRPC-AOT.
The FTIR spectrum of poly(PADPA)-TvL-AOT (Figure 9)
is similar to the FTIR spectrum of a poly(PADPA) sample
obtained with a puriﬁed Trametes hirsuta laccase at pH = 3.8 in
the presence of sodium dodecylbenzenesulfonate micelles.24
The major diﬀerences are the relative intensities of the
characteristic bands between ≈1500 and 1600 cm−1, and of
the band at 879 cm−1. This latter band is very weak (or even
absent) in the spectrum of poly(PADPA) obtained in the
micellar system,24 possibly indicating that the product has
shorter chains or contains more unwanted 1,2-disubstituted
rings (Table 1). The most intense band at 1156 cm−1 (Figure
9) indicates presence of QNH+-B or B-NH•+-B units (Table
1).
On the basis of a comparison of the FTIR spectrum of
poly(PADPA)-TvL-AOT (Figure 9) with the FTIR spectrum
of poly(PADPA) obtained by chemical oxidation with
ammonium peroxydisulfate (APS) in 50 vol % ethanol, 50
vol % 0.2 M sulfuric acid under conditions, which yielded a
PANI-ES-like product (APS/PADPA molar ratio = 1.5),28 it
seems that this chemically synthesized product and poly(PADPA)-TvL-AOT are very similar. The major poly(PADPA)
bands for the enzymatically synthesized product (Figure 9) are
located at 1572, 1506, and 1495 cm−1, 1313, 1243, 1156, 879,
811, 750, and 696 cm−1. For the chemically synthesized
poly(PADPA),28 the major bands are at 1574, 1506, and 1494
cm−1, 1312, 1246, 1157, 874, 824, 750, and 693 cm−1. A similar
band like the one at 1672 cm−1 in the spectrum of the
chemically synthesized poly(PADPA), assigned to oxygencontaining products,28 could not be identiﬁed in poly(PADPA)-TvL-AOT because of occlusion by the strong
carbonyl stretching vibration of AOT at 1734 cm−1 (Figure
9). Because the bands at 879 or 874 cm−1, 750 cm−1, and 696
or 693 cm−1 in the spectrum of the chemically synthesized
poly(PADPA) can be assigned to tri- and monosubstituted
aromatic amines19 (Table 1), poly(PADPA) seems to be a
polymer with relatively low molar mass. Poly(PADPA) must be
a product which is (i) composed of short chains with many
terminal groups like monosubstituted aromatic amines and (ii)
a polymer with undesired trisubstituted benzene rings,
independent of whether poly(PADPA) is synthesized with
TvL/O 2 and AOT vesicles or chemically with APS.
Furthermore, we note that, in agreement with experimental
data for electrochemically polymerized PADPA,41 poly(PADPA) indeed appears to be of low molar mass, and it has
been argued why a high molar mass polymertypical for
PANIcannot be obtained from PADPA.41 The experiments
carried out in this work with TvL conﬁrm this general
observation, as it is the case for poly(PADPA) prepared with
Trametes hirsuta laccase in the presence of micellar templates.24
EPR Analysis and Conductivity Measurements. The
EPR analysis shown in Figure 10 conﬁrms that poly(PADPA) is
structurally diﬀerent from PANI-TvL-AOT or PANI-HRPCAOT. In poly(PADPA) there are more isolated units with

EPR measurements indicate the presence of unpaired electrons
(Figure 5, Figure 10, and Junker et al.15). During the
polymerization reaction, the EPR signal intensity increases
with time and correlates with the increase in absorbance at λ =
1000 nm, see Figure 4B and Figure 5 for the formation of
poly(PADPA) with TvL/O2, and see Junker et al.15 for the
formation of PANI-ES with HRPC/H2O2. Despite these
spectroscopic similarities, the poly(PADPA) prepared in this
work, with TvL/O2 in the presence of AOT vesicles at pH =
3.5, diﬀers from PANI-ES obtained with HRPC/H2O2 in the
presence of the same type of vesicles at pH = 4.3, see below.
Moreover, there are clear diﬀerences between the poly(PADPA) obtained with TvL/O2 and PANI obtained from
aniline with TvL/O2,19 even if both reactions are carried out at
the same pH = 3.5 and in the presence of the same AOT
vesicles. The UV/vis/NIR spectrum of PANI obtained from
aniline with TvL/O2 indicates the formation of overoxidized
products which may be due to the long time which is needed to
complete the reaction for aniline,19 whereas the oxidation and
polymerization of PADPA is considerably faster (Figure 4) and
much less TvL is required: ≈0.032 μM TvL for the
polymerization of 1.0 mM PADPA versus ≈2.4 μM TvL to
polymerize 2.0 mM aniline. If more TvL was used, overoxidized
products were obtained (SI, Figure S6). For comparison, the
polymerization of 4.0 mM aniline with HRPC/H2O2 was
optimal at 0.92 μM HRPC concentration.15
MD Simulations. There is no doubt that the presence of
the negatively charged AOT vesicles is essential for obtaining
poly(PADPA) with the desired spectroscopic properties (see
Figure 3 and Figure 5, and SI, Figures S7−S9). How the
vesicles control the outcome of the reaction as a kind of
template is, however, still not clear. It seems that a certain
preorganization of the PADPA monomers in the region of the
AOT bilayers before the oxidation and polymerization reactions
are initiated is essential, although it is not clear which type of
preorganization this could be. One approach we considered
worth pursuing toward understanding molecular details of the
vesicle template eﬀect is to conduct MD simulations for better
understanding the possible orientation of PADPA in the region
of the AOT bilayer. In a ﬁrst step, MD calculations of an AOT
bilayer fragment alone (i.e. without added PADPA) were
performed by simulating the conditions which correspond to
the optimal reaction conditions with [H3PO4] + [H2PO4− Na+]
= 0.1 M and pH = 3.5 (SI, Figure S5). The AOT bilayer has a
rather rough surface and becomes unstable if the simulation is
made in absence of phosphate salt, which is in good agreement
with experimental observations (no AOT vesicle formation in
deionized water).31 Simulations of an AOT bilayer fragment in
the presence of phosphate salt (pH = 3.5) indicate that there is
no speciﬁc perpendicular orientation of PADPA on the vesicle
surface before oxidation is initiated. PADPA is partially inserted
into the AOT bilayer, the orientation distribution of PADPA
being centered at tilt angles of about 40 or 140° with respect to
the bilayer normal (Figure 2C). A predominantly perpendicular
preorientation of PADPA on the AOT vesicle surface before
PADPA oxidation and polymerization is initiated by TvL/O2 is
therefore unlikely.
FTIR Measurements. The FTIR spectrum of the isolated
poly(PADPA)-TvL-AOT shown in Figure 9 is very similar, but
clearly not identical, to the PANI-ES spectra we recorded
previously of samples obtained with HRPC/H2O2 from aniline
in the presence of AOT vesicles, PANI-HRPC-AOT.15 The
spectrum in Figure 9 is also diﬀerent from the FTIR spectra of
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Notes

radical character than in the case of the PANI samples. For all
samples, the measured conductivity was low, indicating that
charge transport between chains in the solid samples is
hindered, most likely due to the presence of the bulky AOT
in the isolated products, as discussed previously.19,32
ESI-MS Analysis. ESI-MS measurements were mainly
carried out in order to quantify the depletion of PADPA
during the polymerization reaction by analyzing the relative
amount of remaining PADPA (Figure 6). This analysis showed
extensive conversion (≈ 99%) after only 4 h under our reaction
conditions (Figure 6C). Interestingly, the samples from the
reactions carried out without vesicles indicated the presence of
oxygen-containing PADPA derivatives, see Figure 8B. It seems
that the vesicle templates suppress the formation of such
unwanted products. This will be investigated further in a
follow-up study.
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R.; Roig, M. G.; Shnyrov, V. L.; van Huystee, R. B.; Kurochkin, I. N.;
Vorobiev, A. K.; Sakharov, I. Y. Biomacromolecules 2005, 6, 1360−
1366.
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■

CONCLUSIONS
The polymerization of PADPA can be carried out very
eﬃciently at room temperature with TvL/O2 in the presence
of AOT vesicles as templates. The poly(PADPA) obtained has
similar properties as chemically synthesized poly(PADPA).28 In
agreement with literature, poly(PADPA) is found to be
diﬀerent from PANI, independently on whether it is obtained
chemically, electrochemically or enzymatically, although there
are spectroscopic similarities between the two polymers. With
the enzymatic method we applied, poly(PADPA)-TvL-AOT
and PANI-HRPC-AOT are similar, but poly(PADPA) seems to
be a much shorter polymer with more defects in the polymer
(oligomer) chain (indication of the presence of 1,2-di- and
1,2,4-trisubstituted rings). Quantitative values or good
estimates for the average molar mass of poly(PADPA), as
obtained with TvL/O2 and AOT vesicles by using the method
developed in this paper, still need to be determined. Also, more
details about the reaction mechanism need to be clariﬁed in a
future study. Despite this, the experimental observations made
are promising, because we have shown that stable aqueous
poly(PADPA)-vesicle suspensions can be obtained with much
fewer enzymes (TvL) than the PANI-vesicle suspensions we
prepared with TvL or HRPC: ≈ 0.032 μM TvL for
poly(PAPDA) versus 2.4 μM TvL or 0.46 μM HRPC for
PANI, if comparison is made on the basis of the same number
of aniline repeating units. Compared to chemically synthesized
poly(PADPA), the advantage of the enzymatic method is the
high colloidal stability of the obtained suspension. This
certainly is an advantage for possible applications, for example,
as an ink for use in inkjet printers.19
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Insight into the template effect of
vesicles on the laccase-catalyzed
oligomerization of N-phenyl1,4-phenylenediamine from
Raman spectroscopy and cyclic
voltammetry measurements
Aleksandra Janoševic Ležaić1, Sandra Luginbühl2, Danica Bajuk-Bogdanović3, Igor Pašti3,
Reinhard Kissner4, Boris Rakvin5, Peter Walde2 & Gordana Ćirić-Marjanović3
We report about the first Raman spectroscopy study of a vesicle-assisted enzyme-catalyzed
oligomerization reaction. The aniline dimer N-phenyl-1,4-phenylenediamine (= p-aminodiphenylamine,
PADPA) was oxidized and oligomerized with Trametes versicolor laccase and dissolved O2 in the
presence of sodium bis(2-ethylhexyl)sulfosuccinate (AOT) vesicles (80–100 nm diameter) as templates.
The conversion of PADPA into oligomeric products, poly(PADPA), was monitored during the
reaction by in situ Raman spectroscopy. The results obtained are compared with UV/vis/NIR and EPR
measurements. All three complementary methods indicate that at least some of the poly(PADPA)
products, formed in the presence of AOT vesicles, resemble the conductive emeraldine salt form of
polyaniline (PANI-ES). The Raman measurements also show that structural units different from those
of “ordinary” PANI-ES are present too. Without vesicles PANI-ES-like products are not obtained.
For the first time, the as-prepared stable poly(PADPA)-AOT vesicle suspension was used directly to
coat electrodes (without product isolation) for investigating redox activities of poly(PADPA) by cyclic
voltammetry (CV). CV showed that poly(PADPA) produced with vesicles is redox active not only at pH
1.1–as expected for PANI-ES–but also at pH 6.0, unlike PANI-ES and poly(PADPA) synthesized without
vesicles. This extended pH range of the redox activity of poly(PADPA) is important for applications.
Recently, we have shown that Trametes versicolor laccase and O2 (TvL/O2) can efficiently oxidize the aniline dimer
N-phenyl-1,4-phenylenediamine (=p-aminodiphenylamine, PADPA, Fig. 1) in the presence of 80–100 nm-sized
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) vesicles (Fig. 2), wherein the oxidized PADPA molecules subsequently react to form oligomeric or polymeric forms of PADPA, abbreviated as poly(PADPA)1. The reaction
conditions were optimized in order to achieve a high PADPA conversion with a low enzyme concentration and
avoiding product precipitation after the reaction had completed. In addition, the reaction conditions were tuned
to obtain reaction products with a low absorption at ≈500 nm and high-intensity absorption bands at ≈400 and
≈1000 nm, which are characteristic of the electrically conductive polyaniline emeraldine salt (PANI-ES, Fig. 1)2–5.
The best conditions found by applying the above criteria are as follows: [AOT] = 1.5 mM, [PADPA] = 1.0 mM,
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Figure 1. Chemical structure of p-aminodiphenylamine (PADPA, N-phenyl-1,4-phenylenediamine), the
different poly(PADPA) structural units mentioned in the text, the emeraldine base form of polyaniline
(PANI-EB), and the emeraldine salt form of polyaniline (PANI-ES).
[TvL] ≈32 or 64 nM, in H2O with [H2PO4− +  H3PO4] = 0.1 M at pH = 3.5 and room temperature. With these conditions, the vesicular reaction suspension was found to be remarkably stable; no product precipitation occurred
even after one month at room temperature. Consequently, the reaction can be followed and characterized in situ
by UV/vis/NIR and EPR spectroscopy1. Furthermore, due to the high colloidal stability of the suspension, it can
immediately be used–without any separation or modification steps−for subsequent applications, for example
ink-jet printing6. This high stability in suspension is remarkable for a PANI-ES type poly(PADPA) product, as
PANI-ES7–10 and poly(PADPA)11 synthesized by conventional chemical methods will precipitate during synthesis.
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Figure 2. Schematic representation of the reaction setup for the Trametes versicolor laccase (TvL)/O2catalyzed oxidation and oligomerization of PADPA to poly(PADPA) in the presence of AOT vesicles as
templates. Details of the optimal reaction conditions for obtaining poly(PADPA) which resembles PANI-ES are
given, see also Junker et al.1.

Furthermore, the classical chemical synthesis of PANI-ES requires powerful oxidizing agents and a low pH, typically between 0 and 212. In contrast, the enzymatic synthesis of the PANI-ES like product, poly(PADPA), is
conducted under milder conditions (pH = 3.5) and by using an enzyme and O2 as the oxidizing agent, see also
Shumakovich et al.13.
The reaction of PADPA with TvL/O2 leads to an oligo- or polymerization driven by radicals, whereby the first
step of the reaction is most likely the formation of the radical cation, PADPA•+ 11,14. Two of these radical cations
possibly directly combine and then react further, upon oxidation, with other PADPA radical cations, to finally
form positively charged PADPA-chains with a high concentration of unpaired electrons in polaron form, typical
for PANI-ES (Fig. 1)1,11,13. However, from previous studies it became evident that the products obtained from the
oxidation of PADPA have a lower molar mass on average than conventional PANI-ES1,8,15. It seems that oligomeric rather than polymeric products are obtained from PADPA. Since the average degree of oligo-/polymerization is still not clear, and for the sake of convenience, we will continue using “poly(PADPA)” as general term for
the oxidative reaction products obtained from PADPA.
Radical polymerizations involving radical–radical couplings of the type investigated here are difficult to control due to the high reactivity and low selectivity of the intermediate aromatic radical species. In this context the
AOT vesicles have been found to be crucial for the TvL/O2-promoted oligo- or polymerization of PADPA: under
the elaborated optimal conditions (see above), the vesicles direct the course of the reaction towards the desired
poly(PADPA) end-products, i.e., PANI-ES like molecules1. In particular, the soft surface of the vesicle membrane
clearly exerts control over the oxidation and the polymerization steps of the reaction. Similar effects of soft interfaces as “reaction regulators” (templates) of enzyme-catalyzed oxidative polymerizations have been known for
several years16–19. They have been found with anionic micelles, as another type of molecular assemblies13,18,20–22, or
with anionic polymers, such as sulfonated polystyrene (SPS)18,23–29. For all these previous examples, the regulating
effect of the templates is still not completely understood. Our long-term goal is to better understand the template
effect observed with vesicles.
Herein, we applied for the first time Raman spectroscopy measurements of a vesicle-assisted enzyme-catalyzed
oligomerization/polymerization reaction. We showed that Raman spectroscopy is a convenient and sensitive
method for in situ monitoring of the oxidation and oligomerization/polymerization of PADPA with TvL/O2 in the
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presence of AOT vesicles, as well as in the absence of the vesicles. In contrast to the previously applied UV/vis/NIR
and EPR spectroscopy measurements1, the present in situ Raman spectroscopy measurements of the reaction
mixture during the course of reaction provide novel and detailed information on the evolution of the molecular
structures of the oligomeric PADPA products through vibrational characteristics of distinct functional groups4,30
and through changes in their abundancies. This yields new insight into the effect of vesicles on the structural
evolution of poly(PADPA).
An additional advantage of the in situ measurements is that possible structural changes in the products
which may occur upon product isolation are avoided. For a comparison, the in situ Raman spectra of the final
poly(PADPA) products synthesized with and without AOT vesicles are compared (i) with the corresponding
Raman spectra of final isolated solid poly(PADPA) products, as well as (ii) with the Raman spectra reported in the
literature for solid PANI salts and bases, produced by classical chemical polymerization.
Compared to our previous work1, we also carried out additional EPR measurements of the reaction mixture
during the course of the reaction and made a more detailed analysis of the EPR spectra.
In addition to the EPR and Raman spectroscopy measurements, we present the first results of cyclic voltammetry (CV) measurements of this system, which demonstrate that the final products in the reaction suspension with vesicles are redox-active, as expected for PANI-ES-like molecules. Moreover, the redox activity of
poly(PADPA) produced with vesicles is preserved at higher pH values compared to ordinary PANI-ES and
poly(PADPA) produced enzymatically without vesicles. The vesicular reaction suspension was directly used for
these electrochemical measurements, i.e. without any product isolation, which paves the way for further electrochemical applications of this type of AOT vesicle/PANI-ES-like system.

Results and Discussion

Reactions of PADPA with TvL/O2 Analyzed by UV/vis/NIR Spectroscopy. If an air-exposed aqueous

suspension of large unilamellar AOT vesicles with diameters of about 80–100 nm is incubated at an AOT concentration of 1.5 mM in the pH = 3.5 solution (see Fig. 2 and Methods) and T ≈ 25 °C with 1.0 mM PADPA and
≈32 or 64 nM TvL, oxidation of PADPA and the formation of dark-green oligomeric and/or polymeric products
without any visible precipitation is observed1. Since the reaction products remain finely dispersed throughout the
entire course of the reaction with vesicles, UV/vis/NIR spectroscopy can be used to monitor the progress of the
reaction by recording spectra of the entire reaction mixture as a function of reaction time1. Figure 3a shows the
UV/vis/NIR spectroscopic changes occurring from the early stage up to 4 h of the reaction. The results presented
here, with [TvL] = 64 nM and a reaction volume of 10 mL, are in good agreement with those obtained previously1
for a reaction mixture of the same composition, [TvL] = 32 nM, and a reaction volume of 15 mL, when both
reactions are carried out in the same type of glass bottles (see Methods). This confirms the high reproducibility of
the reaction, despite the heterogeneity of the system, and both used enzyme concentrations (32 or 64 nM) can be
regarded as optimal. The products formed in the presence of the vesicular templates have a characteristic maximum absorbance at ≈1000 nm (A≈1000) and at ≈420 nm, with a minimum at ≈500 nm. Based on literature data3,
the bands at ≈1000 nm and ≈420 nm correspond to π  → polaron band and polaron band →  π* transitions of
PANI and indicate the formation of the polaron form of PAN-ES-like poly(PADPA) chains. The band at 1000 nm
is also indicative for high delocalization of polarons, expanded coil conformation of chains and consequently high
conductivity3,31. Under the reaction conditions used, there is a continuous increase of A≈1000 with time until ≈3 h,
after which there are no more significant changes in the absorption spectrum (Fig. 3a). If the reaction is carried
out without vesicles, but otherwise identical composition (template - free system), the dark-green products are not
formed, and precipitation begins after about 2–3 hours (Supplementary Fig. S1A)1. In the UV/vis/NIR spectra of
this template-free system the characteristic band of delocalized polarons at ~1000 nm was not developed, but a
band indicative for localized polarons is observed with a maximum at 700–780 nm3. Overall, it is very clear that
the course of the reaction in the presence of AOT vesicles as well as the products obtained in the vesicular system
are very different from the reaction and products of the template-free system.

Reactions of PADPA with TvL/O2 Analysed by EPR Spectroscopy.

In an extension of our previous
EPR measurements1, the reaction mixture with AOT vesicles was analyzed by EPR spectroscopy in more detail
during the first 2 h. The recorded EPR spectra are shown in Fig. 3b. All samples analyzed show the presence of
unpaired electrons. At the very beginning of the reaction, after t = 1 min, the signal intensity is rather weak and
the spectrum is very broad without any hyperfine structure. If the reaction is run without vesicles, a weak and
broad signal is also observed after t = 1 min. In this case, however, the EPR spectrum shows a hyperfine coupling
(Supplementary Fig. S1B). The calculated g-value of the radical species which are formed at the very beginning
of the reaction in the absence of vesicles is g =  2.0031 ± 0.0001. Based on this g-value and the hyperfine splitting which is characteristic for arylamines32, we propose that the initial EPR signal is due to PADPA•+, which is
formed at the initial stage of the reaction without as well as with vesicles. The reason that hyperfine coupling is not
detected during the reaction with vesicles may be because binding of PADPA•+ to the vesicles leads to a broadening of the hyperfine signals. For reaction mixtures with vesicles in a time interval from 5 to 120 min, a sharp
EPR signal of increasing intensity can be seen (Fig. 3b). All measured EPR spectra can be fitted by assuming the
presence of two principal radical species (structural entities), one being the reaction intermediate formed initially
(most likely PADPA•+), and the other being the main final reaction product. The g-value for the radical centers
in this final reaction product was determined to be g =  2.0030 ± 0.0001. In Fig. 3c, the integral of the EPR spectra
originating from the final reaction product obtained with the vesicles is plotted vs. reaction time and overlaid
with A1000 vs. time as obtained from the UV/vis/NIR measurements. Note that the values for the integrals of the
EPR spectra were scaled to match the course of the absorbance at 1000 nm. The time dependence of both signals
is remarkably similar, confirming the correlation between A≈1000 and the presence of unpaired electrons in the
product, as it is typical for molecules with structural units that resemble the conductive polaron state of PANI-ES.
Scientific Reports | 6:30724 | DOI: 10.1038/srep30724
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Figure 3. UV/vis/NIR and EPR spectra of the reaction mixture. Changes in the UV/vis/NIR spectrum
(a) and of the EPR spectrum (b) of the reaction mixture during the TvL/O2-catalyzed oxidation and
oligomerization of PADPA in the presence of AOT vesicles. The reaction times at which the reaction mixtures
were analyzed are indicated. (c) Changes of the EPR signal integral vs. time for the radical species of the reaction
product obtained with the vesicles (with estimated errors of ± 3%), overlaid with A1000 vs. time from the
UV/vis/NIR measurements. Note that the intensity of the EPR signal was scaled in order to compare the two
signals more easily. For A1000, mean values and standard deviations are given (as obtained for 3 or 4 independent
reactions). The EPR data are the ones obtained from single measurements. (d) The changes of the relative
abundance of the two radical species mainly present in the reaction mixture during the reaction (as obtained
from fitting of the EPR spectra, see Methods) are plotted against the reaction time. Reactions conditions:
[AOT] = 1.5 mM, [PADPA]0 = 1.0 mM, [TvL] ≈64 nM, pH = 3.5 solution (0.1 M H2PO4− +  H3PO4), T ≈ 25 °C.
With the mentioned fitting, the changes of the relative abundance of the two radical species during the reaction
in the presence of the vesicles were determined (Fig. 3d). After 120 min the initially formed radical species (most
likely PADPA•+) disappeared, while the radical species of the (main) products clearly dominated. For the reaction
without vesicles (template-free system), the total concentration of radicals never reached the levels of the reaction
with vesicles1.

Reactions of PADPA with TvL/O 2 in the Presence of Vesicles Analysed by in situ Raman
Spectroscopy Measurements. In order to gain information on chemical and structural changes of the

reactive species during the enzymatic oxidative oligo- and polymerization of PADPA, and in order to gain new
insights into the effect of vesicles, in situ Raman spectroscopy was applied as an alternative method to UV/vis/NIR
and EPR spectroscopy.
Before measuring the reaction mixtures, reference spectra of the various reaction components (Milli-Q water,
the phosphate solution, the AOT vesicle suspension, the PADPA solution, and the PADPA/AOT vesicle suspension) were recorded (Supplementary Fig. S2). Afterwards, in situ Raman spectra of the reaction mixture containing AOT vesicles and PADPA were measured at different times after initiating the reaction by adding TvL (Fig. 4).
For this, small volumes were withdrawn from the reaction mixture at various reaction times and transferred into
sample wells of the gold sample slide, see Methods. Immediately afterwards, the Raman spectrum of the reaction
mixture droplet was measured. The observed Raman bands clearly originate mainly from the reaction intermediates and products. Contributions from AOT are negligible.
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Figure 4. Changes in the Raman spectrum of the reaction mixture during the oxidation of PADPA with TvL/O2
in the presence of AOT vesicles (in situ Raman measurements; each spectrum was recorded for a new aliquot
taken from the reaction mixture at specified reaction time and transferred into a sample well at the gold sample
support; automatic fluorescence correction was performed for the spectra recorded at 1–38 days; for more
details on the Raman measurements see Methods, part “In situ Raman Spectroscopy Measurements”). For
the reaction conditions, see the legend of Fig. 3. The reaction times t at which samples were withdrawn from the
reaction mixture and analyzed are written near the corresponding spectrum. Excitation wavelength: 633 nm.
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Although the interpretation of Raman spectra of PANI samples, with their various possible chemical structures, states of oxidation and degree of protonation is still in progress33, the assignments of the observed spectral
changes are based on current knowledge elaborated for chemically synthesized poly(PADPA)11 and PANI33–35.
Compared to the recent Raman analysis of thin PANI films formed on a gold surface33, where the authors found
that the interaction of chemically adsorbed aniline oligomers (formed during the early stage of the reaction) with
the smooth gold support causes enhancement and shifts of some peaks in the Raman spectra of PANI films, the
in situ Raman spectra which were recorded here (Fig. 4) originate from the molecules present in the reaction
mixture. There are no noticeable interactions between the gold support and the reaction mixture which would
alter the spectrum (Supplementary Fig. S3), i.e., the influence of the used sample support on the Raman spectra
is negligible (Supplementary Figs S3 and S4).
In the following, the observed Raman bands are assigned and the meaning of their changes with time are discussed, listed according to the functional groups/structural units indicated to be present in reaction intermediates
and final products.
Bands characteristic of quinonoid and semiquinonoid structures. Already 1 min after the addition of TvL, a strong
band appears at 1596 cm−1 and remains a characteristic peak in all spectra recorded further on. This band is
attributed to the C=C and C~C stretching vibrations of quinonoid (Q) and semiquinonoid (SQ) rings, ν (C=C
 )Q
and ν (C~C)SQ (Fig. 1), where ″~″denotes a bond intermediate between the single and double bond11,34,35.
The band at ≈1498 cm−1 (visible for t = 1–120 min) can be assigned to the C = N stretching in quinonediimine units, ν (C =  N)Q (Fig. 1)34,35. Furthermore, there is a weak band at ≈1505 cm−1 at t = 1 min, which
later develops into a strong band at 1513–1520 cm−1. This band can be attributed to N–H bending vibrations,
δ (N–H), and was previously correlated with SQ structures in PANI34,35. In the spectra taken at t = 1, 5, 10 and
15 min, the ν (C =  N)Q band is stronger than the δ (N–H) band, but the intensity of the δ (N–H) band gradually
increases with time so that at t = 20 min the two bands have almost equal intensities. At t = 120 min the δ (N–H)
band becomes more intense than the ν (C =  N)Q band, and for times after t > 120 min the peak at ≈1498 cm−1
disappears completely. This behavior indicates an increase of the protonation level and an increase in the content
of SQ units in the reaction products with increasing reaction time.
The bands due to the C–H bending in-plane vibrations of SQ/Q, δ (C–H)SQ,Q, are observed at 1163–1168 cm−1.
Bands characteristic of polaron structures. The broad band assigned to C–N+ stretching vibrations, ν (C–N+),
and attributable mainly to ν (C–N•+)SQ vibration in polaron structures, with possible contribution of ν (C–N+)
ring-stretching vibration in N-phenazine-type units 34,35, is observed at ≈ 1 350 cm −1 for t = 1 min and
at ≈1376 cm−1 for t = 5 min. At the beginning of the reaction (t = 1 min) this band is rather weak, but its relative intensity increases with time. The red shift of the ν (C–N•+) band from 1376 cm−1 to 1337 cm−1 between
t = 5 min and t = 38 days is accompanied by an increase in band intensity. This can be explained by an increase in
π-electron delocalization and/or formation of more delocalized polaron structures with an increase in reaction
time34, indicating an increased electrical conductivity in the final products8. The shoulder at 1325–1316 cm−1
seen in the spectra for t ≥ 5 min can also be associated with ν (C–N•+) vibrations of the conductive PANI-ES-like
form, probably in more delocalized polaron structures34. According to previous reports on conducting PANIs
(ref. 34 and references cited therein), the coexistence of the two bands in the wavenumber range 1400–1300 cm−1
indicates that two differently organized polarons are present in the final product. In our case, two polaronic sites
are present, one with relatively lower delocalization–the stronger peak at 1376 –1337 cm−1 –and one with highly
delocalized polaronic sites–the shoulder at 1325–1316 cm−1. This means that the distribution of semiquinone
radical cations in poly(PADPA) is not uniform. However, this possibility is not clearly supported by the in situ
EPR measurements which indicate that one type of radical dominates the final as-formed product (see above,
Fig. 3d at t = 120 min). It is interesting to note that the Raman spectrum of the final poly(PADPA) vesicle suspension recorded ca. 15 months after the beginning of the synthesis (Supplementary Fig. S3) is very similar to the
spectrum recorded at t = 38 days (Fig. 4) and shows a very strong band at ≈1330 cm−1, indicative for the good
conductivity. This demonstrates the remarkably high environmental stability of poly(PADPA) obtained with AOT
vesicles as templates.
Bands characteristic of benzenoid units. The bands at ≈1230 cm−1 and ≈1270 cm−1 can be attributed to C–N
stretching vibrations in benzenoid (B) units, ν (C–N)B. The band due to the C–H bending in-plane vibration of
the B ring, δ (C–H)B, is observed at 1182–1186 cm−1.
Bands characteristic of phenazine- and phenoxazine-type units. In the spectrum recorded after 1 min, a strong
band is observed at 1640 cm−1 with a similar intensity as the band at 1596 cm−1 (C–C vibrations in SQ and
Q structures). The band at 1640 cm−1 is usually assigned to C~C ring-stretching vibrations in phenazine-,
N-phenylphenazine- and/or phenoxazine-type units mixed with the C~C stretching vibration of the B ring, ν
(C~C)B (Fig. 1)34–37. This band is much sharper and stronger in comparison to the broad band observed at
≈1640 cm−1 in the spectrum of PADPA/AOT vesicles (Supplementary Fig. S2, spectrum e). It can be seen that
the band at 1640 cm−1 shifts to lower wavenumbers with an increase of the reaction time (e.g., to 1634, 1630,
1627, and 1625 cm−1 at t = 5, 15, 20, and 120 min, respectively, Fig. 4). This band shift can be explained by taking
into account an increased contribution from the ν (C~C)B vibrations (as present in ordinary PANI-like units)
and a concomitant decrease in the contribution of C~C ring-stretching vibrations of phenazine-type units with
increasing reaction time. In most of the spectra obtained at t ≥ 5 min, the intensity of the band at 1640–1621 cm−1
is lower than the intensity of the band at 1596 cm−1(C–C vibration in SQ and Q structures). This is an indication
that the content of ordinary PANI-like Q and SQ segments increases abruptly at t ≥ 5 min.
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Further bands typical for substituted phenazine- and/or phenoxazine-type of segments34,36 are also seen in all
spectra: at ≈1566 cm−1 (weak band) for t = 1–120 min, at ≈1572 cm−1 for t = 1–38 days, and at 1417–1408 cm−1
for t = 1 min– 3 days. The relative intensities of the bands at 1566 cm−1 and 1408–1417 cm−1 decrease with an
increase of the reaction time, and becomes very weak after t = 1 day and t = 3 days. An abrupt intensity decrease
of “the phenazine band” at 1408–1417 cm−1 is observed in the spectrum measured at t = 120 min, while in the
spectra recorded later on, this band is very weak (t = 1 day, 3 days) or absent (t = 18 days, 38 days).
Unclear assignment. In the spectrum recorded after t = 1 day there is a new band located at 1385 cm−1 which
is not present in the spectra measured at t ≤ 120 min. This indicates that there are still changes in the chemical
structure of the obtained products beyond t = 120 min, which are not clearly reflected in the Uv/vis/NIR spectra:
the band intensity at about 1385 cm−1 decreases until it is very weak at t = 38 days. The appearance of the band at
1385 cm−1 after t = 1 day occurs simultaneously with the disappearance of “the phenazine band” at ≈1408 cm−1.
The origin of the band at about 1385 cm−1 is unclear at the moment. Possible assignments are ν (C–N+)/ring
stretching vibrations in N-phenylphenazine (safranine) and/or phenoxazine type of units11,34,37. Changes in the
Raman spectrum of chemically synthesized PANI films during aging are also known31, although the aging conditions in that case were treatement at 80 °C for three months.

Reactions of PADPA with TvL/O2 in the Absence of Vesicles (Template-free System) Analysed by
in situ Raman Spectroscopy Measurements. The changes in the in situ Raman spectrum after adding
TvL (≈64 nM) to the reaction mixture containing PADPA (1.0 mM) in the pH = 3.5 solution without vesicles are
shown in Fig. 5. There are clear differences in the outcome of the reaction between this template-free system and
the vesicle system.

Bands characteristic of quinonoid and semiquinonoid structures. An important spectral difference between the
reaction with and without vesicles is the intensity of the ν (C=N)Q band at ≈1498 cm−1, which is much higher
for the template-free system than for the system with vesicles. In the template free-system it increases with an
increase of the reaction time (Fig. 5). This band is typical for the emeraldine base form of PANI, PANI-EB (Fig. 1),
and becomes the strongest band in the spectra recorded between t = 1 day and t = 38 days (Fig. 5). This indicates
a much higher content of quinonediimine segments in poly(PADPA) (Fig. 1) in the template-free system than
in the vesicle system. Therefore, at least some of the reaction products obtained without vesicles resemble the
structural units present in PANI-EB.
In all spectra of the products obtained without vesicles, the intensity of the δ (N–H) band at ≈1516 cm−1
(indicative of protonation and the presence of SQ rings) is lower than the intensity of the ν (C=N)Q band at
≈1497 cm−1 (up to t = 70 min), while for the spectra of the products obtained in the presence of vesicles (Fig. 4)
the opposite is true: the δ (N–H) band becomes stronger than the ν (C=N)Q band (for t > 20 min). In the spectra
of the template-free system recorded after t = 1 day or t = 38 days (Fig. 5), the peak at ≈1516 cm−1 is hardly visible.
Bands characteristic of polaron structures. One of the most important difference between the in situ Raman
spectra of the reaction products obtained in the presence of AOT vesicles (Fig. 4) and in the absence of the
vesicles (Fig. 5) is the intensity of the ν (C–N•+) band. In contrast to the spectra of the products obtained in the
presence of vesicles−where the ν (C–N•+) band at ≈1350–1370 cm−1 is quite strong already in the early stages
of the reaction (t = 5–15 min) and its intensity increases with time–the ν (C–N•+) band (1331–1350 cm−1) in
the template-free system has a relatively low intensity all the time, even after t = 70 min and later at t =  1 day
or t = 38 days (Fig. 5). This is an indication of a much lower content of polaron structures in the products from
the template-free system, most probably resulting in a much lower conductivity in comparison to the products
obtained in the presence of the vesicles. In addition, in contrast to the system with vesicles, the peak at about
1320 cm−1 due to ν (C–N•+) vibrations, also indicative of highly delocalized polaron structures, is not observed in
the spectra of the template-free system. This correlates with the findings from the UV/vis/NIR (no band around
1000 nm) and the EPR measurements (very low signal intensity) for the template-free system.
Bands characteristic of phenazine- and phenoxazine- type units. The band attributable to phenazine ring stretching vibrations is observed in the first spectrum (t = 1 min) at 1413 cm−1 (Fig. 5). This band is significantly weaker
in the spectrum recorded after t = 5 min, and it becomes very weak, or is even absent, in the spectra measured at
longer reaction times. This behaviour is different from the spectra of the products obtained in the presence of the
vesicles (Fig. 4), where a band at ≈1413 cm−1 is clearly seen in all spectra from t = 1 min to t = 120 min.
Unclear assignment. A new band appears at 1390 cm−1 in the spectrum at t = 5 min (Fig. 5), and this band is
also present (at 1385–1389 cm−1) in the spectra taken after longer reaction times. The appearance of a band at
this frequency is also observed for the reaction in the presence of the vesicles, see above. The origin of the band
is under discussion. As mentioned above, it can be tentatively assigned to the ν (C–N+)/ring stretching vibrations in N-phenylphenazine (safranine) and/or phenoxazine11- type of units34,37. Indeed, pure phenoxazine dyes
show a strong Raman band34,38 at 1390 cm−1, and phenosafranine and its polymerization product give Raman
bands at 1380 cm−1 and 1390 cm−1, respectively37. After long reaction times (t = 38 days), the band is no more
present, indicating that chemical changes31 may still take place during prolonged storage of the reaction mixture.
Bands indicating C=O bonds. Weak bands at 1665 cm−1 and 1684 cm−1 observed in the first spectrum
(t = 1 min) (Fig. 5) can be attributed to stretching vibrations of C=O bonds, indicating that partial hydrolysis of
iminoquinonoid C=N bonds took place11. This suggestion correlates with previous findings from preliminary
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Figure 5. Changes in the Raman spectrum of the reaction mixture during the oxidation of PADPA with
TvL/O2 in the absence of vesicles (in situ Raman measurements; each spectrum was recorded for a new
aliquot taken from the reaction mixture at specified reaction time and transferred into a sample well at
the gold sample support; all spectra, with the exception of that recorded at time 1 min, were obtained after
automatic fluorescence correction; for more details on Raman measurements see Methods, section
“In situ Raman Spectroscopy Measurements”). For the reaction conditions, see the legend of Fig. 3. The
reaction times t at which samples were withdrawn from the reaction mixture and analyzed are written near the
corresponding spectrum. Excitation wavelength: 633 nm.
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ESI-MS measurements that oxygen-containing species are present in reaction intermediates extracted from the
template-free system1.

Main Findings from the in situ Raman Spectroscopy Measurements. Although there are still
uncertainties in the assignment of the bands33, the main findings can be summarized as follows: the products
formed in the presence of vesicles exhibit (i) a much higher content of polaron structures, (ii) a significantly
higher protonation level, and (iii) a much lower content of quinonediimine segments than the products formed
without vesicles. The spectra of the system with vesicles indicate a continuous increase in π-electron delocalization with increasing reaction time (which would mean an increase in electrical conductivity). This feature is not
observed for the template-free system, where the band characteristic for polaron structures retains a relatively
low intensity all the time.
A comparison of the in situ Raman spectrum of poly(PADPA) obtained enzymatically with the vesicles with
the Raman spectrum of solid, chemically synthesized PANI-ES39 shows that there are differences in the molecular structure of the two types of products (Supplementary Fig. S5). On the other hand, the Raman spectrum of
poly(PADPA) obtained in the absence of vesicles is remarkably similar to that of chemically synthesized PANI-EB
(Supplementary Fig. S6). Furthermore, upon isolation of poly(PADPA) obtained enzymatically in the presence
of vesicles, the Raman spectrum changes in comparison to the Raman spectrum recorded in situ (Supplementary
Fig. S7). This may be due to oxidative intramolecular cyclization of branched units present in the formed
products11,34,40,41.
Cyclic Voltammetry Measurements. For the cyclic voltammetry (CV) measurements, the reaction
products were deposited onto a glassy carbon (GC) electrode. This was done in two different ways, either (i)
by using the isolated and purified poly(PADPA) products deposited in the form of a thin film with additives or
(ii) by drop-casting the reaction mixture as obtained (no product isolation). In a first set of measurements, both
approaches were applied for the investigation of the redox activity of the poly(PADPA) products obtained in the
system with AOT vesicles, while only the latter one–without product isolation–was used to investigate the electrochemical behavior of poly(PADPA) products obtained in the template-free system.
Irrespective of the applied method, the recorded cyclic voltammograms show that poly(PADPA) obtained
in the presence of AOT vesicles is redox active up to pH 6.00, being the upper limit of the investigated pH range
(Fig. 6, the first and the second row).
By applying the direct drop-casting method, a complex pH-dependent electrochemistry of poly(PADPA) can
be observed (Fig. 6, second and third row). At the lowest pH of 1.14, the cyclic voltammogram of poly(PADPA)
obtained in the presence of AOT vesicles (Fig. 6d) resembles that of PANI, with two anodic peaks observed at
0.27 and 0.62 V vs. SCE, and the corresponding cathodic peaks found at 0.18 and 0.42 V vs. SCE. Commonly,
the couple located at lower potentials is ascribed to the redox transformations of fully reduced chains of the
leucoemeraldine form of PANI to the half-oxidized chains of the PANI-ES form and vice versa; while the second
couple found at higher potentials is due to the interconversion of PANI-ES to the fully oxidized pernigraniline
form of PANI42,43. Upon increasing the pH to pH = 3.04 a new anodic peak at ~0.4 V (Fig. 6e) was seen in the
middle of the cyclic voltammogram, which can be attributed to incorporated phenazine-like structural units44.
This peak is also seen in the cyclic voltammogram for pH = 6.00, but shifted to ~0.25 V (Fig. 6f). The observed
shift of all oxidation peaks to less positive potentials with increasing pH indicates an easier oxidation process
in more alkaline conditions, in accordance with previous findings for aniline monomer and oligomers40,41 or
phenazine derivatives45. The observed complex redox behavior as a function of pH is caused (i) by reduced levels of protonation of poly(PADPA) upon increasing the pH of the supporting electrolyte, (ii) by the presence of
segments different from ordinary PANI-like segments (having different pKa values), and (iii) by the presence
of different anions8,43, whereby it is difficult to isolate their individual contributions to the observed behavior.
This also holds for the pH-dependent current peak shift, which is most obvious for the cyclic voltammograms
shown in Fig. 6d–f. Although the peak shift towards lower potentials upon increasing the pH suggests simultaneous charge transfer and protonation, the complexity of the current response makes it rather difficult to determine the proton-to-electron ratio associated with the corresponding voltammetric peaks observed in the cyclic
voltammograms.
Just like the obvious spectroscopic (and clearly visual) differences between the reaction products obtained
from PADPA and TvL/O2 in the presence of AOT vesicles and the ones obtained without AOT, the electrochemical behavior of the two poly(PADPA) products differs to a great extent. While the cyclic voltammogram
of the poly(PADPA)-AOT products at pH = 1.14 corresponds well to the cyclic voltammograms of “standard”
PANIs, the cyclic voltammogram of poly(PADPA) obtained without vesicles at the same pH is quite different,
showing two very close oxidation peaks, which almost merged into one. The CV results thus support findings
from Raman spectroscopy regarding the positive template effect of AOT vesicles on the formation of conductive
PANI-ES-like poly(PADPA) products. The redox activity of poly(PADPA) obtained in the presence of AOT vesicles was preserved even at pH = 6.00, (Fig. 6c,f) which is a rather important finding because, usually, PANI loses
its electro-activity at pH >  546. For poly(PADPA) synthesized in the template-free system, the redox activity was
lost already at pH = 3.04 (Fig. 6, third row), in contrast to the products obtained with vesicles which retained their
redox activity also at pH = 6.00. These differences are likely due to the lower protonation level of poly(PADPA)
in the template-free system, and also to a much lower conductivity, as compared to poly(PADPA) obtained in
the presence of AOT vesicles. This is in agreement with the EPR and Raman spectroscopy measurements which
both indicate a higher radical content in poly(PADPA) obtained in the presence of the vesicles, as compared to
the reaction products obtained without vesicles, see above. Hence, the CV measurements clearly show that the
presence of AOT vesicles is beneficial for the preservation of the redox activity of poly(PADPA) products at high
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Figure 6. Cyclic voltammograms of GC electrode which was modified either (i) with isolated and purified
poly(PADPA) synthesized in the presence of AOT-vesicles (first row‒(a,b,c), or (ii) by direct drop-casting
of the AOT-containing PADPA polymerization system (second row‒(d,e,f) and the PADPA polymerization
system without AOT vesicles (third row‒(g). For the experimental conditions for the synthesis of
poly(PADPA), see the legend of Fig. 3. Voltammograms were recorded in quiescent N2-purged solutions of
different pH values (first column pH = 1.14, second column pH = 3.04, and third column pH = 6.00) at a
common polarization rate of 20 mV s−1.

pH. This is an important property for possible applications in which electrodes are coated with a conductive
organic material47–51.

Conclusions

We have shown that in situ Raman spectroscopy measurements are very suitable–and complementary to UV/vis/
NIR and EPR measurements–for following the Trametes versicolor laccase-catalyzed oxidation and oligomerization of
PADPA in aqueous media consisting of stable dispersed vesicles. The reaction intermediates and products remain finely
dispersed throughout the reaction which allows for easy and highly reproducible measurements without any need for
forming films on a solid surface. Due to the complexity of the reaction mixtures investigated, the recorded Raman spectra show complex band patterns, which reflects the various structural units formed during the reaction in the vicinity of
the vesicle surface. This complexity makes a complete and unambiguous band assignment difficult, and one has to rely
on previous, currently accepted, assignments done on related samples33. Nevertheless, all four methods presented here
clearly confirm the positive effect the vesicles have–if applied under optimal reaction conditions (Fig. 2)–on the progress and outcome of the reaction. The main conclusions which can be drawn from our investigation are the following:
(i).

There is one main radical type in the poly(PADPA) products obtained in the presence of the vesicles
(Fig. 3d) which evolves during the reaction at the expenses of another radical species which dominates at
the very early stage of the reaction (most probably PADPA•+). Without vesicles, the radical content in the
products obtained is much lower1 (EPR spectroscopy measurements).
(ii). Bands which are characteristic for PANI-ES are present in the Raman spectrum of poly(PADPA) obtained
in the presence of the vesicles with TvL/O2, indicating that the main products must contain PANI-ES-like
structural units. On the other hand, the Raman spectrum of poly(PADPA) synthesized with TvL/O2 in the
absence of vesicles is very similar to that of chemically synthesized PANI-EB, indicating low conductivity of
such poly(PADPA) products.
(iii). Although poly(PADPA) obtained with TvL/O2 in the presence of AOT vesicles is a PANI-ES-like product,
several additional bands in the Raman spectrum of the final poly(PADPA) product–most likely originating
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from phenazine and/or phenoxazine-type units–indicate that its molecular structure is somewhat different
from (e.g., more complex than) the molecular structure of PANI-ES prepared chemically with APS (ammonium peroxydisulfate). Clearly, “as-obtained” poly(PADPA) is different from PANI-ES prepared chemically
with APS (Supplementary Fig. S5, Raman spectroscopy measurements).
(iv). During the isolation of poly(PADPA) from the poly(PADPA)-AOT vesicle suspension, chemical reactions
seem to take place which lead to modifications of the product(s). This is important to keep in mind if the
physical properties of solid, isolated poly(PADPA)-AOT products52,53 are compared with the physical properties of “as-obtained” products.
(v). The “as-obtained” poly(PADPA)-vesicle suspension can be used directly for coating glassy carbon electrodes
(drop-casting), whereby the adsorbed poly(PADPA) products are redox active, as expected for PANI-ESlike products (CV measurements). At pH = 1.14, the cyclic voltammogram of poly(PADPA)-AOT products
is very similar to the cyclic voltammograms of conductive ‘standard’ PANIs, thus supporting the results of
Raman spectroscopy regarding the positive template effect of AOT vesicles on the formation of conductive PANI-ES-like poly(PADPA) products. In addition, the redox activity of poly(PADPA) produced with
vesicles is preserved at higher pH values, up to the upper limit of the investigated pH range of pH =  6.00,
unlike conventional PANI-ES which completely loses its redox activity at pH >  546 or even 454 and unlike
poly(PADPA) produced without vesicles which loses its redox activity already at pH =  3.0.
A final challenge is to determine more precisely the chemical structure of poly(PADPA). This includes the
molar masses, a final proof of the expected para-coupling of the PADPA repeating units–as they are expected
to be present in PANI-ES–and a verification/disproof of the presence of phenazines and/or phenoxazine –type
units, as suggested from the Raman spectroscopy analysis (see above). Work towards reaching this goal by using
a detailed HPLC analysis in combination with mass spectrometry is in progress. More from an application point
of view, the suitability of the direct use of the “as obtained” poly(PADPA)/AOT vesicle suspension for bioelectrode fabrication needs to be investigated. At least with respect to the first CV results obtained in this work, it
seems appropriate to continue research in this field, and to compare the advantages and disadvantages of the
PANI-ES-like poly(PADPA)–as obtained from PADPA in the present work with TvL/O2 and AOT vesicles–with,
for example, PANI-ES as obtained from aniline with horseradish peroxidase isoenzyme C/H2O2 and the same
type of vesicles55, even though we know that in this latter case much more enzyme is required for the synthesis
than in the case of TvL/O2 and PADPA1.
The Raman spectroscopy analysis we present here is the first one for a vesicle-assisted enzymatic polymerization reaction. There is no doubt that the type of in situ Raman spectroscopy measurements shown here can also be
used in the future for investigating other similar enzymatic polymerizations with vesicles as structure-directing
agent. This will allow a direct comparison among related enzymatic systems.

Methods

Chemicals.

Laccase from Trametes versicolor (TvL, EC 1.10.3.2; product no. 51639, 13.6 U mg −1, lot no.
BCBF7247 V), sodium bis(2-ethylhexyl) sulfosuccinate (AOT ≥ 99%), sodium phosphate monobasic (NaH2PO4),
chloroform (ReagantPlus ≥ 99.8%, 0.5-1.0% ethanol as stabilizer), 2,2-Diphenyl-1-picrylhydrazyl (DPPH, 95%),
and N-phenyl-1,4-phenylendiamine (=p-aminodiphenylamine, PADPA, 98%) were purchased from SigmaAldrich. PADPA was purified by multiple recrystallizations from hexane until white crystals were isolated.
Analytical grade ethanol was purchased from Scharlau. Phosporic acid (H3PO4, 85%) and Methyl-tert-butyl ether
(MTBE, ≥99.0%) were bought from Fluka. All aqueous solutions were prepared with Milli-Q water.

The pH = 3.5 Solution. A phosphate solution of pH = 3.5 was made by weighing the appropriate amount
of NaH2PO4, dissolving it in Milli-Q water for obtaining a 0.1 M solution, and adjusting the pH to pH =  3.5 by
adding the necessary amount of a 1 M H3PO4 solution. This pH = 3.5 solution mainly consists of dihydrogenphosphate (H2PO4−) with a total H2PO4− +  H3PO4 concentration of about 0.1 M; it will hereon be referred to as
‘pH =  3.5 solution’.
PADPA Stock Solutions.

Two different PADPA stock solutions were prepared, one (1.5 mM) by using the
pH = 3.5 solution, the other (150 mM) by using ethanol. For the in situ Raman and UV/vis/NIR spectroscopy
measurements, the 1.5 mM PADPA solution was used (always freshly prepared for the day of use). In order to
dissolve the PADPA in the pH = 3.5 solution, the required amount of purified PADPA was first dispersed in the
pH = 3.5 solution, and the resulting suspension was shaken vigorously for ca. 30 min, placed in an ultrasound
bath (Bandelin Sonorex RK 100 H) for 15 min, and subsequently shaken vigorously for another 15 min. The pH
value was then adjusted to pH = 3.5 with the necessary amount of a 1 M H3PO4 solution. Reactions carried out by
using this aqueous 1.5 mM PADPA stock solution are referred to as conventional method (see below). For the EPR
measurements, a stock solution of PADPA (150 mM) in ethanol was prepared, of which the necessary amount was
directly added to the reaction mixture (injection method).

TvL Stock Solution. A TvL stock solution was prepared by dissolving 12.92 mg of the commercial laccase
product in 1 ml of water by vortexing, followed by 2 min of centrifugation at 16,000 rpm (Eppendorf centrifuge
5415 D) and subsequent removal of the supernatant. With the analytical method described previously6, the concentration of TvL in the stock solution (the supernatant) was found to be ≈16 μM. This solution can be stored in
the refrigerator at T ≈ 4 °C for up to 1 month without significant loss in laccase activity.
AOT Vesicles Preparation.

Large unilamellar vesicles were prepared by polycarbonate membrane extrusion1. A weighted sample of 0.178 g AOT was dissolved in a small amount (typically ca. 10 ml) of chloroform in a
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250 ml glass round-bottomed flask. The chloroform was slowly removed on a rotary evaporator, thus producing
a thin film of the AOT on the glass surface. The film was dried on high vacuum overnight and subsequently
suspended in 20 ml of the pH = 3.5 solution to form the AOT stock solution with [AOT] = 20 mM. The resulting
suspension underwent 10 freeze-thaw cycles in liquid nitrogen and a 60 °C water bath. Finally, the suspension was
extruded 5 times through a Nucleopore polycarbonate membrane with a 200 nm pore size and 10 times through
a polycarbonate membrane with a 100 nm pore size. The vesicles were subsequently characterized by dynamic
light scattering (DLS) and were determined to have an average diameter of about 80–100 nm56. They were stored
at room temperature and protected from light and used within one month after preparation.

®

Reaction of PADPA with TvL/O2 in the Presence and Absence of AOT Vesicles. The reaction of
PADPA with TvL/O2 was always conducted by first adding into a reaction flask the pH = 3.5 solution, then the
AOT vesicle suspension (20 mM), then the PADPA stock solution (1.5 mM in the pH = 3.5 solution or 150 mM in
ethanol), and finally the aqueous TvL stock solution (≈1 6 μM) to initiate the reaction. For the template-free reaction without vesicles, the vesicle stock suspension was replaced with the corresponding volume of the pH =  3.5
solution. We found that the kinetics of the reaction may depend on the type and geometry of the reaction vessel
and the dimension of the surface area of the reaction volume which is in contact with air. Therefore, all reactions,
which were analyzed by in situ measurements using UV/vis/NIR, EPR and Raman spectroscopy were carried out
in the same way. Typically, a 50 mL Schott Duran laboratory glass bottle was used with a reaction volume, Vrxn,
of 10 mL. During the reaction, the bottle was kept closed with a polypropylene screw cap in order to avoid evaporation of water and the concomitant concentration changes. The reaction was carried out in two different ways,
either with the method we used previously (conventional method), or with the injection method. Both methods
yielded the same UV/vis/NIR spectra. For the 10 mL reaction volume with the conventional method, 2.56 mL of
the pH = 3.5 solution was added to the bottle, then 0.75 mL of the AOT vesicles suspension, then 6.67 mL of the
1.5 mM PADPA stock solution (pH = 3.5), and finally 40 μL of the TvL stock solution. For the injection method
with the same Vrxn = 10 mL, 9.17 mL of the pH = 3.5 solution was added, then 0.75 mL of the AOT vesicle suspension, then 67 μL of the 150 mM PADPA stock solution (ethanol), and finally 40 μL of the TvL stock solution. The
final concentrations were as follows: [AOT] = 1.5 mM, [PADPA] = 1.0 mM, [TvL] = 64 nM, no ethanol (conventional method), or 0.67 vol % ethanol (injection method). The reactions were run without any stirring.

®

In situ UV/vis/NIR Spectroscopy Measurements.

UV/vis/NIR spectroscopy measurements were conducted on a Jasco-V670 spectrophotometer. Quartz cuvettes with a 1 mm path length (Helma Analytics) were
used for all measurements. The background suspension consisted of the AOT vesicles ([AOT] = 1.5 mM) in the
pH = 3.5 solution. After initiation of the reaction with TvL (conventional method), 300 μL samples of the reaction
mixture were removed from the reaction mixture at predetermined times, measured, and then discarded.

In situ EPR Spectroscopy Measurements. The EPR spectra were recorded with a Bruker EMX X-band
spectrometer (Bruker BioSpin, Rheinstetten, Germany) at room temperature, equipped with a cylindrical TM
(transverse magnetic) cavity. Ca. 1 mL (with a Pasteur pipette) of the reaction mixture (Vrxn = 10 mL, injection
method) was transferred into a EPR flat cell (Wilmad Labglass, Vineland NJ, USA) immediately after starting
the reaction, i.e. after adding TvL, as well as after predetermined time (up to 2 h). For the measurements without
vesicles, a small DPPH crystal (<1 mm in diameter) was attached to the flat cell with a scotch tape at the position
of the measurement window. Since the g-value of DPPH is known with great precision (g =  2.0036 ±  0.0001)57,
the EPR signal of DPPH was used for calibrating the determination of the g-value of the signals of radical centers
present in poly(PADPA) and in reaction intermediates. The spectra were measured at ≈9.7 GHz with a modulation frequency of 100 kHz and modulation amplitudes of 1 G. The spectra recorded in the presence of the vesicles
were fitted by using the software Easyspin58, assuming that the measured spectra are composed of only two major
individual spectra originating from two different radical species. Please note that in our previous EPR measurements, the reactions analyzed were run in 5 mL polypropylene Eppendorf tubes (Vrxn = 1 mL), see Junker et al.1.
The general behavior with respect to the outcome of the reaction was the same if compared to the reaction carried
out in the way used for the present work (50 mL Schott Duran laboratory glass bottle, Vrxn, of 10 mL). There are,
however, differences between the two systems if the reaction kinetics is compared. Therefore, the EPR measurements presented in this work can not be compared directly with the EPR data presented previously1.

®

In situ Raman Spectroscopy Measurements.

The Raman spectra were recorded with a DXR Raman
microscope (Thermo Scientific, Waltham MA, USA), equipped with a research optical microscope and a CCD
detector. A HeNe gas laser with an excitation wavelength of 633 nm was used for all measurements. The in situ
Raman spectra of the reaction products were recorded by withdrawing 5 μL aliquots of the reaction mixtures (prepared with the conventional method) from the reaction vessel at specified reaction times and transferring them
into sample wells at the sample platform (Gold EZ-Spot Micro Mount sample slide, Thermo Scientific), both for
reactions run in the presence and in the absence of AOT vesicles. Each spectrum was measured for a new “drop”
of the reaction mixture taken from the reaction vessel (‘macroreactor’) and transferred into the empty and clean
sample well (‘microreactor’), Supplementary Fig. S8. Thus, since there was no interrupting of the polymerization
reaction for the purpose of Raman measurements, i.e., the spectra of the reaction mixture were recorded during
the reaction without isolation of reaction products and changing reaction conditions, these measurements are
considered as in situ Raman measurements. After filling the well with the sample of the reaction mixture, the slide
with the sample was placed on an X-Y motorized sample stage and the laser beam was focused on the sample at
an objective magnification of 10×. The scattered light was analyzed by the spectrograph with a 600 lines mm−1
grating. The laser power on the sample was kept at 5.0 mW for the spectra of the various reaction components
measured before the reaction (Supplementary Fig. S2). For the spectra of the samples of the reaction mixture
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recorded during the reaction with vesicles (Fig. 4) the laser power was 4.0 mW, and for the spectra recorded
during the reaction without vesicles (Fig. 5), the laser power was 2.0 mW and 4.0 mW for reaction times before
and after 120 min, respectively. The spectra were recorded about 30 s after transferring the sample drop from the
reaction flask into the sample wells. The exposure time was 10 s and 10 exposures per spectrum were applied.
In the cases with high fluorescence background, automatic fluorescence correction was performed using the
OMNIC software.

Poly(PADPA) Product Isolation.

®

After 24 h reaction time with Vrxn = 30 ml in a 100 ml Schott Duran
laboratory glass bottle (injection method), the final products were isolated by extracting them from the reaction
mixture with methyl-tert-butylether (MTBE). Multiple extraction steps were needed. MTBE was removed
in vacuo, followed by treating the dried products with 1 M HCl to ensure protonation. Excess HCl was removed,
and the products were washed with water by repeated centrifugation and removal of supernatant.

Raman Spectroscopy Measurements of Isolated Poly(PADPA). Raman spectra of solid
poly(PADPA) products, isolated from the reaction mixtures and purified, were also recorded. These powdered
samples were placed on an X-Y motorized sample stage and the laser beam was focused on the sample at an objective magnification ×50. The excitation wavelength and the spectrograph grating were the same as for the in situ
Raman measurements, but the laser power on the sample was 0.2–0.5 mW.
Cyclic Voltammetry Measurements.

The redox activity of the poly(PADPA) products was probed by
using cyclic voltammetry (CV) in two different ways. First, the redox activity of isolated poly(PADPA) was measured upon modification of a glassy carbon (GC) disk electrode with a solid film of isolated product. The modification was done as follows: 2.5 mg of poly(PADPA) and 1.1 mg Vulcan XC-72 R (conductive carbon black from
Cabot, USA) were dispersed in 500 μL of a water/ethanol mixture (3:2 v/v) with the addition of 20 μL of a 5 wt.%
Nafion solution in ethanol and homogenized in an ultrasonic bath. Vulcan XC-72 R was added as a current collector and to increase the conductivity of the poly(PADPA) layer as done previously59. After homogenization, 10 μL
of the poly(PADPA) suspension was loaded onto a GC disk (Pine, USA; 5 mm in diameter) and dried in N2 gas
flow. Such a prepared electrode was transferred into an electrochemical cell and subjected to potential cycling. In
this way, a total mass of 48 μg of poly(PADPA) product was loaded onto the working GC electrode.
In the second set of the experiments, the redox activity of the poly(PADPA) product was probed by direct
drop-casting of the reaction mixture on the working GC electrode without isolation of the reaction product and
without the addition of Vulcan XC-72R or any other electronically conductive component. Upon completion of
the enzymatic polymerization (5 days), 15 μL of the reaction mixture was drop-casted on the surface of the GC
disk electrode and dried under N2 gas flow. Such a prepared electrode was transferred into the electrochemical
cell and subjected to potential cycling. In this way, a total mass of 2.76 μg of PADPA units (referred to the initial
concentration in the reaction mixture) was loaded on the working GC electrode.
CV measurements were done in a conventional one-compartment glass electrochemical cell with a saturated
calomel electrode (SCE) and a large Pt foil as reference and counter electrodes, respectively. Measurements were
performed using the Gamry PCI4-750 potentiostat (Gamry, USA) at room temperature. The CV measurements
were always started from cathodic potentials which depended on the pH of the electrolyte solution. 0.1 M HCl
(pH = 1.14), 1 mM HCl + 0.1 M KCl (pH = 3.04) and 0.1 M sodium phosphate buffer (pH = 6.00) were used as
supporting electrolytes. Prior to the deposition of the poly(PADPA) product on the GC electrode, the disk was
polished to a mirror finish using a diamond paste, followed by thorough washing with acetone and deionized
water.

®
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ABSTRACT: The oxidation of the aniline dimer, p-aminodiphenylamine (PADPA), with Trametes versicolor laccase and O2 in
an aqueous solution of pH 3.5 is controlled by negatively charged AOT (sodium bis(2-ethylhexyl) sulfosuccinate) vesicles. With
vesicles, a product resembling polyaniline in its emeraldine salt form (PANI-ES) is obtained, in contrast to the reaction without
vesicles where no such product is formed. To understand this observation, the product distribution and structures from the
reaction with and without vesicles were determined by using partially selectively deuterated PADPA as a starting material and
analyzing the products with HPLC-MS. We found that in the presence of vesicles the main product is obtained in about 50%
yield, which is the N−C-para-coupled PADPA dimer that has spectroscopic properties of PANI-ES, as determined by timedependent density functional theory (TD-DFT) calculations. A secondary reaction route leads to longer PADPA oligomers that
must contain a phenazine core. Without vesicles, PADPA and its products undergo partial hydrolysis, but in the presence of
vesicles, hydrolysis does not occur. Because molecular dynamics (MD) simulations show that the main intermediate oxidation
product is embedded within the vesicle membrane, where the water content is very low, we propose that the microenvironment
of the vesicle membrane protects the oxidation products from unwanted hydrolysis.
(PADPA, 1 in Chart 1), with Trametes hirsuta laccase10 to form a
product that resembles PANI-ES. By using Trametes versicolor
laccase (TvL), we demonstrated that not only can anionic micelles
exhibit a template eﬀect for this reaction, but also unilamellar,
80−100 nm negatively charged vesicles from sodium bis(2ethylhexyl) sulfosuccinate (aerosol OT, AOT).11,12 These vesicles
were found to guide the oligomerization of the enzymatically oxidized PADPA toward the formation of a PANI-ES-type product,
oligo(PADPA).11,12 Nevertheless, independent of the oxidation
method usedelectrochemical, chemical, or enzymaticthe

1. INTRODUCTION
Polymers, micelles, and vesicles have often been used as templates for enzymatic oxidative polymerization reactions, wherein the presence of the template is crucial to the formation of
the desired end product.1−5 The templates steer the reaction
but do not directly react with the starting material or enzyme.
For example, negatively charged micelles (e.g., from sodium
dodecylbenzenesulfonate, SDBS) as well as negatively charged
polymers (e.g., poly(styrenesulfonate)) have been used as templates in the enzymatic polymerization of aniline in that the
presence of the template is required for the formation of polyaniline in its conductive emeraldine salt form (PANI-ES).6−9
SDBS micelles were also found to exhibit a template eﬀect on the
polymerization of the aniline dimer, p-aminodiphenylamine
© 2016 American Chemical Society

Received: June 8, 2016
Revised: August 22, 2016
Published: August 29, 2016
9765

DOI: 10.1021/acs.langmuir.6b02146
Langmuir 2016, 32, 9765−9779

Langmuir

Article

Chart 1. Chemical Structures of the Key Molecules Mentioned in the Main Texta

a
PADPA (1), D1-PADPA (2), D5-PADPA (3), reduced form of linear (PADPA)I2 (4), PQDH+ (5), reduced form of branched (PADPA)I2 (6), and
(7). For 1 and 5, the numbering of the atoms as used in this work is indicated.
(PADPA)2(•+)
2

product formed from the oxidation of PADPA is not identical
to the product formed from the oxidation of aniline, despite
spectroscopic similarities between the two products: the main
diﬀerence that was found so far is that oligo(PADPA) is signiﬁcantly shorter than conventional PANI-ES.11,13−15
The eﬀect of templates on the course of enzymatic reactions
was mainly studied on a phenomenological level; that is, the
vesicles, micelles, and polymers were found to aﬀect the reactions
based on a bulk analysis of the reaction suspension and reaction
products. This approach is suited for proof-of-principle measurements documenting the positive eﬀect of templates on enzymatic
reactions as well as for gaining information about the presence
and time-dependent changes of functional groups. However, in
this work, we delve deeper and attempt to understand the eﬀect
of one speciﬁc template, namely, AOT vesicles, on the course of
one speciﬁc enzyme-catalyzed oxidation and oligomerization
reaction on the molecular level, namely, the oxidation of PADPA
with laccase. In other words, we attempt to understand how the
AOT vesicles exert control over and exhibit a template eﬀect on a
speciﬁc enzymatic reaction. To do so, the reaction mechanism
with and without vesicles must be elucidated, which requires that
the products can be extracted from the reaction, separated, and
analyzed. If possible, a structure analysis of the intermediate and
ﬁnal products must be done.

The reaction that was studied and is presented here is the
oxidation and oligomerization of PADPA with Trametes versicolor
laccase and molecular oxygen (TvL/O2) at pH 3.5 using AOT
vesicles as templates. The optimal reaction conditions are as
follows: [PADPA] = 1.0 mM, [TvL] ≈ 64 nM, [AOT] = 1.5 mM,
[NaH2PO4] = 0.1 M, pH = 3.5 at room temperature for 24 h, at a
reaction volume (Vrxn) of 10 mL, conducted in a 50 mL Schott
glass bottle. For more details on this reaction system, see Junker
et al.11,16 Under these conditions, the reaction suspension rapidly
turns green and an intense absorption band at ∼1000 nm is
formed. The suspension displays high colloidal stability over the
course of several months. Without vesicles, the products are redbrown and precipitate. Scheme 1 is a graphical summary of
the reaction investigated, an overview of what was known
about the inﬂuence of the vesicles on the outcome of the reaction before starting the investigation. The advantage of using
PADPA as a monomer instead of aniline is 2-fold: (i) PADPA
has a lower oxidation potential than aniline and (ii) the product
of the reaction, oligo(PADPA), exhibits short chains that can be
quantitatively and reproducibly extracted from the reaction
suspension.11 This latter property paved the way for a structure elucidation of the main products because we did not
know the exact chemical structure of any of the products
when we started our investigation (Scheme 1). The advantage
of using TvL is also 2-fold: (i) it is not very substrate-speciﬁc
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Scheme 1. Graphical Summary of Previous Findings11,12 of the Oxidation and Oligomerization of PADPA with Trametes versicolor
laccase (TvL)/O2 at pH 3.5 with and without AOT Vesicles under Optimal Conditions

with 0.75 mL of the sodium phosphate solution so that for a 10 mL
reaction without vesicles 9.915 mL was the sodium phosphate solution.
The reaction without vesicles was also carried out in the presence of H218O.
To do so, 500 μL of H218O and 500 μL of a 0.2 M NaH2PO4 solution were
mixed, and the pH was adjusted to 3.5 with 1 M ortho-phosphoric acid
(H218O sodium phosphate solution). This reaction was carried out in a 2
mL Eppendorf tube with a reaction volume of 500 μL, and the individual
components were added together in the following order with the following
volumes: 0.496 μL of a H218O sodium phosphate solution, 3.35 μL of a
PADPA stock solution, and 2 μL of a TvL stock solution.
2.3. Product Analysis with Mass Spectrometry. After 24 h of
reaction time, the entire reaction was treated with MTBE and NH3
to extract remaining PADPA and the reaction products into MTBE
(methyl-t-butylether). The resulting mixture was shaken vigorously and
left to stand overnight. Multiple extraction steps were necessary to
ensure complete extraction, which was assumed to have occurred if the
aqueous phase was completely colorless. The resulting MTBE solution
containing the reaction products in their deprotonated forms was
analyzed with electrospray ionization mass spectrometry using a
Bruker Daltonics maXis ESI-QTOF instrument with a capillary voltage
of +4.5 kV (positive mode) and mass ranges of 50−1200 Da (low mass)
and 1200−4500 Da (high mass). This analysis was carried out two times.
2.4. Product Analysis with HPLC-DAD and HPLC-MS. The
products of the oxidation of PADPA with TvL/O2 were analyzed with
HPLC and a diode array detector (DAD) and HPLC-MS. After a given
reaction time, 500 μL of the reaction suspension was removed from the
Schott bottle and added to 1 mL of MTBE and 100 μL of a 25 wt %
aqueous NH3 solution in an Eppendorf ﬂask. The resulting emulsion
was shaken vigorously and left to stand overnight to ensure complete
extraction of the products. Complete extraction was assumed to have
occurred if the aqueous phase was completely colorless, which was the
case for all samples except for samples that were taken after a reaction
time of 2 h, where the aqueous phase retained a slight color. The
supernatant was removed and added to 2 mL of acetonitrile, and MTBE
was removed in vacuo at room temperature and p = 70 mbar. The
products were reduced by adding 400 μL of H4N224 and stirring
vigorously for 10 min. Finally, 8 mL of a 10 mM NH4HCO3 buﬀer,
adjusted with NH3 solution to pH 10, was added. For kinetic measurements, the products were separated with a Thermo Scientiﬁc
Dionex UltiMate 3000 UHPLC+ focused system and analyzed at 310 nm
using a Thermo Scientifc Dionex UltiMate 3000 rapid separation diode
array detector (DAD-3000RS) in order to record the complete spectrum of each peak (injection volume = 50 μL). For HPLC-MS measurements, the products were separated with an Agilent 1200 HPLC and

and can oxidize a large range of small organic molecules in a
one-electron oxidation17,18 and (ii) it gets reoxidized by molecular oxygen (O2), which means that it is not necessary to use an
additional oxidizing agent such as H2O2.
In this article, we report our attempts to unravel the reaction
mechanism of the oxidation of PADPA with TvL/O2 with and
without AOT vesicles in order to gain a better understanding
of the role of the vesicles in the reaction. The main method of
choice was high-performance liquid chromatography coupled
with mass spectrometry (HPLC-MS) because of its very high
sensitivity and resolution.

2. MATERIALS AND METHODS
2.1. Chemicals and Syntheses. Details of the chemicals used
and the chemical syntheses and NMR characterization of the following compounds are given in the Supporting Information (chemical
syntheses were carried out by using standard literature procedures):19−21 N-phenyl-p-phenylenediamine (p-aminodiphenylamine,
PADPA, 1), (10-2H)-N-phenyl-p-phenylenediamine, D1-PADPA, 2),
(8,9,10,11,12-2H)-N-phenyl-p-phenylenediamine (D5-PADPA, 3), and
N−C-para-coupled aniline tetramer (linear (PADPA)I2 reference) (4).22
2.2. Oxidation of PADPA with TvL/O2 in the Presence and
Absence of Vesicles. PADPA (1), D1-PADPA (2), or D5-PADPA (3)
was oxidized enzymatically with TvL via the injection method, as
described previously.12 The following stock solutions were prepared:
0.1 M NaH2PO4 in Milli-Q water, adjusted to pH 3.5 with a 1 M orthophosphoric acid solution (this pH 3.5 solution is called sodium phosphate solution); 20 mM AOT as a vesicular suspension, consisting of
unilamellar vesicles with a diameter of 80−100 nm, prepared with the
freeze−thaw/extrusion method, as described previously23 (AOT stock);
0.15 M PADPA in ethanol (PADPA stock); and 12.92 mg/mL TvL in
Milli-Q water (TvL stock). The TvL stock was made by dissolving the
laccase powder (Supporting Information) in water, followed by slight
agitation and centrifugation, after which the supernatant was kept and the
insoluble precipitate was discarded. A typical reaction took place in a 50 mL
Schott glass bottle with the cap on with a reaction volume of 10 mL. For
the reaction with vesicles, the individual components were added in the
following order: 9.165 mL of sodium phosphate solution, 0.75 mL of AOT
stock, 0.067 mL of PADPA stock, and 0.04 mL of TvL stock for a ﬁnal
concentration of [AOT] = 1.5 mM, [PADPA] = 1.0 mM, and [TvL] ≈
64 nM. After each individual component was added, the Schott bottle was
gently swirled to ensure a homogeneous suspension. For the reaction
without vesicles (template-free (TF) system), the AOT stock was replaced
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analyzed with a Bruker Daltonics maXis ESI-QTOF instrument with a
capillary voltage of +4.5 kV (injection volume = 5 μL). The covered
mass range for HPLC-MS is 100−1200 Da. In both cases, a reversephase Machery-Nagel EC 150/4.6 Nucleodur C18 Isis column was used.
For the mobile phase, the initial eluent was 20% acetonitrile and 80% pH
10 NH4HCO3 buﬀer, which was gradually changed to 95% acetonitrile
over the course of 75 min with a ﬂow speed of 0.7 mL/min. For the
HPLC-MS/MS measurements, the same separation and ionization conditions were used as described above, and the collision cell was 5−40 eV.
For the HPLC-DAD analysis of reference (PADPA)2 (4), ∼0.2 mg of
the reference compound was dissolved in 2 mL of acetonitrile. The
workup and separation procedure was then the same as for the sample.
2.5. Analysis of the Mass Spectra. Matlab program isoDalton25
was modiﬁed and used to calculate the exact mass of a given molecular
formula. The most likely molecular formula corresponding to the
molecular mass of a given chromatographic peak (calculated by subtracting the mass of a proton, 1.0072 Da from the m/z value of the main
isotope peak) was determined in the following way: the exact mass of
various oligomers consisting of a diﬀerent number of aniline units
was calculated; that is, the detected cations were assumed to consist of
aniline building blocks. For a given oligomer, the number of nitrogen
and hydrogen atoms was varied until the smallest error between the
calculated and measured mass was found. When the diﬀerence between
the measured mass and the calculated mass of a given molecular formula
was lower than 0.002 Da, the measured mass was assigned to that
molecular formula. Two chromatographic peaks were unambiguously
assigned to their molecule: the chromatographic peak stemming from
PADPA (1) (in the chromatogram at a reaction time of 0 min, when
only PADPA was present) and linear (PADPA)I2 (4) (by using a
reference product). To analyze the HPLC-MS spectra of the deuterated
products, the isoDalton25 program was modiﬁed. The modiﬁcation
involved introducing the isotope 2H deuteron (D) as a new element, as
given in the National Institute of Standards and Technology (NIST)
database.26
2.6. Time-Dependent Density Functional Theory (TD-DFT)
Calculations. All of the calculations were performed using the Gaussian
09 computer program27 for ground-state energies and structures. The
MP2 level of theory was combined with Dunning’s correlationconsistent basis sets,28 cc-pVDZ and/or cc-pVTZ. It was veriﬁed by
calculating the harmonic frequencies of the obtained geometries in
which the latter corresponds to a minimum on the corresponding
potential energy hypersurface. For the calculations of the spectra of the
radical cations and radical dications (open-shell (two polarons)), the
unrestricted DFT method was used instead of the MP2 level of
theory because geometry optimization calculations on the unrestricted
MP2 level of theory badly fail to converge as a result of massive spin
contamination showing up during the optimization, which does not
disappear through spin annihilation. Vertical excitation calculations
were performed for all optimized molecules for a comparison with
the experimental UV−vis spectra in the optimized ground-state
geometry for up to 25 excited states, depending on the investigated
molecule. For these calculations, the linear response TD-DFT
implementation of GAMESS29 (version May 1, 2013 (R1)) was used.
All of the TD-DFT calculations employ the 6-311+G(d,p) basis set of
Pople and co-workers,30 which adds a diﬀuse function for heavy atoms, a
p-polarization function for H atoms, and a d function for heavy atoms.
For these calculations, the global-hybrid (GH) version of the Perdew−
Burke−Ernzerhoﬀ GGA density function (PBE0) was employed,31
which seems to be slightly more reliable than B3LYP and was found
to oﬀer good overall performance in such cases; see Leang et al.32 or
Salzner.33 Because water was used as the solvent in our UV−vis measurements, we modeled the solvent eﬀects with the polarized continuum
model (nonequilibrium PCM solvation) approach.34 For a detailed
comparison, we did most of the calculations for the vacuum condition (results not shown here), but only minor eﬀects were found in the
UV−vis spectra for all uncharged molecules investigated. (See also
Romanova et al.35 and the literature cited therein.) However, signiﬁcant
red shifts were obtained in the spectra of the charged radicals employing
the PCM model because it is expected that a polar solvent will stabilize the charge-separated excited states by electrostatic interaction.

Anions are not included in our calculations of charged molecules at all.
A red shift in the corresponding spectra is expected depending on
the anion (dopant) used. Detailed results will be published elsewhere
together with the results of planned calculations employing even more
elaborate quantum chemical methods.
2.7. Molecular Dynamics (MD) Simulations and Radial
Distribution Function (rdf) Analysis. For the MD simulations, the
system setup was the same as in previous investigations of the anilineAOT36 and PADPA-AOT systems,11 where we showed that PADPA (1)
seeks contact with the AOT membrane.11 For the work presented here,
the PADPA molecules were replaced with PQDH+ (5), the protonated
form of N-phenyl-1,4-benzoquinonediimine (PQD) (Supporting
Information). Two situations were calculated. The ﬁrst is the case of
7 PQDH+ cations in the presence of an AOT bilayer consisting of
512 AOT anions and more ions corresponding to the NaH2PO4 solution
at pH 3.5. This situation was calculated for 10 ns. The second is the case
of one PQDH+ cation and one H2PO4− in water, which was calculated
for 70 ns.
The rdf describes how density varies as a function of distance from
a reference point. We took three reference points into account: the
nitrogen of the imine headgroup (N14, see 5), the carbon atom attached
to the imine headgroup (C4), and the nitrogen of the secondary amine/
imine bridge (N13). The density was calculated for the oxygen of water
(OW in SPC). The average number of hydrogen bonds to water, AOT,
or buﬀer was calculated by the criterion of a hydrogen-to-acceptor
distance of less than 0.35 nm and a cutoﬀ angle for acceptor−donor−
hydrogen of less than 45°. See section 6 in the Supporting Information
for more details on the MD simulations.

3. RESULTS AND DISCUSSION
3.1. Summary of Previous Findings from in Situ UV−
Vis−NIR, EPR, and Raman Spectroscopy of the Entire
Reaction Mixture. As was shown before,11 the oxidation of
p-aminodiphenylamine (PADPA, 1) with Trametes versicolor
laccase and molecular oxygen (TvL/O2) in the presence of
unilamellar AOT vesicles as templates, with a diameter of ∼80−
100 nm under optimal conditions at pH 3.5 (Materials and
Methods), leads to a stable green suspension with a high NIR
absorption at ∼1000 nm, as in the case of PANI-ES. Using the
same conditions but when omitting vesicles (template free (TF)
reaction), no band is visible in the NIR frequency range. The
band at ∼1000 nm is indicative of unpaired electrons. Indeed, the
reaction with vesicles also leads to a very intense EPR signal, in
contrast to the TF reaction, where only a very weak EPR signal is
observed.11 The analysis of the hyperﬁne coupling of the EPR
spectrum of the TF reaction at early reaction times has shown
that PADPA is initially oxidized by TvL in a one-electron
oxidation to PADPA•+,12 in accordance with the known mode of
action of laccase.17,38 In this work, we attempt to delve deeper
into this reaction and do a detailed product analysis using mass
spectrometry and HPLC.
3.2. Mass Spectrometry Analysis of the Entire
Extracted Reaction Mixture. After 24 h of reaction time in
the presence of AOT vesicles, the products were extracted from
the vesicular reaction suspension with MTBE and NH3. Multiple
extraction steps were necessary for a complete extraction. The
products were then analyzed with electrospray ionization mass
spectrometry (ESI-MS). This was done for two separately prepared reaction mixtures, and both times the most intense peak
was found to be m/z = 365.176 Da, which corresponds to the
unreduced, deprotonated PADPA dimer. These results show that
the primary product of the reaction with vesicles is a dimeric form
of PADPA, (PADPA)2. Obtaining such a short chain length
with TvL/O2 was surprising for us; however, it is not without
precedent: other publications also report that only short PANIES-like chains can be synthesized from PADPA, even when using
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strong chemical oxidants.15,39 Without vesicles, the main product
according to MS was found to be m/z = 366.160 Da, which corresponds to the oxygenated PADPA dimer (one nitrogen atom is
replaced by an oxygen atom).
3.3. Analysis of Product Formation by HPLC-DAD. At
prechosen time intervals, an aliquot of 500 μL of the reaction
suspension (Vrxn = 10 mL) was removed from the Schott bottle
and extracted into MTBE and NH3. The solution was added
to acetonitrile, MTBE was removed, and a 10 mM NH4HCO3
buﬀer, pH 10, was added to make the ﬁnal solution. The
oligo(PADPA) products were reduced with N2H4. For more
detailed information, see Materials and Methods.
Figure 1A shows the chromatograms of the oxidation of
PADPA with TvL/O2 in the presence of vesicles, and Figure 1b

after 2 h. There is a clear accumulation of a main product with rt
≈ 35 min, in addition to a small number of side products with
longer rt values (between 55−60 min). Figure 1b shows that
without vesicles, PADPA is not completely consumed after 2 h
but that instead a product with a very similar yet slightly lower
rt than that of PADPA is formed. As in the reaction with vesicles,
a product with rt ≈ 35 min is formed, but not with the same
intensity as with vesicles, and its intensity slightly decreases at
longer reaction times. Consequently, the number of side products formed without vesicles is higher; most prominent are
the peaks with the following rt values: ∼20, ∼30, ∼33, and
45−50 min. As a preliminary conclusion, we can say that (i) the
PADPA consumption with vesicles is faster than without vesicles, (ii) with vesicles there is a clear accumulation of one product whereas without vesicles there is a multitude of diﬀerent
products, and (iii) the reaction without vesicles leads to products
that are not formed in the presence of vesicles, i.e., the presence
of vesicles seems to inhibit the formation of certain side products.
3.4. Determination of the Molecular Formula of the
Formed Products by HPLC-MS. The chromatographic peaks
shown in Figure 1 were detected and analyzed with both a diode
array detector (UV−vis absorption) and a mass spectrometer.
Both detection methods yield complementary information.
Using a mass spectrometer as a detector, however, provides a
higher sensitivity and resolution than detecting with UV−vis
absorption and thus enables us to identify species that have a low
abundance and also to diﬀerentiate between species that elute at
very similar retention times. In the following, the most important peaks will be assigned to a molecular formula for the
chromatograms with and without vesicles after 60 min. The
indicated rt values are according to the HPLC-MS measurements.40 For the naming conventions, we refer to the footnotes
in Tables 1 and 2.
Figure 2a shows the chromatogram of the AOT reaction after
60 min, detected at 310 nm. Each peak for which it was possible
to unambiguously and reproducibly determine the molecular
mass is numbered, and for each numbered peak, Table 1 lists
(i) the molecular mass, (ii) the UV−vis absorption peaks and
the ﬁgure in section 2 of the Supporting Information where
the corresponding UV−vis spectrum can be found, (iii) the
calculated molecular formula, and (iv) the assigned compound
abbreviation. Peak 1 has a rt of 22 min and is PADPA (1) with
λmax = 284 nm. The next well-deﬁned peak (peak 2) is at rt ≈
30 min with λmax = 302 nm and a mass of 275.142 Da. This
corresponds to the molecular formula of C18H17N3, a molecule
with three aniline units, or 1.5 PADPA units, henceforth referred
to as (PADPA)I1.5. The main product of the reaction with vesicles
yields the very intense peak at rt = 35 min (peak 3). It has a
maximum absorbance at λmax = 312 nm and a mass of 366.184
Da, which corresponds to the molecular formula C24H22N4,
which is the reduced form of the PADPA dimer, (PADPA)I2.
This ﬁnding is in agreement with the results from ESI-MS
measurements of the products without prior separation and
reduction (above), which also showed that a main product of the
reaction with vesicles is a PADPA dimer. The small peak before
peak 3, peak a, with an rt of 32 min, is merely (PADPA)I2 in its not
fully reduced form. The broad, ill-deﬁned peak after peak 3,
peak b, with an rt of 41 min, may be a trimeric PADPA species,
(PADPA)I3; however, the exact molecular formula is not clear.
Peak 4, with an rt of 45 min, has an absorption maximum at
308 nm and a molecular mass of 351.173 Da and corresponds to
the molecular formula C24H21N3, which is a PADPA dimer with a
missing amino group, referred to as (PADPA)II2 −NH2. The next

Figure 1. Time-dependent chromatograms of the extracted and reduced
products of the oxidation of PADPA with TvL/O2 (a) in the presence of
vesicles and (b) in the absence of vesicles. The products were detected
by measuring the absorbance at 310 nm (A310 nm, values given in
milliabsorbance units, mAU). With vesicles, there is a clear accumulation
of a main product (rt ≈ 35 min) and a rapid consumption of PADPA (1)
(rt ≈ 21 min). Without vesicles, there is a multitude of diﬀerent products
with low intensities, and PADPA is consumed more slowly.

shows the chromatograms of the reaction without vesicles.
In both cases, the products were detected at λ = 310 nm. The
selected reaction times are t = 0 min (ca. 5 s), 0.5, 2, 5, 10, 20, 30,
60, and 120 min. In Figure 1a, the ﬁrst peak with a retention time
(rt) of ∼21 min is the starting material PADPA (1), the intensity
of which decreases to almost zero over the course of 2 h, which
shows that with vesicles, PADPA is almost completely consumed
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Table 1. Peak Identiﬁcation of Chromatogram (Figure 2a) of
60 min of Reaction with AOT Vesicles
UV−vis absorption
peak
molecular
number mass (Da) λmax (nm)

spectrum

calculated
molecular
formula

compound
abbreviationa

1b
2
a

184.099
275.142
364.169

284
302
298, 550

Figure S9a
Figure S9b
Figure S9c

C12H12N2
C18H17N3
C24H20N4

3b
b
4

366.184
547.261
351.173

312
318, 580
308

Figure S9d
Figure S9e
Figure S9f

C24H22N4
N/A
C24H21N3

5

364.168

Figure S9g

C24H20N4

6

546.253

Figure S9h

C36H30N6

(PADPA)II3

7
8

728.336
910.420

246, 294,
352, 450
292, 354,
500
298, 490
N/A

PADPA
(PADPA)I1.5
(PADPA)I2
oxidized
(PADPA)I2
(PADPA)I3 ?
(PADPA)II2 −
NH2
(PADPA)II2

Figure S9i
N/A

C48H40N8
C60H50N10

(PADPA)4
(PADPA)5

a

Because PAPDA is used as a monomer in the reactions, PADPA
oligomers are formed and thus all of the species that were found can
be primarily identiﬁed by how many PADPA molecules they consist
of (i.e., (PAPDA)3 is a molecule formed by three PADPA units).
However, as can be readily seen, isomers with the same number of
PADPA units but diﬀerent retention times were found. To identify
these isomers, superscripted roman numerals in the order of the peak
numbers are used (e.g., two (PADPA)2 moieties were found, thus they
are identiﬁed by (PADPA)I2 (peak nr = 3) and (PADPA)II2 (peak nr =
5)). bThese two compounds were identiﬁed unambiguously using
independent methods (NMR, MS of the pure product).

Figure 2. Chromatogram detected at 310 nm of the extracted and
reduced products of the oxidation of PADPA (1) with TvLO2 after 60
min (a) in the presence of vesicles and (b) in the absence of vesicles (TF
system). The peaks are numbered and described in Tables 1 and 2. The
peaks labeled with a star (*) were not identiﬁed.

peak that was possible to assign is quite hard to discern in the
chromatogram in Figure 2a because of its low intensity: it is at rt
= 51 min (peak 5) and has an exotic UV−vis spectrum consisting
of three maxima in the near-UV and one maximum in the visible
range. This species has a mass of 364.168 Da, which corresponds
to the molecular formula C24H20N4, again a dimer of PAPDA,

referred to as (PADPA)II2 (peak 5). Peak 6 with rt ≈ 57 min
has two maxima in the near-UV range, one broad maximum at

Table 2. Peak Identiﬁcation of Chromatogram (Figure 2b) of 60 min of Reaction without AOT Vesicles
UV−vis absorption
peak number

molecular mass (Da)

1
2b
3
4a
4b
4c
5
6
7
8
9
10
11
12

185.083
184.099
275.142
366.183
367.169
275.1422
274.110
365.153
351.173
547.237
547.237
546.253
729.320
728.336

λmax (nm)

spectrum

calculated molecular formula

compound abbreviationa

282
286
302
312

Figure S10a
Figure S10b
Figure S10c
Figure S10d

312, 560
306
310, 550
316
300, 450
292, 354, 500
306, 450
302, 500

Figure S10e
Figure S10f
Figure S10g
Figure S10h
Figure S10i
Figure S10j
Figure S10k
Figure S10l

C12H11NO
C12H12N2
C18H17N3
C24H22N4
C24H21N3O
C18H17N3
C18H14N2O
C24H19N3O
C24H21N3
C36H29N5O
C36H29N5O
C36H30N6
C48H39N7O1
C48H40N8

PADPA∼OH
PADPA
(PADPA)I1.5
(PADPA)I2
(PADPA)I2∼OH
(PADPA)II1.5
(PADPA)II1.5∼OH
(PADPA)II2 ∼OH
(PADPA)II2 −NH2
(PADPA)III
3 ∼OH
(PADPA)II3 ∼OH
(PADPA)II3
(PADPA)4∼OH
(PADPA)4

a

Because PAPDA is used as a monomer in the reactions, PADPA oligomers are formed and thus all of the species that were found can be primarily
identiﬁed by how many PADPA molecules they consist of (i.e., (PAPDA)3 is a molecule formed by three PADPA units). However, as can be readily
seen, isomers with the same number of PADPA units but diﬀerent retention times were found. To identify these isomers, superscripted roman
numerals in the order of the peak numbers are used. Without vesicles, two additional types of reactions other than coupling reactions were found to
have taken place. The ﬁrst one is the loss of an amino group, which is shown by the addition of the suﬃx −NH2, and the second is the incorporation
of a hydroxyl group at the expense of an amino group, which is shown by the addition of the suﬃx ∼OH. bThis compound was identiﬁed
unambiguously using independent methods (NMR, MS of the pure product).
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subsequently reduced and separated and detected with HPLCMS. These experiments were conducted in order to determine
the site of bond formation between two PADPA molecules for a
given product by calculating the total number of deuterium
atoms present in the molecule on the basis of its mass as detected
by HPLC-MS.
For the determination of the molecular formulas of the products formed from the deuterated monomer based on its mass
spectrum, the sum of the number of hydrogen and deuterium
atoms of a deuterated product was set equal to the number of
hydrogen atoms in the molecular formula of the same
undeuterated product. Two compounds were determined to
be the same on the basis of them having the same retention
time. Thus, ambiguity with regard to the molecular formula of
the deuterated compound is eliminated.41 The UV−vis−NIR
spectrum and the chromatograms of the reaction mixtures
containing either undeuterated PADPA or deuterated show
no diﬀerence (data not shown), indicating a negligible isotope
eﬀect upon the reaction and the corresponding spectra. In the
following discussion, it is assumed that the formation of PADPA
oligomers, in particular, the main product (PADPA)I2, proceeds
via the formation of a C−N bond (and not via a C−C or N−N
bond) as in situ Raman spectroscopy clearly indicated the
presence of CN, C−N, and C−N• bonds.12
3.5.1. First Major Reaction Pathway of PADPA Oxidation:
Structure of (PADPA)I2. The mass of (PADPA)I2 (rt = 35 min,
peak 3 in Table 1, main product of the reaction) formed from
D5-PADPA (3), the pentadeuterated PADPA, was found to
be 375.240 Da, which corresponds to the molecular formula
C24H13D9N4, indicating that one deuterium atom is lost upon
bond formation between two D5-PADPA molecules. Thus, we
are able to conclude that the main product of the reaction,
(PADPA)I2, is obtained via a bond formation between either the
secondary or primary amino group of an attacking PADPA
molecule and a carbon atom of the terminal ring of the second
PADPA molecule, e.g., a carbon at position 7, 8, 9, 10, 11, or 12.
To determine which carbon forms a bond with an amino group
of a second PADPA molecule, D1-PADPA (2) was synthesized, oxidized, and oligomerized, and the subsequent products
were extracted, reduced, separated, and analyzed. D1-PADPA is
deuterated at position 10. (PADPA)2 formed from this monomer
was found to have a mass of 367.190 Da, which corresponds to
the molecular formula of C24H21D1N4. (PADPA)2 formed from
two D1-PADPA molecules contains only one deuterium atom.
Thus, we can conclude that a bond is formed between the carbon
at position 10 and either the secondary or primary amine of a
second PADPA molecule. Using these relatively straightforward
synthesis and analytical techniques, we were able to narrow down
the structure of the main product of the reaction of D1-PADPA
with TvL/O2 in the presence of AOT vesicles to two possible
structures: fully linear (4), formed by the attack of the primary
amino group (N14), or branched (6), formed by the attack of the
secondary amino group (N13) at the C10 site. To determine
whether (PADPA)I2 is linear (4) or branched (6), HPLC-MS/
MS experiments were conducted and the UV−vis spectra of
4 and 6 were calculated by using time-dependent density
functional theory (TD-DFT). The results of the MS/MS measurements were not particularly conclusive (see Supporting
Information, section 3, for a complete discussion of the obtained
MS/MS fragments) but would be in agreement with linear
(PADPA)I2 (4).
The TD-DFT calculations strongly indicate that the formed
(PADPA)I2 is linear, i.e., compound 4. First, for comparison, the

500 nm, and a mass of 546.253 Da, which corresponds to the
PADPA trimer, (PADPA)II3 . Finally, peaks 7 and 8 have absorption maxima at λ = 298 and 490 nm and correspond to the
PADPA tetramer (PADPA)4 and pentamer (PADPA)5. On the
basis of the HPLC-MS results, there is limited yet unclear
evidence (due to very low and irreproducible intensities) for a
very slight oxygenation of the (PADPA)3-(PADPA)5 oligomers.
The other two peaks shown in the chromatogram (labeled with
a star *) were not possible to assign to a meaningful molecular
formula.
Figure 2b shows the chromatogram of the TF reaction after
60 min. Each peak is numbered, and for each numbered peak,
Table 2 lists (i) the molecular mass, (ii) the UV−vis absorption
peaks and the ﬁgure in section 2 of the Supporting Information
where the corresponding UV−vis spectrum can be found,
(iii) the molecular formula, and (iv) the compound abbreviation.
In contrast to the AOT reaction, there are two peaks very close
to one another at an rt of 20−21 min. The ﬁrst peak with rt ≈
20 min is not PADPA but instead an oxygenated PADPA
species where the amino group is replaced by a hydroxyl group:
C12H11NO, referred to as (PADPA)∼OH. The second peak with
rt ≈ 21 min is PADPA (1). As with the AOT reaction, the peak
with rt ≈ 30 min stems from (PADPA)I1.5 (peak 3). Note that in
the reaction without vesicles the relative intensity of this species
in comparison to that of the main product is higher than with
vesicles. At rt ≈ 34 min, in the chromatogram shown in Figure 2b,
only one peak is visible. However, according to the results
obtained using MS as a detector, there are actually three species
with a very similar retention time: (PADPA)I2 at rt = 35.2 min
(peak 4a in Table 2), oxygenated (PADPA)I2 (C24H21N3O),
referred to as (PADPA)I2∼OH, at rt = 35.4 min (peak 4b in
Table 2), and another aniline trimer species at rt = 34.6 min
(peak 4c in Table 2), referred to as (PADPA)II1.5. Raman spectroscopy measurements indicated12 that oligo(PADPA) synthesized enzymatically without vesicles resembles chemically synthesized polyaniline in the emeraldine base form. The (PADPA)I2
formed in the absence of vesicles could be the moiety responsible
for generating those Raman signals. The species with an rt of
45 min (peak 7 in Table 2) was also found in the reaction with
vesicles and is (PADPA)II2 with a missing amino group, referred
to as (PADPA)II2 −NH2. Note that the intensity of this peak
for the reaction without vesicles is higher than with vesicles.
The peak at rt ≈ 47 min (peak 8) was found to stem from
an oxygenated (PADPA)3 moiety, C36H29N5O, referred to as
(PADPA)III
3 ∼OH. Two additional moieties with similar rt values were found to have the molecular formulas of C18H14N2O
and C24H19N3O (peaks 5 and 6 in Table 2), referred to as
(PADPA)II1.5∼OH and (PADPA)II2 ∼OH. Finally, the last four
peaks (peaks 9−12) were found to stem from (PADPA)II3 and
(PADPA)4 oligomers, as found for the AOT reaction. However,
in the TF reaction, these longer oligomers were also found to be
oxygenated: (PADPA)II3 ∼OH and (PADPA)4∼OH.
3.5. Chemical Structures of the Main Products
Obtained from the Reaction with Vesicles. To determine
the chemical structure, i.e., the constitution, of the main product
and some of the side products of the reaction with and without
vesicles, two diﬀerent types of deuterated PADPA molecules
were synthesized (Materials and Methods): PADPA with a fully
deuterated terminal ring (positions 7−12, D5-PADPA, 3) and
PADPA where the para position of the terminal ring is deuterated (position 10, D1-PADPA, 2). These deuterated PADPA
molecules were oxidized and oligomerized with TvL/O2 in
the presence of AOT vesicles at pH 3.5. The products were
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Figure 3. Experiments conducted to determine whether (PADPA)I2 is linear or branched: (a) calculated absorption bands are overlaid with the
corresponding UV−vis absorption spectra. Panel (i) is a control experiment where the absorption bands of PADPA (1) were calculated and overlaid
with the spectrum of PADPA from HPLC-DAD; panel (ii) shows the calculated absorption bands of linear (PADPA)I2 (4) overlaid with the UV−vis
spectrum of (PADPA)I2 from HPLC-DAD; panel (iii) shows the calculated absorption bands of branched (PADPA)I2 (6) overlaid with the UV−vis
spectrum of (PADPA)2 from HPLC-DAD; and panel (iv) shows the calculated absorption bands of the diradical dication of linear (PADPA)I2,
(7) in blue and of the radical cation of branched (PADPA)I2 in green and the in situ UV−vis−NIR spectra of the entire reaction
(PADPA)2(•+)
2
suspension in black (path length 1 mm). (b) Chromatogram of the oxidation of PADPA with TvL/O2 in the presence of vesicles after 1 h in black
(panel (i)) and the chromatogram of the reference material, the linear aniline tetramer, in red (panel (ii)).

can be seen that the calculated absorption bands coincide well
with the measured spectrum, despite a slight blue shift of the
most intense excitation line in comparison to the UV−vis spectrum. In addition, the shoulder observed in the absorption
spectrum of PADPA at ∼250 nm is predicted (despite a slight red
shift) with the calculation. Therefore, the calculation gives a good

absorption bands of PADPA (1) were calculated and the main
transitions were found to be at the following wavelengths: 298,
278, 275, 272, and 257 nm (strongest 278 nm). These absorption bands with their intensities are overlaid with the UV−vis
spectrum of PADPA obtained from the HPLC−DAD analysis
(reduced and fully deprotonated) in Figure 3a, panel (i), where it
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the ﬁrst time that the chemical structure of a PANI-ES-like product produced via an enzymatic oxidation and radical−radical
coupling of PADPA has been deﬁnitely determined.
The integral of the chromatographic peak formed by a deﬁned
amount of the tetraaniline reference product (4) was determined and compared to the integral of the chromatographic
peak of the formed (PADPA)I2 after a reaction time of 1 h. As a
result, about 50% of PADPA was converted to linear (PADPA)I2.
Therefore, there must be competing reaction pathways that
account for the consumption of PADPA but do not lead to linear (PADPA)I2. One such pathway may be via the degradation
of linear (PADPA)I2. As was shown above, an aniline trimer,
(PADPA)I1.5, was detected at an rt of 30 min. The same isotope
analysis as was done for (PADPA)I2 indicates that (PADPA)I1.5
most likely stems from (PADPA)I2. That is, it is possible that
there is a very minor decay of the main product. Furthermore,
broad, ill-deﬁned peak b in Figure 2 may be a trimeric PADPA
species that stems from linear (PADPA)I2 and PADPA. However, this is diﬃcult to conﬁrm because it was not possible to
unambiguously and reproducibly determine the molecular
formula of the species that elutes as peak b.
The other major pathway where PADPA is consumed in the
presence of vesicles and converted into other products different from linear (PADPA)I2 is discussed in the Supporting
Information.
3.5.2. Summary of the Main Reaction Routes with Vesicles.
The HPLC-DAD and HPLC-MS data suggest that there are two
separate major pathways in the oxidation of PADPA with TvL/
O2 in the presence of AOT vesicles: in one route, head-to-tail
(N−C para) coupling43 leads to the formation of a linear aniline
tetramer chain (compound 7) that is responsible for the high in
situ NIR absorption; and in the second route, most likely headto-head N−C coupling occurs, leading to longer oligomers that
have a phenazine core. A scheme of these reaction pathways can
be seen in Figure S12 in section 4 of the Supporting Information.
3.6. Chemical Structures of the Products Obtained
from the Reaction without Vesicles. 3.6.1. Formation of
(PADPA)I2 and Product Distribution in the Absence of Vesicles.
As for the reaction with vesicles, linear (PADPA)I2 was also found
to form in the absence of vesicles (TF reaction), although in a
lower yield (peak 4a, Table 2). Despite this, NIR absorption at
1000 nm is not seen in the absence of vesicles, which indicates
that the linear (PADPA)I2 formed here is in a diﬀerent oxidation
or protonation state than for the reaction with vesicles. Furthermore, as is shown in Table 2, there is no clear main product
in the TF reaction. Instead, the chromatograms show that there
are a number of degradation reactions.
3.6.2. Oxygenation in the Absence of Vesicles. As we have
shown before,11 one chemical diﬀerence between the products
formed in the absence of vesicles in comparison to the products
formed with vesicles is the presence of oxygenated species
that are formed only in the reaction without vesicles. For the
oxidation of PADPA (1) with TvL/O2 with vesicles, no oxygenated products were found. We were able to conﬁrm our
previous ﬁndings with HPLC-MS. Moreover, each species
that was found in the AOT reaction (PADPA, (PADPA)I2,
(PADPA)II2 , (PADPA)II3 , (PADPA)4, and (PADPA)5) was oxygenated in the TF reaction (Table 2, peaks 1, 4b, 6, 9, and 11).
The incorporation of oxygen always occurred at the cost of an
amino group, thus upon oxygenation, an amino group was
replaced with a hydroxyl group. Of course, this raises the question as to the origin of the oxygen, of whether it stems from
water or from the molecular oxygen in the air that reoxidizes TvL.

prediction of the UV−vis spectra of the species under observation. The calculated absorption bands of reduced linear
(PADPA)I2 (4) were found to be at 320, 312, 304, 283, and
280 nm (most intense bands at 304 and 312 nm). These absorption bands are overlaid with the UV−vis spectrum of the
formed (PADPA)I2, as obtained from the HPCL-DAD analysis in
Figure 3a, panel (ii), where it is shown that the simulation
coincides remarkably well with the absorption spectrum, despite,
once again, a slight blue shift. In addition, the absorption bands
shown in Figure 3a panel (ii) suggest a symmetric peak form,
as was found in the UV−vis spectrum of the formed (PADPA)I2.
In contrast, the absorption bands of branched (PADPA)I2 (6)
were found to be at 367, 341, 328, 315, 308, 301, and 290 nm
(Figure 3a, panel (iii)), again overlaid with the measured UV−vis
spectrum of (PADPA)I2 obtained from the HPLC-DAD analysis.
Thus, compound 6 is predicted to have an asymmetric band
shape with signiﬁcant absorbance up to about 370 nm, which
is not the case for the spectrum of the obtained (PADPA)I2.
Furthermore, the calculated UV−vis−NIR absorption bands of
the diradical dication of linear (PADPA)I2 (7) and the diradical
dication of branched (PADPA)I2 were calculated and overlaid
with the UV−vis spectrum of the ﬁnal reaction suspension with
AOT vesicles at pH 3.5 in Figure 3a, panel (iv). For the diradical
dication of linear (PADPA)I2 (7, blue lines), a very strong
absorbance in the NIR region (at 850 nm) and a secondary
absorption maxima at ∼400 nm are predicted, which coincide
remarkably well with the in situ UV−vis−NIR measurements of
the reaction with AOT vesicles. Note that the NIR band of the
measured absorption spectrum is shifted to higher wavelengths
in comparison to the calculated one. In contrast, the radical
cation of branched (PADPA)I2 (green lines) is predicted to have
a very strong absorbance at ∼700 nm in addition to a NIR
transition, which suggests two bands in the region from 700−
1200 nm, which is not seen in the measured in situ UV−vis
spectrum of the reaction products. In addition, the transitions at
∼400 nm are not predicted for the radical cation of branched
(PADPA)I2. In summary, the TD-DFT calculations strongly
suggest that the formed (PADPA)I2 is linear and that the diradical
dication of linear (PADPA)I2 (7) is primarily responsible for the
strong in situ UV−vis−NIR absorption at ∼1000 nm. It is the
half-oxidized and half-reduced linear N−C-para-coupled aniline
tetramer, the shortest possible PANI unit, that exhibits characteristic PANI-ES-type NIR electronic absorption.22,42
To unequivocally conﬁrm that (PADPA)I2 is linear, a chemically synthesized reference material was used (compound 4, see
Materials and Methods). This reference compound was treated
for HPLC with the same workup procedure as for the reaction
mixture, and the linear aniline tetramer exhibited the same
retention time as (PADPA)I2 obtained with TvL from PADPA in
the presence of AOT vesicles, as is shown in Figure 3b. The top
panel (i) shows the chromatogram of the reaction of PADPA
with TvL/O2 in the presence of vesicles after 1 h, and the bottom
panel shows the chromatogram of 4, the linear aniline tetramer
reference material. In both cases, there is a sharp, well-deﬁned
peak at rt ≈ 35 min. Furthermore, the UV−vis spectra of both
peaks are the same (data not shown). Therefore, on the basis
of the above experiments and TD-DFT calculations, we can
undoubtedly conclude that the main product of the oxidation
and oligomerization of PADPA with TvL/O2 in the presence of
vesicles to form a PANI-ES-like product is linear (PADPA)I2 (7)
and that the bond is formed between the primary amine (N14)
of one PADPA molecule and the carbon at position 10 of the
second PADPA molecule. To the best of our knowledge, this is
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earlier on the basis of Raman spectroscopy measurements.12
The molecular formulas of the hydrolyzed heavier oligomers,
(PADPA)II3 ∼OH and (PADPA)4∼OH, also suggest a phenoxazine core (C36H14 D15N5O1, C48H20D19 N7O1) (peaks 9 and 11,
Table 2). Thus, by analogy to the minor reaction pathway in
the reaction with vesicles, it is reasonable to assume that
(PADPA)3II∼OH and (PADPA)4∼OH stem from (PADPA)II2 ∼OH.
3.6.3. Further Decomposition Reactions without AOT
Vesicles. Evidence for further decomposition reactions was
found as well. For example, a species with three aniline units and
nine deuterium atoms was found to form from D5-PADPA (3)
(C18H8D9N3, Figure 2b, rt = 30 min, corresponding to peak 3 in
Table 2), which may stem from a ring-loss reaction of (PADPA)I2
via the loss of the aromatic ring containing the primary amine
group to form (PADPA)I1.5. This species was also found in the
reaction with vesicles (Figure 2a, peak 3),; however, without vesicles, its relative abundance is higher. A PADPA dimer
with 10 deuterium atoms but only 3 amine groups (C24H11D10N3,
Figure 2b, peak 7, Table 2, (PADPA)II2 −NH2) was found in the
TF reaction and was not seen in the reaction with vesicles.
Because this dimeric PADPA species contains 10 deuterium
atoms, it is reasonable to assume that it stems from (PADPA)II2 ,
which lost an amino group. Finally, two further products were
found: a species with 3 aniline units and 10 deuterium atoms
(C18H7D10N3, (PADPA)II1.5, peak 4c, Table 2) and its hydrolyzed
form (C18H6D10N2O, (PADPA)II1.5∼OH, peak 5 in Table 2). This
aniline trimer cannot form from (PADPA)I2 because (PADPA)II1.5
has 10 deuterium atoms and (PADPA)I2 was found to have 9. If
(PADPA)II2 is indeed formed via head-to-head coupling, the loss
of one undeuterated aniline moiety is not possible. Thus, it seems
as if these two products are formed via a third reaction route,
possibly via the decomposition of PADPA•+.
3.6.4. Summary of the Reaction Routes without Vesicles.
The absence of vesicles leads to the formation of a number of
diﬀerent side products, most notably hydrolyzed PADPA and
hydrolyzed linear (PADPA)I2. Signiﬁcant ring-loss reactions of
(PADPA)I2 are observable, in addition to further reactions of
PADPA to form aniline trimer products. This leads to the
proposed reaction scheme for the oxidation of PADPA with
TvL/O2 in the absence of vesicles, as shown in Figure S13 in the
Supporting Information.
3.7. Interpretation of the Results and Proposed
Inﬂuence of AOT Vesicles on the Reaction. 3.7.1. Summary
of Findings Presented. On the basis of HPLC-MS, we can
conclude that for the reaction conditions we have used the main
product of the oxidation of PADPA (1) with TvL/O2 in the
presence of AOT vesicles is linear (PADPA)I2. This main product is obtained in the vesicle suspension as a biradical cation,
referred to as (PADPA)2(•+)
(7), which is in agreement with
2
the in situ UV−vis−NIR, EPR, and Raman spectroscopy
measurements.11,12 Furthermore, TD-DFT calculations are in
support of the formation of this diradical dication, i.e., the
polaronic form (Figure 3a, panel (iv)). Interestingly, the PADPA
dimer was also obtained from PADPA by electrochemical
polymerization at pH ∼0.14 Furthermore, we found that without
vesicles the yield of linear (PADPA)I2 is very low and in a diﬀerent
oxidation/protonation state because there is no absorption
at 1000 nm. This is most likely due to the absence of AOT, or
any other bulky counterion, as a dopant.44 Without vesicles,
the hydrolysis products of PADPA and (PADPA)I2 are formed,
PADPA∼OH and (PADPA)I2∼OH.

For this reason, the TF reaction was conducted by replacing 50%
of H2O in the reaction mixture with H218O, and the extracted and
reduced products were detected with MS. Clearly, isotope
patterns of the oxygenated species formed in the aqueous
solution composed of only normal H2O were found to be substantially diﬀerent from the isotope patterns of the oxygenated
species formed in the aqueous solution containing H218O. For
the oxygenated products formed in the presence of H218O, a very
substantial intensity increase was observed for the Δm/z = 2
ion. Figure 4 shows this for the two most important species,

Figure 4. Mass spectra of oxygenated PADPA (left) and oxygenated
(PADPA)I2 (right) formed during the reaction without vesicles. At the
bottom, in red, the isotope distribution of these two molecules formed in
normal water is shown. At the top, in blue, the isotope distribution of
these two molecules formed in 50% H218O is shown, where there is a
signiﬁcant intensity increase for the Δm/z = 2 moieties (amu, atomic
mass unit; au, arbitrary units).

oxygenated PADPA ((PADPA)∼OH, peak 1 in Table 2) and
oxygenated (PADPA)I2 ((PADPA)I2∼OH, peak 4b in Table 2).
The bottom graph in Figure 4, in red, shows the isotope
distribution of the cations of (PADPA)∼OH (left) and
(PADPA)I2∼OH (right) obtained from D5-PADPA (3) and
formed in normal water. There is a steady intensity decrease for
the Δm/z = 1 and Δm/z = 2 ions, as expected. The mass spectra
of these oxygenated species formed in 50% H218O (top graph in
blue) exhibit the usual intensity decrease from the most
abundant peak to Δm/z = 1. However, the intensity of the
Δm/z = 2 peak increases to about half of that of the original,
most intense peak. This is a very strong indication that the
incorporated oxygen stems from the water in the reaction
suspension. Thus, it is reasonable to conclude that in the course
of the oxidation of PADPA with TvL/O2 without vesicles,
PADPA and (PADPA)I2 are hydrolyzed.
(PADPA)II2 was also found to be hydrolyzed to (PADPA)II2 ∼OH (C24H9D10N3O) (peak 6, Table 2). If this structure
were to have 1 hydroxyl group, it would possess 11 protons.
However, it has only nine protons, thus we propose that
(PADPA)II2 ∼OH possesses a phenoxazine core, as was suggested
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Scheme 2. Proposed Reaction Mechanism of the Oxidation of PADPA with TvL/O2 at pH 3.5 towards the Main Product of the
Reaction with Vesicles, (PADPA)2(•+)
in its Polaron Forma
2

a

PQD (N-phenyl-1,4-benzoquinonediiimine) is formed as an intermediate and can undergo two diﬀerent reaction pathways. The pKa value of the
protonated form of PADPA (PADPAH+) is 4.7. See Junker et al.11 pKa(PQDH+) = 5.6.37

3.7.2. Formation of (PADPA)2(•+)
and Possible Reaction
2
Pathways Involving One Main Intermediate Product. On the
basis of our experiments and in relation to what has been found
and discussed in the literature,10,13,45,46 we propose the following reaction mechanism for the formation of the main product,
(PADPA)2(•+)
(7) (Scheme 2). The formation of the diimine of
2
PADPA, N-phenyl-1,4-benzoquinonediimine (PQD), is assumed
to be an essential step, as emphasized previously for enzymatic
and nonenzymatic reaction conditions.10,13,41,42 With TvL as the
catalyst, this PQD intermediate formation occurs both in the
absence and in the presence of vesicles, whereby PADPA (1) has

to undergo two one-electron oxidation steps: ﬁrst it is oxidized
with TvL/O2 to PADPA•+ and then PADPA•+ is oxidized to
PQD either with TvL/O2 or via a disproportionation reaction. It
is known that quinone diimines are unstable in aqueous, acidic
solutions and undergo deamination and hydrolysis. See, for
example, the kinetic study by Nickel et al.47 PQD can then react
in two diﬀerent ways. It could undergo acid-catalyzed hydrolysis
to form (PADPA)∼OH, which could, in principle, react with
PADPA to form (PADPA)I2∼OH. Alternatively, one PQD molecule and a protonated PQDH+ cation (5) could undergo a coupling reaction,10,13 which after a proton loss at the C10 carbon
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and a proton shift forms (PADPA)2(•+)
(7). PQD could also
2
react with PADPA or with PADPA•+ to form (PADPA)2(•+)
(not
2
shown in Scheme 2). Oligomers containing phenazine units may
also be formed from PQD and another reactive species. Because
of the high reactivity of the molecules involved, it is very diﬃcult
to predict which two molecules or radical cations are most likely
to couple with one another. However, the crucial point for
our purposes is that PQD can “choose” between two diﬀerent
pathways, a coupling or a hydrolysis pathway. It is at this point
that the AOT vesicles play a critical role in controlling the
outcome of the entire reaction, as chemical structure controlling templates.4 On the basis of the experimental results, it is
reasonable to propose that the vesicles completely suppress
the hydrolysis pathway of PQD and instead shift the reactivity of PQD toward the coupling reaction. Consequently,
without vesicles, (i) PQD is hydrolyzed to (PADPA)∼OH,
(ii) (PADPA)∼OH reacts with PQD to form (PADPA)I2∼OH,
(iii) further degradation reactions occur, possible caused by
water, and (iv) PQD couples with PQD to form (PADPA)I2 in
the emeraldine base form.12 In this latter case, the AOT vesicles
play another role; they not only suppress hydrolysis but also
provide the optimal environment for the protonated state
(7) to form. The consequence of this proposed
(PADPA)2(•+)
2
reaction mechanism (Scheme 2) is that the role of the AOT
vesicles as reaction regulators48 emerges naturally.49
3.7.3. Molecular Dynamics Simulation and Radial Distribution Function (rdf) of H2O around PQD. As discussed
above, the AOT vesicle membranes protect PADPA and its
oxidation products from hydrolysis, and we propose that the
intermediate diimine PQD undergoes acid-catalyzed hydrolysis
in the absence of vesicles. Previous molecular dynamics (MD)
simulations showed that nearly all PADPA molecules are
embedded within the AOT vesicle membrane before starting
the reaction.11 On the basis of this previous simulation setup,
the interaction between PQD molecules and an AOT membrane
was also investigated by MD simulation using an equilibration
time of 10 ns. Because of the low pH of the solution (pH 3.5), all
PQD molecules were assumed to be protonated at the primary
imine (PQDH+, 5, pKa = 5.6).37 These MD simulations predict that PQDH+ (5) is also embedded in the AOT membrane.
A snapshot from the MD simulation is shown in Figure 5, which
is a side view of a small part of the AOT vesicle membrane,
including PQDH+ and buﬀer salts. This MD simulation led to the
hypothesis that PQDH+ hydrolysis is hindered in the presence of
AOT vesicles because of its spatial separation from water.
To determine the accessibility of water to PQDH+ from the
MD simulation in both the presence and absence of AOT vesicles, the radial distribution functions (rdf) of the oxygen atom
of H2O around selected atoms of PQDH+ were calculated.
Figure S15 shows the results of this calculation for the carbon
atom directly attached to the primary imine group (C4 atom)
(Supporting Information), where it can be seen that the rdf of
water around PQDH+ in the membrane is about one-third of the
rdf of water around PQDH+ in buﬀer.
Overall, these MD calculations clearly show that PQDH+ is
embedded in the AOT membrane and that its contact with water
is greatly diminished. Therefore, it is reasonable to conclude that
the AOT vesicle membranes suppress the hydrolysis of PQDH+
by hindering the nucleophilic attack of water on C4 of PQDH+
(5). It is also possible that the microenvironment provided by
the AOT vesicles suppresses other degradation reactions. By
suppressing one possible reaction route, the vesicles allow for the

Figure 5. MD simulations of the interaction between protonated
diimine intermediate PQDH+ (5) and an AOT bilayer. A side-view
snapshot of the AOT bilayer (as a wireframe representation) after a
random distribution of seven PQDH+ cations (as a space-ﬁlling model)
and an equilibration time of 10 ns at pH 3.5 is shown. All of the PQDH+
cations are deeply embedded within the AOT bilayer. Buﬀer salt is
shown as green and pink symbols.

coupling reaction that ultimately leads to the formation of the
linear aniline tetramer in its PANI-ES form (7).

4. CONCLUSIONS
The product distribution of the oxidation of PADPA (1) with
TvL/O2 in the presence and absence of AOT vesicles was
determined. In both cases, not only one but several diﬀerent
products were found to form. A schematic summary of the key
ﬁndings is shown in Scheme 3. The presence of AOT vesicles as
dispersed interfaces leads to the formation of a main product,
(PADPA)2(•+)
(7). The vesicles can completely shift the product
2
distribution of the reaction, away from partial hydrolysis and
degradation, which is observed in the absence of vesicles.
(PADPA)2(•+)
(7) is the shortest possible PANI-ES fragment.
2
We propose that the change in product distribution is due to the
diﬀerent microenvironment provided by the hydrophobic AOT
membrane in which the reaction takes place,50 in contrast to the
bulk aqueous solution.50,51 In addition, the AOT vesicles may act
as bulky dopants in order to ensure the correct oxidation state of
(PADPA)I2. In a previous investigation, Shumakovitch et al.10
investigated the same reactionthe oxidation and oligomerization of PADPA with a Trametes laccasenot with AOT vesicles
as templates but rather with SDBS micelles. Although in that
work PANI-ES-type products also formed, it seems that the
products obtained were longer (up to 11mer) than the ones that
we obtained with the vesicles. Whether this diﬀerence is related
to the type of template or to the enzyme used is not clear at the
moment. In any case, it is important to recall that a change in the
reaction conditions with one and the same type of template and
one and the same laccase may have a strong inﬂuence on the
outcome of the reaction.11 The data we present in this article
refer to the experimental conditions we applied (Materials and
Methods).
Conceptually, the template systems discussed here are related
to other reports in the literature where dispersed soft interfaces
in water were also found to promote or inhibit reactions or
shift product distributions in the case of completely diﬀerent
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Scheme 3. Graphical Summary of the Key Findings Presented in This Article on the Oxidation of PADPA with TvL/O2 at pH 3.5
with and without AOT Vesicles

types of reactions.48,52,53 Recent examples include the use of
aggregates of nonionic surfactant TPGS-750-M (so-called
nanomicelles) to decrease the number of side products in various synthesis reactions,54,55 the use of colloidosomes to shift the
product distribution of porphyrin-catalyzed epoxidation toward
the epoxy product and away from other oxidation products,56
and the use of linear−dendritic copolymers for the laccasecatalyzed polymerization of tyrosine to obtain longer polymer
chains than without the copolymers.57 In all cases, it was always
critical to ﬁnd the optimal conditions for the reaction because
small changes in the experimental conditions of complex reaction
mixtures may have strong eﬀects on the outcome of the reaction.
Our contribution can also be embedded within the growing
body of literature that uses an aqueous, environmentally benign
reaction system consisting of dispersed interfaces to control the
course of a synthesis reaction toward desired end products in
terms of yield, quality, and constitution.
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A B S T R A C T

The aniline dimer N-phenyl-1,4-phenylenediamine (=p-aminodiphenylamine, PADPA) was oxidized with
horseradish peroxidase isoenzyme C (HRPC) and hydrogen peroxide (H2O2) to oligo(PADPA) in an
aqueous suspension of 80–100 nm-sized anionic vesicles at pH = 4.3 and at T  25  C. The vesicles were
formed from AOT (=sodium bis(2-ethylhexyl) sulfosuccinate) and served as templates for obtaining oligo
(PADPA) as emeraldine salt form of polyaniline (PANI-ES) in the polaron form. The optimal reaction
conditions for obtaining a stable oligo(PADPA)-AOT vesicle suspension with a high conversion and low
amounts of HRPC were elaborated by using UV/vis/NIR spectroscopy. The formation of PANI-ES type
products was conﬁrmed by in situ UV/vis/NIR, Raman and EPR spectroscopy measurements. However,
HPLC–MS analyses indicated that the oligo(PADPA) products obtained are not only of PANI-ES type, but
that a number of other products formed as well. Some of these were identiﬁed and shown to contain
oxygen atoms (as a result of hydrolysis), others most likely containing phenazine (or phenoxazine)
moieties. The latter is also supported by Raman and UV/vis/NIR spectroscopy measurements. The asobtained oligo(PADPA)-AOT vesicle suspension was also analyzed by cyclic voltammetry, which showed
redox activity of oligo(PADPA) up to pH = 6.0, a property which is beneﬁcial for various applications.
Overall, the work demonstrates the successful use of different complementary and sensitive in situ
spectroscopic methods for following the progress of a complex enzyme-triggered reaction. In addition,
the good solubility of the deprotonated and reduced reaction products in organic solvents allowed us to
use a HPLC–MS analysis for a direct comparison of the product distribution with the previously studied
oxidation and oligomerization of PADPA with Trametes versicolor laccase at pH = 3.5. One of the template
effects of AOT vesicles takes into account possible interactions between AOT and oligo(PADPA).
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
From a number of previous studies it has become clear that
aqueous suspensions of anionic vesicles with a diameter of about
80–100 nm are suitable reaction media for the enzymatic oligo- or
polymerization of aniline [1–6], the aniline dimer N-phenyl-1,4phenylenediamine (=p-aminodiphenylamine = PADPA; the trivial
name is p-semidine) [7,8], or pyrrole [9]. With “suitable” we mean
(i) that the presence of the vesicles as templates has a positive and
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desired inﬂuence on the outcome of the reaction with respect to
the chemical structure of the products formed [10], (ii) that the
reaction occurs with a high monomer conversion, and (iii) that no
signiﬁcant product precipitation is observed. Through an optimization of the reaction conditions in the case of aniline [1–6] or
PADPA [7,8], reaction products can be obtained which resemble the
conductive emeraldine salt form of polyaniline, PANI-ES, in its
polaron state (with unpaired electrons and high absorption in the
near infrared, NIR). This is very similar to the enzymatic
polymerization of aniline with other types of macro- or
polymolecular templates, i.e. anionic polymers [10–17] or anionic
micelles [10,13,17–20]. For the vesicular templates investigated,
those formed from AOT (=sodium bis(2-ethylhexyl) sulfosuccinate)
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were found to be particularly suitable [2–9]. The enzymes used so
far for the polymerization of aniline in the presence of AOT vesicles
include horseradish peroxidase isoenzyme C with hydrogen
peroxide as oxidant (HRPC/H2O2) at pH = 4.3 [2–4] and Trametes
versicolor laccase with dissolved dioxygen as oxidant (TvL)/O2) at
pH = 3.5 [5,6]. However, there are three main disadvantages
associated with using aniline as monomer: (i) generally, a high
amount of enzyme is needed (0.1 g HRPC required for the
conversion of 1.0 g aniline, [3]); (ii) slow reaction and the
formation of over-oxidized products with TvL/O2 [5]; and (iii)
the ﬁnal product mixture is not extractable and can therefore not
be analyzed in detail. Using PADPA as monomer instead of aniline
and TvL/O2 as catalyst/oxidant resolves all three issues [7].
Concerning the amount of enzyme required for the conversion
of 1.0 mM PADPA into oligo(PADPA) products, only 32 nM TvL are
needed [7], corresponding to 10 mg pure TvL for 1.0 g PADPA, as
calculated by taking into account M(PADPA) = 184.2 g/mol and M
(TvL) = 66000 g/mol [21]. The oxidation of PADPA with TvL/O2 in
the presence of AOT vesicles was recently investigated in great
detail by in situ UV/vis/NIR, EPR, and Raman spectroscopy
measurements [8], as well as product analysis by HPLC separation
and detection with a diode array UV/vis and a MS detector [22]. The
latter studies have shown that with AOT vesicles, the main oligo
(PADPA) product formed with TvL/O2 is the PADPA dimer, which is
linear, CN coupled and the shortest aniline oligomer which can
exhibit PANI-ES spectroscopic characteristics [22]. It was found
that this PADPA dimer has a different distribution of unpaired
electrons than ordinary PANI-ES [23]. Another reaction route in the
presence of AOT vesicles leads to the formation of oligomeric,
phenazine-containing species [8,22].
In the work carried out by Shumakovich et al. [24], PADPA was
oxidized and oligomerized with Trametes hirsuta laccase in the
presence of SDBS micelles as templates at pH = 3.8. Also in that
work, the formation of aniline oligomers was reported [24].
The motivation behind the work presented now was to
determine whether PADPA can also be oligomerized efﬁciently
with HRPC/H2O2 to PANI-ES type products by using AOT vesicles as
“chemical structure-controlling templates” [10], like in the case of
TvL/O2 [7,8,22]. Since this was found to be the case, we questioned
whether there exist signiﬁcant differences between the products
obtained under optimal reaction conditions with HRPC/H2O2 and
the products obtained with TvL/O2 [7,8,22], and if yes, what these
differences are. For a direct comparison of the two systems, the
analytical methods applied previously for analyzing the system
with TvL/O2 [7,8,22] were also used for the reaction with HRPC/
H2O2.

suspension were prepared as described previously [2,3,7]. HRPC
stock solution I with [HRPC] = 67 mM was prepared by dissolving
3.89 mg/ml HRPC in the “pH = 4.3 solution”. The exact concentration was determined spectrophotometrically with e403 nm (HRPC) =
1.02105 M1 cm1 [25]. HRPC stock solution II was made by 100
dilution of HRPC stock solution I to yield [HRPC] = 0.67 mM, which
was used for the reaction.
2.3. Reaction of PADPA with HRPC/H2O2 in the presence and absence of
AOT vesicles
The reaction was carried out at room temperature (T = 22–25  C)
either in 2 mL polypropylene Eppendorf tubes1 with a total
reaction volume, Vr, of 0.5 mL, or in 50 mL Schott Duran1
laboratory glass bottles with Vr = 10 mL. For the elaborated optimal
conditions, the reaction mixture was prepared in the following
way (Vr = 10 mL): 1.84 mL “pH = 4.3 solution” was ﬁrst added to the
reaction vessel, then 1 mL AOT vesicle suspension, then 6.67 mL
PADPA solution, then 448 mL HRPC stock solution II, and ﬁnally
50 mL H2O2 solution. For Vr = 0.5 mL, the volumes of the different
solutions were adjusted accordingly. The concentrations in this
optimal reaction mixture were: 2.0 mM AOT, 1.0 mM PADPA, 30 nM
HRPC, 1.0 mM H2O2, pH = 4.3 (0.1 M H2PO4), see Scheme 1. For the
reactions without vesicles (template-free system), the “pH = 4.3
solution” was used instead of the vesicle suspension.
2.4. Characterization methods
UV/vis/NIR, EPR, and in situ Raman spectroscopy measurements
were conducted as described in detail in our previous publication
on the analysis of the reaction of PADPA with TvL/O2 [8]. The
Raman spectra were recorded with the same reaction mixture
(with or without vesicles), without interrupting the reaction (in
situ), by withdrawing 5 mL aliquots of the reaction mixture from
the reaction vessel at speciﬁed reaction times and transferring

2. Experimental
2.1. Chemicals
AOT (=sodium bis-(2-ethylhexyl) sulfosuccinate), ABTS2
(=2,20 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) and PADPA (=p-aminodipenylamine = N-phenyl-1,4phenylenediamine) were purchased from Sigma-Aldrich. HRPC
(=horseradish peroxidase isoenzyme C, product PEO-131, grade I,
lot 2131616000, 287 U/mg) was from Toyobo Enzymes. A “pH = 4.3
solution” was prepared from deionized water, NaH2PO4 (from
Sigma-Aldrich, 99%) and a 1 M solution of H3PO4 (made from a
85 wt% solution from Fluka) to yield a total concentration of 0.1 M
(=[H2PO4 (aq)] + [H3PO4 (aq)]) and a pH value of 4.3.
2.2. Stock solutions and AOT vesicle suspension
The PADPA in “pH = 4.3 solution” (1.5 mM), H2O2 in milli-Q
water (200 mM) and a AOT (20 mM) in “pH = 4.3 solution” vesicle

Scheme 1. Schematic representation of the anionic vesicle system investigated
with indication of the optimal reaction conditions. Unilamellar AOT vesicles with an
average diameter of 80–100 nm were used as templates at pH = 4.3 (0.1 M
NaH2PO4) and T  25  C. The monomer PADPA binds to the negatively charged
vesicle surface and is oxidized by HRPC – which itself is activated (oxidized) by H2O2
– to the PADPA radical cation (PADPA +). Subsequent coupling reactions lead to the
formation of oligo(PADPA), which is a mixture of oligomeric products.
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them into sample wells at the sample slide (more details are given
in Supplementary information of Ref. [8]). All the Raman spectra
are shown after automated ﬂuorescence correction performed by
the OMNIC software (Thermo Scientiﬁc). For the UV/vis/NIR
measurements at the early stage of the reaction, a diode array
spectrometer Specord S 600 from Analytik Jena AG was used with
Hellma quartz cells of 0.1 cm path length. The activity of HRPC in
the reaction mixtures was determined spectrophotometrically
with ABTS2 as substrate and H2O2 as oxidant, as described
previously by Junker et al. [3]. The synthesis of penta-deuterated
PADPA (D5-PADPA) and monodeuterated PADPA (D1-PADPA) as
well as the HPLC-DAD (diode array UV/vis detection) and HPLC–MS
measurements of the products of the reactions were conducted as
described in the recent publication on the detailed structure
elucidation of the products of the oxidation of PADPA with TvL/O2
[22]. For cyclic voltammetry measurements, the reaction mixture
was deposited on a glassy carbon (GC) disk electrode (5 mm
diameter) by the direct drop-casting method followed by drying
with a weak N2 gas stream and then analyzed by cyclic
voltammetry [8]. This approach was chosen because it suppresses
modiﬁcations of the product due to isolation and puriﬁcation and
signiﬁcantly simpliﬁes the procedure [8].
3. Results and discussion
3.1. In situ spectroscopic monitoring of the oxidation and
oligomerization of PADPA with HRPC/H2O2
3.1.1. Optimal reaction conditions
The aniline dimer PADPA can be oxidized in aqueous solution by
HRPC and H2O2, whereby the presence of AOT vesicles has a clear
inﬂuence on the outcome of the reaction. Molecules of PADPA (the
pKa of the protonated form is 4.70 [26]) bind to the negatively
charged vesicle surface and are oxidized by HRPC (isoelectric point
8.8 [27]), which itself is activated by H2O2, see Scheme 1. Formed
PADPA radical cations (PADPA +) participate in subsequent
coupling reactions leading to the formation of oligo(PADPA),
which is a mixture of oligomeric and/or polymeric products,
Scheme 1. Compared to the reaction of aniline [3], the amount of
HRPC required is signiﬁcantly lower (see below). The reaction
products obtained are colored, and depending on whether AOT
vesicles are present or not, the products either precipitate during
the course of the reaction and turn red (no vesicles), or they remain
ﬁnely dispersed without precipitation and turn green (with
vesicles). In order to reach the highest possible conversion
efﬁciency, colloidal stability and yield, the optimal conditions
for the reaction with AOT vesicles were found by systematically
varying the reaction conditions. The following initial composition
turned out to be suitable for obtaining a stable dark green
suspension, which looks at ﬁrst sight like a suspension containing
PANI-ES as desired product: 0.1 M H2PO4 (pH = 4.3), 2.0 mM AOT,
1.0 mM PADPA, 30 nM HRPC, 1.0 mM H2O2, T  25  C (room
temperature), see Scheme 1. The reaction was carried out by ﬁrst
adding a PADPA solution (pH = 4.3) to an AOT vesicle suspension
(pH = 4.3), then adding the HRPC stock solution II (0.67 mM), and
ﬁnally a H2O2 solution to trigger the reaction (see Experimental
Part for details).
3.1.2. In situ UV/vis/NIR absorption measurements
In Fig. 1, the UV/vis/NIR spectra of the reaction with vesicles (1)
and without vesicles (2) after 24 h are shown. With AOT vesicles,
products are obtained which have a high absorption in the NIR
region, at 1000 nm, a narrow band at 415 nm, and an unexpected
band at 600 nm (atypical for PANI-ES). Control reaction mixtures
containing either (i) PADPA, AOT vesicles, and HRPC, but no H2O2,
or (ii) PADPA, AOT vesicles, and H2O2, but no HRPC, did not lead to

Fig. 1. UV/vis/NIR spectra for the oxidation of PADPA (1.0 mM) with HRPC (30 nM)
and H2O2 (1.0 mM) in aqueous solution at pH = 4.3 (0.1 M H2PO4) and T  25  C,
t = 24 h, either in the presence of AOT vesicles at 2.0 mM AOT (spectrum 1, solid line)
or without vesicles (spectrum 2, dotted line, template-free system); Vr = 10 mL, see
Experimental Part. Spectrum 2 is the spectrum which was measured after
dispersing the precipitates that formed in the template-free system. The
wavelength values given in the graph refer to the positions of the band maxima
of spectrum 1.

signiﬁcant changes in the UV/vis/NIR absorption spectrum after
24 h incubation. This indicates that catalyst and oxidant, HRPC and
H2O2, are required for the reaction to occur. Spectrum (1) in Fig. 1 is
similar to the spectrum of the oxidation of PADPA with TvL/O2 in
the presence of AOT vesicles [7,8,22], with one big difference:
when using TvL/O2, the band at 600 nm is not obtained.
Therefore, the product distribution of the reaction of PADPA with
HRPC/H2O2 at pH = 4.3 must be different from that obtained with
TvL/O2 at pH = 3.5. It is obvious that the type of catalyst and oxidant
used, and perhaps the pH, have a clear inﬂuence on the obtained
oligo(PADPA) products. The bands observed at around 1000 nm
and at 415 nm correspond to the polaron form of linear PANI-ESlike oligo(PADPA) chains [3,28]. The shortest oligomer of such a
type is the linear Nprim–C10 coupled PADPA dimer in the halfoxidized ES polaron-like form (structure E, Scheme 2). This aniline
tetramer has indeed been found to be the main product of the
reaction of PADPA with TvL/O2 [22]. Therefore, it can be assumed
that it is also formed with HRPC/H2O2 as one of the products. The
band at 600 nm is not characteristic for ordinary PANI-ES-like
structures. It can be tentatively attributed to relatively short PADPA
oligomeric structures which contain substituted N-phenylphenazine units, based on the Raman measurements (see below). An
example of such structures is Nprim(B)–C10(PADPA) coupled PADPA
trimer in the N-phenylphenazine form (structure K, Scheme 2)
which can be formed by the reaction of branched Nprim–C3 coupled
PADPA dimer (structure B, Scheme 2) with PADPA, leading to the
formation of branched trimer (structure H, Scheme 2), which
further transforms to N-phenylphenazine form K by the oxidation
and subsequent intramolecular cyclization reaction. The support
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Scheme 2. Possible PADPA dimers and trimers obtained from PADPA with HRPC/H2O2 in the presence of AOT vesicles: A) Nprim–C10 coupled dimer in the reduced form, B)
Nprim–C3 coupled dimer in the reduced form, C) Nprim–C10 coupled dimer in the half-oxidized PANI-ES-bipolaron-like form, D) Nprim–C3 coupled dimer in the half-oxidized
bipolaron form, E) Nprim–C10 coupled dimer in the half-oxidized PANI-ES-polaron-like form, F) Nprim–C3 coupled dimer in the phenazine form, G) Nprim(A)–C10(PADPA) coupled
linear trimer in the reduced form, H) Nprim(B)–C10(PADPA) coupled branched trimer in the reduced form, I) Nprim(A)–C10(PADPA) coupled trimer in the partially-oxidized bipolaronlike form, J) Nprim(A)–C10(PADPA) coupled trimer in the half-oxidized PANI-ES polaron-like form, K) Nprim(B)–C10(PADPA) coupled trimer in the N-phenylphenazine form.

for this assignment is from the UV/vis spectra of aniline oligomers
which contain N-phenylphenazine-type units: they display
absorption maxima at similar wavelengths [29–31].
Fig. 2 shows complex time-dependent changes in the UV/vis/
NIR absorption of the reaction with vesicles. At the very early stage
of the reaction (Fig. 2a), after 10 s, two bands appear: one at
500 nm and one at 740 nm. The peak at 285 nm stems from
PADPA. During the next stage of the reaction, between 10 s and
120 s, (i) a new band is formed at 310 nm and (ii) the two initial
bands undergo shifts with a concomitant intensity increase (the
band at 500 nm undergoes a slight shift to 495 nm, and the band at
740 nm is shifted to 850 nm). In the next phase of the reaction (2–
60 min, Fig. 2b), the band at 495 nm decreases, while bands at
413 nm and 1015 nm appear (spectrum 5 in Fig. 2b).

Simultaneously, the intensity of the band at 310 nm decreases,
and the position of the band maximum shifts from 310 nm to
300 nm (spectrum 5 in Fig. 2c). In the third phase (60 min–4 h,
Fig. 2c), further changes in the UV/vis/NIR spectrum are obvious,
most notably a decrease of the absorption intensity at 850 nm to
yield a spectrum (spectrum 9 in Fig. 2c) which is similar to the one
recorded after 24 h (Fig. 1). There are no large spectral changes
anymore between 4 h and 24 h. Fig. 2d is a plot of the timedependent changes in absorbance at 1060, 850, 600, 415, and
300 nm occurring during the reaction, summarizing the preceding
description. Despite the complexity of the reaction and of the
observed spectral changes, the reaction is quite reproducible with
respect to the spectral changes occurring during the reaction and
with respect to the characteristics of the ﬁnal spectrum. In
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Fig. 2. Oxidation of PADPA (1.0 mM) with HRPC (30 nM) and H2O2 (1.0 mM) in aqueous solution at pH = 4.3 (0.1 M H2PO4) in the presence of AOT vesicles at 2.0 mM AOT and
T  25  C. Time dependent changes of the UV/vis/NIR absorption spectrum of the reaction mixture during the course of the reaction. (a) Spectra recorded between 10 s (green
thick line) and 2 min (black thick line) after starting the reaction; (b) spectra recorded before starting the reaction (1) and between 2 min (2, red line) and 60 min (5, green
line); (c) spectra recorded between 60 min (5, green line) and 4 h (9, black line); (d) changes in A1060, A850, A600, A415, and A300 during the reaction. The wavelength given in (a)–
(c) refer to the positions of the band maxima. The arrows in (a)–(c) indicate the directions of the spectral changes with time. Please note that the spectra recorded in (a) were
carried out with a diode array spectrophotometer with a wavelength range between 190 and 1000 nm; for (b) and (c), Vr = 10 mL, see Experimental Part. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. Oxidation of PADPA (1.0 mM) with HRPC (30 nM) and H2O2 (1.0 mM) in
aqueous solution at pH = 4.3 (0.1 M H2PO4) and T  25  C without any vesicles
(template-free system). Time dependent changes of the UV/vis absorption
spectrum of the reaction mixture at the beginning of the reaction. The spectra
were recorded with a diode array spectrophotometer between 20 s (black thick line)
and 2 min s (red thick line) after starting the reaction. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

contrast, complex spectral changes during the course of the
oxidation of PADPA with TvL/O2 instead of HRPC/H2O2 – both times
in the presence of AOT vesicles – do not occur [7,8], indicating that
the two reaction mechanisms are very different.
For the reaction of PADPA with HRPC/H2O2 but without vesicles,
a band appears at 490 nm after 20 s and slightly decreases in
intensity during the next 100 s (Fig. 3). Later on precipitation
occurs, rendering all later UV/vis spectra difﬁcult to interpret. This
illustrates the drastic difference between the reactions with and
without vesicles.
3.1.3. In situ EPR spectroscopy measurements
After 24 h reaction time in the presence of vesicles, products
with absorption in the NIR region are obtained (Fig. 1, curve 1),
indicating the formation of products with unpaired electrons [28].
Indeed, there is also a strong EPR signal. The time dependent
changes of the EPR spectrum in the presence of vesicles are shown
in Fig. 4. There is a strong increase in radical concentration during
the ﬁrst 60 min of the reaction. Without vesicles, no EPR signal can
be detected at least for the early phase of the reaction (Fig. S1).
In the case of the reaction of PADPA with TvL/O2, products with
unpaired electrons were obtained for both the reaction with and
without vesicles, although in the latter case the radical concentration was considerably lower than in the system with AOT vesicles
[7,8]. This direct comparison between the HRPC/H2O2 and the TvL/
O2 systems shows again that they are quite different and also
indicates that the AOT vesicles have a different effect on the two
systems. It seems that the PADPA radicals produced by HRPC/H2O2

Fig. 4. Oxidation of PADPA (1.0 mM) with HRPC (30 nM) and H2O2 (1.0 mM) in
aqueous solution at pH = 4.3 (0.1 M H2PO4) in the presence of AOT vesicles at
2.0 mM AOT and T  25  C; Vr = 10 mL, see Experimental Part. Time dependent
changes of the EPR spectrum of the reaction mixture during the course of the
reaction. (a) Spectra recorded at 1, 2, 4, and 10 min after starting the reaction; (b)
spectra recorded at 20, 60, 90, and 120 min after starting the reaction; (c) changes in
the integral of the EPR absorption signal (integral of the signals in (a) and (b))
between 3450 and 3510 G during the reaction. For (a) and (b), dA/dB is the derivative
of the absorption.

in the absence of vesicles are short-lived and form products which
do not have a noticeable amount of unpaired electrons.
3.1.4. In situ Raman spectroscopy measurements of the reaction in the
presence of vesicles
The time-dependent changes of the in situ Raman spectrum of
the reaction of PADPA with HRPC/H2O2 in the presence of AOT
vesicles are shown in Fig. 5 and Fig. S2. Each spectrum is complex
and contains many bands which are tentatively assigned on the
basis of literature [32–41], mainly related to PANI and oligo(PADPA)
synthesized by classic oxidative polymerization. An overview of
the main bands which were recorded and their assignments to
functional groups/type of vibrations are presented in Table 1. In the
following, the time-dependent changes of the different bands and
corresponding functional groups are discussed; the analysis of the
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Fig. 5. In situ Raman spectra of the reaction mixture recorded at various times during the oxidation reaction of PADPA (1.0 mM) with HRPC (30 nM) and H2O2 (1.0 mM) in
aqueous solution at pH = 4.3 (0.1 M H2PO4) in the presence of AOT vesicles at 2.0 mM AOT and T  25  C, Vr = 10 mL, see Experimental Part. The reaction times at which the
spectrum was measured were 1, 5, 12, 20, 30, 40, 50, 60, 90, and 120 min (from bottom to top).

spectra is grouped according to the bands which are typical for
PANI-ES and bands which are atypical for PANI-ES.
3.1.4.1. Bands typical for PANI-ES in the spectra of intermediates and
products formed in the presence of vesicles. There are a number of
bands which are indicative of benzenoid (B), semiquinonoid (SQ)
and quinonoid (Q) structural units, characteristic for the spectrum

of PANI-ES (Table 1). Their relative intensities vary with reaction
time and a number of them undergo a blue-shift during the
reaction. For example, the intensity ratio of the n(CC)B band
(1624 cm1) and the n(CC)SQ/n(C¼C)Q band (1592 cm1)
increases with time during the ﬁrst 40 min, while the latter
band undergoes a blue shift continuously during the reaction
(1592 cm1 at t = 1 min ! 1599 cm1 at t = 19 days). In addition, a
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Table 1
Overview of the Raman bands for the reaction oxidation of PADPA with HRPC/H2O2, including their assignments to functional groups and vibration types [32–41].
Band [cm1]

Functional group
B = benzenoid
Q = quinonoid
SQ = semiquinonoid
QD = quinonediimine

typical for PANI –
ES
y = yes
n = no

vibration
typea

Comments
Reaction
AOT = with vesicles
TF = without
vesicles

1179–1192

SQ
B
B

y
y
y

d(CH)SQ
d(CH)B
n(CN)B

AOT/TF

y
y
n

n(CN +)p
n(CN +)p
n(CN) or
n(CN +)
n(ring)
n(C¼C)

1222–1225
1263–1266
polarons
1315–1320
1346–1355
polarons
1382
N-phenylphenazine or
localized polaron
phenazine/safranine
1412–1416
1438–1444
branching or intramolecular cyclization/substituted phenazine
oligomers
QD
1485–1495
1511–1515
SQ
1546–1564
phenazine/safranine/phenoxazine
1592–1597
SQ
Q
B
1607–1616
1624
1630–1644
1697
a

B
phenazine, N-phenylphenazine, phenoxazine convoluted with B
carbonyl

n
n
n
y
n
y
y

y
n
n

n(C¼N)QD
d(NH)SQ
?

n(CC)SQ
n(C¼C)Q
n(CC)B
n(CC)B
n(CC)
n(C¼O)

AOT
AOT/TF
AOT
AOT/TF
AOT

delocalized
localized
unclear

AOT
AOT

unclear

TF
AOT/TF
TF
AOT/TF

typical for PANI-EB

AOT

new type of aromatic
ring

AOT
TF
TF

unclear

hydrolysis

Vibration type: n = stretching vibration, d = bending vibration. In parenthesis, the two atoms involved in the vibration are given.

new peak at 1610 cm1, also attributable to n(CC)B vibrations,
slowly develops. Its appearance indicates the formation of a new
type of aromatic ring and a more complex structure of oligo
(PADPA) products compared with PANI-ES. Its intensity steadily
increases, and at longer reaction times it is comparable with the
intensity of the adjacent peak at 1599 cm1 (Fig. S1). Two further
bands, indicative of SQ and B structures, undergo blue shifts during
the reaction: the d(NH)SQ (1511 cm1 at t = 1 min ! 1518 cm1 at
t = 19 days) and d(C
H)B/d(CH)SQ (1179 cm1 at t = 1 min !
1
1184 cm at t = 19 days) bands. There are two n(C
N +)P bands,
attributable to polaronic structures, P, which indicates that at least
some of the oligo(PADPA) products have an oxidation and
protonation state which is comparable to that of PANI-ES. One
band is observed at 1315–1330 cm1; a band at similar
wavenumber range was found in the spectra of ordinary PANIES and was attributed to delocalized polarons [33,35]. The second
n(CN +)P band is observed at 1350 cm1 and indicates a lower
level of polaron delocalization in the products [33]. A contribution
to this band from n(CN+) vibrations in substituted phenazinetype segments is possible [33]. The intensity ratio of the two bands
at 1315–1330 cm1 and 1350 cm1 changes with time, indicating
a gradual reorganization of the polaron structures. During the ﬁrst
50 min the intensity of the band at 1320 cm1 (related to the
band at 1350 cm1) increases, indicating an increase of the
content of more delocalized polaron structures (most probably in
linear half-oxidized protonated structures such as E and J in
Scheme 2). For later times, the peak at about 1350 cm1 becomes
more intense than that at 1330 cm1 (Fig. S2). The relative
intensity of both n(C
N +)P peaks increases during all the time of
reaction, ﬁnally leading to a very strong band (t = 19 days, Fig. S2),
which indicates that the ﬁnal oligo(PADPA) product mixture has
good conductivity.
3.1.4.2. Bands atypical of PANI-ES in the spectra of intermediates and
products formed in the presence of vesicles. For the products of the
PADPA oxidation/oligomerization with HRPC/H2O2 in the presence
of vesicles, a number of further bands which are not associated
with PANI-ES were found, indicating the formation of other
products, as was found previously to be the case for the TvL/O2

system [8]. These PANI-ES atypical bands mainly stem from
phenazine-type structures, perhaps formed via intramolecular
cyclization (B ! F or H ! K in Scheme 2). Their assignments are
still under discussion. For example, the weak band at 1445 cm1
which is formed in the beginning of the reaction and persists until
the end, combined with a slight intensity increase and a red shift
(1445 ! 1438 cm1) with reaction time, is not characteristic for
“ordinary” PANI-ES [35] and may arise from chain branching (e.g. B
and D dimers, H trimer in Scheme 2) and/or intramolecular
cyclization (e.g. F dimer, K trimer in Scheme 2). Generally, it is
attributable to ring C¼C stretching vibrations [32], possibly in
short chains/short branches, or in substituted phenazine- and Nphenylphenazine-type oligomers. Indeed, the Raman spectra of
phenosafranine and its oligomers have a band at about 1450 cm1
that was assigned to ring stretching vibrations [29] and to
substituted phenazine-type units formed by intramolecular
oxidative cyclization processes, and pure phenazine has a weak
Raman band at 1458 cm1 [36]. This indicates, as already
discussed in the previous section (UV/vis/NIR data), a relatively
high abundance of phenazine-like structural units in the products
obtained (Scheme 2). Another band which may be attributable to
phenazine-type units can be seen at 1412–1416 cm1, whose
intensity decreases with increasing reaction time. The shoulders/
peaks at about 1570 cm1 and 1550 cm1 can also be attributed to
phenazine-, phenoxazine-, or safranine type segments [33,34,36–
38]. Finally, the band present at 1382 cm1 already 1 min after
starting the reaction decreases during the reaction until it
disappears after 1 day (Fig. S2). The origin of this band is open
for discussion. Possible assignments are n(C
N+) vibrations in Nphenylphenazine units, and/or n(C
N +)P vibrations in localized
polaron sites [33].
Overall, the in situ Raman spectra of the reaction mixtures of
PADPA with HRPC/H2O2 at pH = 4.3 in the presence of AOT vesicles
are similar to the in situ Raman spectra of the reaction mixtures of
PADPA with TvL/O2 at pH = 3.5 in the presence of the same type of
vesicles [8]. However, one of the most important differences is
seen regarding the band at 1440 cm1, which is relatively strong
for the system with HRPC/H2O2, while it is relatively weak for the
system with TvL/O2 (positioned at 1450 cm1) [8]. Based on this
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difference and on the absence of a 600 nm band in the vis spectrum
of the products obtained with TvL/O2, we conclude that the
absorption at 600 nm in the vis spectrum (Fig. 2) is most probably
related to short chains containing phenazine-type units.
Based on the comparison of the in situ Raman spectra of the
oligo(PADPA) products formed in advanced stages of the reactions
with the vesicles (e.g. 3 days) using HRPC/H2O2 (Fig. S2) and TvL/O2

97

[8], it can be deduced that the mass fraction of products with
structural “defects” (such as N-phenylphenazine and/or phenazine-like structures, branches) in relation to the mass fraction of
PANI-ES-like products is higher in the case of the reaction with
HRPC/H2O2 than for the reaction with TvL/O2 [8]. The inﬂuence of a
different starting pH value (4.3 vs. 3.5 in cases of HRPC/H2O2 and
TvL/O2, respectively) on the mechanism of the PADPA

Fig. 6. In situ Raman spectra of the reaction mixture recorded at various times during the oxidation reaction of PADPA (1.0 mM) with HRPC (30 nM) and H2O2 (1.0 mM) in
aqueous solution at pH = 4.3 (0.1 M H2PO4) and T  25  C without any vesicles (template-free system), Vr = 10 mL, see Experimental Part. The reaction times at which the
spectrum was measured were 1, 5, 12, 20, 30, 40, 52, 60, 90, and 140 min (from bottom to top).
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oligomerization and the subsequent distribution of the different
products is possible, similarly to the chemical polymerization of
aniline [42,43] where a lower pH acts in favor of the formation of
more regular, para-coupled linear chains.
3.1.5. In situ Raman spectroscopy measurements of the reaction in the
absence of vesicles
The ﬂuorescence background was very strong in the case of the
reaction performed in the absence of AOT vesicles. This may be the
reason for more noisy Raman spectra of this system (template-free
system, Fig. 6 and Fig. S3) compared with the spectra of the
reaction mixture with vesicles (Fig. 5 and Fig. S2).
3.1.5.1. Bands typical for PANI-emeraldine base (EB) and PANI-ES in the
spectra of intermediates and products formed in the absence of
vesicles:. One of the most important differences between the
Raman spectra recorded during the reaction of PADPA with HRPC/
H2O2 in the presence and absence of AOT vesicles is that without
vesicles, the n(CN +)p bands are either absent or weak. For longer
reaction times (see Fig. S3), the n(CN +)P band at about
1340 cm1 [35,39,40] is somewhat stronger but its relative
intensity is still much lower than that of the n(CN +)P band in
the corresponding spectra for the reaction with AOT vesicles (see
Fig. S2). This suggests that the conductivity of the reaction products
obtained without vesicles must be low. Bands which can
nevertheless be attributed to standard PANI structures can be
found, see Table 1. These include functional groups such as SQ, Q
and B structures. Furthermore, in the spectra recorded at longer
reaction times (t = 1, 3 and 19 days, Fig. S3) a new band appears at
about 1485–1495 cm1 which can be attributed to the C¼N
stretching vibrations in quinonedimine (QD) units, n(C¼N)QD. The
presence of such a band is not characteristic of PANI-ES but is
instead typical of non-conducting forms of PANI (e.g. the
emeraldine base, PANI-EB) [33].
3.1.5.2. Bands atypical for PANI-EB and PANI-ES in the spectra of
intermediates and products formed in the absence of vesicles. Again,
as was found in the reaction with vesicles, bands which are atypical
of PANI are also formed in the absence of vesicles. Two bands
which indicate the presence of phenazine, N-phenylphenazine
(Scheme 2), phenoxazine or safranine structures were found at
1644–1630 cm1 and at 1564 cm1, with a red shift observed at
later times (1564 ! 1546 cm1). The shoulder at 1677 cm1
observed at times before 90 min and the peak observed at
1690 cm1 at t = 90 min and 140 min (Fig. 6) and later (Fig. S3)
correspond to n(C¼O) vibrations [32] and indicate the likely
hydrolysis of iminoquinonoid (C¼N) groups to carbonyl groups
(C¼O) at oligo(PADPA) chain ends [34]. This hydrolysis does not
seem to occur to a large extent when AOT vesicles are present in
the system (see also 3.1.7).
The in situ recorded Raman spectra of the reaction of PADPA
with HRPC/H2O2 at pH = 4.3 without vesicles are signiﬁcantly
different from the in situ recorded Raman spectra of the reaction of
PADPA with TvL/O2 at pH = 3.5 without vesicles [8]. Therefore, the
reaction mechanisms with the two catalyst/oxidant systems must
be different. One of the most important differences is that in the
early period, n(C
N +)P bands are clearly seen in the spectra for
the template-free TvL/O2 system [8], while for the template-free
HRPC/H2O2 system these bands are not present at all during the
same time period (Fig. 6). This is an indication that a C
N type of
coupling between PADPA molecules and the formation of cation
radical structures (C
N +)P does not take place during the early
stage in the template-free HRPC/H2O2 system. This is in full
agreement with the EPR spectra (Fig. S1) and the HPLC analysis (see
below) of the reaction without vesicles. Furthermore, the Raman
spectra of oligo(PADPA) obtained with HRPC/H2O2 in the template-

Fig. 7. Changes in the activity of HRPC during the oxidation/oligomerization of
PADPA (1.0 mM) with HRPC (30 nM) and H2O2 (1.0 mM) in aqueous solution at
pH = 4.3 (0.1 M H2PO4) and T  25  C, either in the presence of AOT vesicles at
2.0 mM AOT (ﬁlled circle) or without vesicles (empty square, template-free system).
Vr = 10 mL; the activity was measured at room temperature with 0.25 mM ABTS2 as
a substrate and 50 mM H2O2 as an oxidant at pH = 6.0, see Experimental Part for
details. The values given are relative values which are related to the activity
determined immediately before starting the reaction (t = 0 min). The two dotted
lines mark t = 1 and 2 h, respectively.

free system support the formation of oxygen-containing products,
as was found previously for the reaction of PADPA with TvL/O2
without vesicles [8,22].
3.1.6. Changes in the HRPC activity during the reaction of PADPA with
HRPC/H2O2
The peroxidase activity of HRPC in the reaction suspension was
analyzed with ABTS2/H2O2 during the course of the reaction. The
results are shown in Fig. 7. They indicate that the activity of HRPC
rapidly decreases to about 70% of the initial value after a reaction
time of only 1 min, both for the reaction mixture with and without
vesicles. After 13 min, there is almost no HRPC activity left in the
reaction with vesicles, while in the reaction without vesicles, HRPC
still retains 26% of its initial activity. After at least 4 h, the enzyme is
completely inactive in both systems. This suggests that the
observed spectroscopic changes for the reaction with vesicles
after 10–40 min, see Fig. 2 (e.g. increase in A1060nm) and Fig. 4
(increase in concentration of unpaired electrons) are not due to a
direct involvement of active HRPC. This is similar to what was
found in the case of the AOT vesicle assisted oxidation and
polymerization of aniline with HRPC/H2O2, see [3].
3.1.7. HPLC–DAD and HPLC–MS measurements
High performance liquid chromatography (HPLC) coupled with
a diode array detector (DAD) or a mass spectrometer (MS)
complements the Raman spectroscopy measurements. In the
manner in which the samples were prepared for HPLC (
deprotonation, extraction, reduction [22]), information on the
protonation and redox states of the products is lost. However,
valuable information is obtained on the number of products
formed, the individual UV/vis spectra, the polarity, the mass and
thus molecular formula, and, with selective deuteration [22], the
constitution of the deprotonated and reduced products. Thus,
chromatograms of the reaction products extracted at selected
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Fig. 8. HPLC–DAD results of the reaction with vesicles (a) and without vesicles (b). Reaction mixtures: 1.0 mM PADPA, 30 nM HRPC, 1.0 mM H2O2, pH = 4.3 (0.1 M H2PO4),
T  25  C, either in the presence of AOT vesicles at 2.0 mM AOT (a) or without vesicles (b); Vr = 10 mL, see Experimental Part. Samples were withdrawn from the reaction
mixtures, deprotonated with ammonia, extracted into methyl-t-butylether (MTBE) and then reduced with hydrazine (N2H4) in acetonitrile; afterwards, the acetonitrile
solutions containing a mixture of reduced products were applied onto a reversed phase C18 column, see Luginbühl et al. [22] for the experimental details [22]. In (c), a
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times from the reaction with and without vesicles were recorded at
310 nm, using a reverse phase column with a water-acetonitrile
gradient [22]. The molecular masses of the detected peaks were
determined with the MS. The same was then done for the products
formed from selectively deuterated PADPA, where the entire
second ring of PADPA or only the C10 position was deuterated (D5PADPA or D1-PADPA, [22]). By determining the exact number of
deuterium atoms in the various products by using the MS as a
detector, the localization of the bond formation site of two or more
PADPA molecules with each other for the formation of a certain
product, i.e. coupling modes, can be determined, e.g. whether there
is a coupling in para- or ortho- position related to the NH2 group.
This gives information on different reaction routes. For more
detailed information on the sample preparation, see Luginbühl
et al. [22].
3.1.7.1. Products formed with AOT vesicles. The time-dependent
chromatograms of the reaction with vesicles are shown in Fig. 8a
up to a reaction time of 24 h. For the sake of clarity, the
chromatogram after 2 h is also shown in Fig. 8c (top).
Immediately after starting the reaction (reaction time (rt) of
5 s), not only the peak originating from PADPA is visible at rt
20 min, but also several other peaks originating from
intermediate products. During the next minutes, the PADPA
peak steadily decreases but is still visible after 120 min (peak 1
in Fig. 8c), or even after 24 h. The peak with a rt of 21 min (peak 2 in
Fig. 8c) was determined to be the hydrolyzed form of PADPA, which
is formed by replacing the terminal amino group with a hydroxyl
group. With vesicles, its content seems to slightly decrease over
2 h. The peak at rt = 34 min (peak 4 in Fig. 8c) stems from the linear,
Nprim–C10 coupled PADPA dimer (PADPA)2 (Scheme 2) which was
determined to be the main product of the reaction of PADPA with
TvL/O2 with vesicles [22]. It is most likely that this species is
primarily responsible for the typical PANI-ES bands in the Raman
spectra (see Table 1). The intensity of the peak at rt = 34 min after
1 h is about one quarter of that of the TvL/O2 system after the same
reaction time. In the reaction with HRPC/H2O2, the peak from
(PADPA)2 appears suddenly after a reaction time of 5 s and
increases in intensity until 2 h (peak 4 in Fig. 8c). Peak 3 in Fig. 8c is
most likely an aniline trimer, and peak 5 a PADPA trimer, both of
unknown constitution. Finally, there is a cluster of peaks with a rt
between 52 and 60 min (the main peaks are labeled with 6, 7, and 8
in Fig. 8c). A high rt indicates that these molecules are quite apolar
(or long!) and thus are structurally different from (PADPA)2. In
addition, their UV/vis spectra are also fundamentally different than
the UV/vis spectrum of (PADPA)2, see Fig. S4. The spectra of the
peaks eluting with high rt have all a maximum at 500 nm. MS
analysis shows that all these peaks at higher rt stem from PADPA
oligomers with three to ﬁve PADPA units ((PADPA)3–5) and their
corresponding hydrolysis products. For example, the peak with
rt = 56 min (peak 7 in Fig. 8c) stems from a PADPA trimer. This
oligomer, and the others, are not typical PANI chains, and must be
formed by two or more bond formation steps via coupling in orthoposition, based on the HPLC–MS measurement with D5-PADPA, see
also [22]. Cyclization reactions after C
N coupling in orthoposition to NH2 group are very likely to occur, leading to the
formation of colored, phenazine-type oligomers. Thus, the HPLCDAD and HPLC–MS measurements complement the UV/vis and
Raman spectroscopy analysis, which indicate that a signiﬁcant
number of phenazine products are formed, with a higher
abundance than in the reaction of PADPA with TvL/O2 [8,20]. In
addition, in the reaction of PADPA with HRPC/H2O2 in the presence
of vesicles, all dominant products were found to have undergone to

some extent hydrolysis – PADPA, (PADPA)3–5 – except (PADPA)2.
This (a) demonstrates the importance of intact, non-hydrolyzed
(PADPA)2 for obtaining the expected PANI-ES signal response in
EPR and UV/vis spectroscopy, and (b) is another big difference
between this reaction and the reaction of PADPA with TvL/O2 in the
presence of AOT vesicles, where no hydrolyzed products were
found at all [22].
3.1.7.2. Products formed in the absence of vesicles analyzed with
HPLC. The HPLC chromatograms of the reaction without vesicles
are shown in Fig. 8b for reaction times up to 24 h. For a reaction
time of 2 h, see also Fig. 8c (bottom). The UV/vis spectra of the two
main chromatographic peaks (a and b in Fig. 8c) are given in Fig. S5.
As discussed above for the reaction with vesicles, at reaction time
of 5 s, not only PADPA (at rt = 20 min), but also a small amount of
hydrolyzed PADPA is visible at a rt = 21 min. This latter peak
develops and steadily increases during the reaction. For the ﬁrst
60 min of the reaction, no other products are formed. This roughly
coincides with the Raman spectroscopy measurements, where no
polaron signals are seen for the ﬁrst phase of the reaction (Fig. 6).
Later on, after 60 min, other products are nevertheless formed.
They are different from the ones obtained with vesicles, and are
formed to a much lower extent. Weak evidence for the formation of
(PADPA)3–5, hydrolyzed (PADPA)3-5, and both non-hydrolyzed and
hydrolyzed (PADPA)2 was found. Analysis of the reaction mixtures
after 24 h showed that product transformations still occurred in
the template-free system if the reaction mixture is kept for more
than 1 h (Fig. S6a, bottom). The most intense peak after 24 h is at
rt = 34 min (peak c in Fig. S6a bottom and Fig. S6b). It originates
from hydrolyzed (PADPA)2, most likely formed via a coupling
reaction of PADPA and hydrolyzed PADPA. In contrast, in the
presence of vesicles there was no further change in the product
distribution obtained after a reaction time of 2 h (see Fig. S6a, top).
To summarize, these measurements show that with AOT
vesicles, the yield of hydrolyzed PADPA is minimized, the
hydrolysis of (PADPA)2 is completely suppressed, and the formation of (PADPA)2 as PANI-ES is favored. Thus, the HPLC–MS
measurements show that the vesicles (i) prevent, but not
completely suppress, hydrolysis, (ii) increase the formation of
(PADPA)2, and (iii) provide the optimal environment so that the
protonation and oxidation state of (PAPDA)2 resembles that of
PANI-ES (Nprim-C10 coupled PANI-ES, Scheme 2).
3.2. Cyclic voltammetry measurements
The reaction mixture can be deposited on a glassy carbon
electrode for cyclic voltammetry measurements without preceding
isolation and puriﬁcation of the products [8]. In this way, a
complex pH-dependent electrochemistry of oligo(PADPA) was
observed (Fig. 9), as previously with the TvL/O2 system [8]. The
most important observation is that the redox activity of the AOTcontaining products is preserved at increased pH values up to
pH = 6.00, which points to a beneﬁcial role of AOT vesicles
combined with enzymatic oligomerization, as PANI typically loses
its electro-activity when the pH is above 5 [44]. Despite the
complexity of the current response and the well-known effect of
anions [45,46], which make it difﬁcult to provide a detailed
mechanism of the electrochemical reactions of oligo(PADPA), the
electrochemical behavior reveals the crucial role of the catalyst/
oxidant and AOT vesicles on the obtained products.
At pH = 1.14, the cyclic voltammogram of oligo(PADPA) produced in the presence of AOT vesicles (Fig. 9A, curve 1) is similar to
that of PANI [45]. Two anodic peaks are observed at 0.3 and 0.56 V

comparison is made of the chromatograms as obtained after a reaction time of 2 h with AOT vesicles (top) and without vesicles (bottom). The absorption spectra of the main
peaks (1–8 and a, b) are given in the Supporting information, Figs. S4 and S5 .
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Fig. 9. Cyclic voltammograms of GC electrode modiﬁed by direct drop-casting the ﬁnal reaction suspension with AOT vesicles (red circles, curve 1) recorded at different pH: A
– 1.14, B – 3.04, C – 6.00. Voltammograms were recorded in quiescent N2-purged solutions at a common polarization rate of 20 mV s1. At pH = 1.14 oligomerization product
obtained in the template-free system was also found to be redox active (blue circles, curve 2). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

vs. SCE, while the corresponding cathodic peaks are located 0.17
and 0.43 V vs. SCE. As well accepted in the literature, the redox
couple located at lower potentials is ascribed to the interconversion between the leucoemeraldine and the ES form of PANI-like
segments, while the second redox couple found at higher anodic
potentials is due to the redox transformations of the ES to the
pernigraniline form [45]. Although the cyclic voltammograms of
oligo(PADPA) products formed with HRPC/H2O2 in the presence of
vesicles evolve in a similar way with increasing pH as the cyclic
voltammograms of the products obtained with the TvL/O2 system
do [8] (Fig. 9A–C), in the HCl containing solutions (pH = 1.14 and
3.04) the current response associated with emeraldine $ pernigraniline transformations is more pronounced than in the case of
the TvL/O2 system. This supports the general ﬁndings of the
spectroscopic measurements, suggesting that the catalyst/oxidant
(HRPC/H2O2 vs. TvL/O2) has a clear inﬂuence on the products
obtained. At the upper pH limit investigated here (pH = 6.00), the
successive anodic and cathodic processes almost completely
merge, resulting in overlapped current peaks associated with
oxidation and reduction of oligo(PADPA) (Fig. 9C).
The electrochemical behavior of the oligo(PADPA) products
obtained with and without vesicles is quite different. Similarly to
oligo(PADPA) produced with TvL/O2 [8], the products formed
without vesicles were found to be redox active only under very
acidic conditions, pH = 1.14 (Fig. 9A, curve 2), which is possibly due
to the much lower conductivity of the products in comparison to
their counterparts obtained in the presence of vesicles. It is clear
that the presence of AOT vesicles is essential for the preservation of
the redox activity of the oligo(PADPA) products at high pH values,
which is important for numerous applications.
3.3. Insight into the chemical structure-controlling (template) effect of
AOT vesicles
The results of the present and our recent investigations
[7,8,22,23], by UV/vis/NIR, EPR, Raman, HPLC and CV, of the
oligo(PADPA) products synthesized enzymatically with and
without vesicles conﬁrm that AOT vesicles act as a chemical
structure-controlling agent (template) during the oxidation/oligomerization of PADPA with both the HRPC/H2O2 and the TvL/O2

enzyme/oxidant systems, enabling a high abundance of products
in polaronic ES-like form, mainly (PADPA)2. The vesicles encourage
the coupling of two PADPA molecules towards (PADPA)2 and
prevent the formation of hydrolyzed (PADPA)2; the vesicles
promote one reaction pathway and prevent another one [22].
Based on the literature [28], (PADPA)2 and higher oligomers of
PADPA in ES-like form obtained in the presence of vesicles must
exist predominantly in an expanded coil conformation, as strongly
indicated by the absorption band at 1000 nm in the UV/vis/NIR
spectrum (Fig. 1). On the other hand, in the analogous systems
without vesicles, the results showed that the structures of the
oligomeric products do not contain delocalized polarons or their
amount is negligible. The templating effect of AOT is partially a
conformation-controlling and electronic structure-controlling effect.
These effects are due to the negative surface charge of AOT vesicles,
due to R-SO3 groups. Thus, the AOT surface electrostatically
attracts the positively charged radical cations (
NH +). This may
stabilize the expanded coil conformation of (PADPA)2 and higher
oligomers in ES-like delocalized polaron form (polaron lattice) and
provide PADPA and its intermediate with a microenvironment (and
a low water activity), inhibiting hydrolysis [22]. In addition, there is
a high local concentration of PADPA on the vesicles’ surface, which
encourages coupling towards (PADPA)2 and (PADPA)3-5. AOT anions
act as dopant anions (counter-ions) for the positively charged
oligomeric backbone. Besides attractive electrostatic ion-ion
interactions between a positively charged (PADPA)2 molecule in
its ES form and the negatively charged outer surface of an AOT
vesicle (Scheme 3a), hydrogen bonds of O  HN type between the O
atom in the carbonyl or sulfonate groups of AOT and the H atom
from the NH + groups of PADPA oligomers are additional possible
attractive interactions (Scheme 3b). The H-bonding interaction
could also be three-centered (bifurcated), where the H atom from
an NH+ group simultaneously interacts with the O atom from the
carbonyl group and an O atom from the sulfonate group, forming a
six-membered ring (Scheme 3b) [47]. Once (PADPA)2 is formed, it
is likely that the average distance between two adjacent AOT
molecule heads at the vesicle surface corresponds well to the
distance between two adjacent positively charged nitrogen atoms
in the delocalized ES form of (PADPA)2 (or higher ES-like
oligomers), as illustrated in Scheme 3. Such appropriate structural
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phenoxazines; both in a higher abundance than in the case of
oligo(PADPA) obtained with TvL/O2 with vesicles [8].
(iii) PADPA and the longer PADPA oligomer products, (PADPA)3–5,
obtained with HRPC/H2O2 in the presence of vesicles contain
oxygen atoms (HPLC–MS analysis of the extracted, deprotonated and reduced products) as a result of hydrolytic
reactions, occurring in both cases already at the very early
stage of the reaction. This is different from oligo(PADPA)
obtained with TvL/O2, where the presence of AOT vesicles
completely suppress all hydrolysis reactions [22]. Whether
these differences are due to the different pH values used for
the reactions or whether they are due to the differences in the
enzyme/oxidant system remains to be clariﬁed.
(iv) The oligo(PADPA)-AOT vesicle suspension obtained with
HRPC/H2O2 can be used for coating glassy carbon electrodes.
The resulting ﬁlm not only has a redox activity at pH  1.0 or
3.0 (typical for PANI-ES [44]), but also at pH  6.0 (CV
measurements), which is potentially useful for numerous
applications such as in the ﬁeld of electrochemical biosensors.
The same was also observed for the oligo(PADPA)-AOT vesicle
suspension obtained with TvL/O2 [8]. The product obtained
without vesicles is redox active only under very acidic
conditions (pH  1.1).

Scheme 3. Schematic illustration of the suggested a) attractive electrostatic ion-ion
interaction between a positively charged (PADPA)2 molecule in its separated
polaron state (ES form) and the negatively charged outer surface of an AOT vesicle,
b) hydrogen bonding interactions between (PADPA)2 molecule in its ES form and
AOT at the vesicle surface; the dashed lines indicate possible H-bonding, whereby
the H-bond to the sulfonate O-atom is probably favored; the H-bonding could also
be three-centered (bifurcated), including simultaneously H atom from NH+ group,
O atom from carbonyl group, and O atom from sulfonate group, and forming a sixmembered ring.

geometry may act in favour of internal rearrangement of charged
dication structures (bipolarons) to delocalized polaron structures.
This hypothesis remains to be proven.
4. Conclusions
There are the following main conclusions which can be drawn
from the results obtained in this basic research study.
(i) PADPA can be oxidized with small amounts of HRPC and with
H2O2 as oxidant to yield under optimal reaction conditions in
the presence of AOT vesicles oligo(PADPA) products which
resemble PANI-ES in its polaron state (see Scheme 1). The
main product is (PADPA)2. For a conversion of 1.0 g PADPA,
7 mg HRPC is required, as calculated by taking into account
M(PADPA) = 184.2 g/mol and M(HRPC) = 44,000 g/mol [48].
This is comparable to the situation with TvL/O2. In both cases,
the oxidation of PADPA is much more efﬁcient than the
oxidation of aniline [3,5], see Introduction.
(ii) The oligo(PADPA) products obtained with HRPC/H2O2 in the
presence of AOT vesicles undoubtedly contain detectable
amounts of phenazine-type products (UV/Vis/NIR absorption
at 600 nm and Raman measurements) and possibly

Independent of whether PADPA is oxidized/oligomerized with
HRPC/H2O2 (this work) or with TvL/O2 [7,8,22], the AOT vesicles
have a positive effect as “templates” on the outcome of the reaction
(formation of PANI-ES-like compounds as main products, decreased or absent hydrolytic side reactions). It is, however, also
clear that oligo(PADPA) is a mixture of compounds and not an
individual molecule. Obtaining a mixture of different compounds
instead of one single product may not necessarily be a disadvantage in terms of properties, it may even be an advantage (especially
concerning the electrochemical behavior). This is what needs to be
explored further. Studies on the application of the as-obtained
oligo(PADPA)-AOT vesicle suspension containing PANI-ES-like
products are ongoing. Due to the high colloidal stability, which
is one criteria during the reaction optimization (no product
precipitation, see Introduction), we have already demonstrated
that the as-obtained reaction suspensions can not only be used for
coating electrodes, but also as ink in a commercial inkjet printer
[5]. This makes handling the reaction products much easier,
similarly to most of the other template- assisted enzymatic
polymerization reactions [11–20,24].
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A Novel Role of Vesicles as Templates for the Oxidation and
Oligomerization of p-Aminodiphenylamine by Cytochrome c
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The oxidation and subsequent oligo- or polymerization of aniline or the N-C-para coupled aniline dimer
p-aminodiphenylamine (N-phenyl-1,4-phenylenediamine) with H2O2-dependent heme peroxidases in aqueous
medium at pH = 4.3 is strongly inﬂuenced in a positive way by the presence of anionic polymers, micelles or vesicles
as soft ‘templates’ (macromolecular or polymolecular additives), to yield products which resemble the emeraldine salt
form of polyaniline (PANI-ES). The positive effect the templates exert on the reaction mainly originates from
interactions between the templates and the monomers, reaction intermediates and products, whereby the reaction
occurs localized in the vicinity of the templates, suppressing undesired side reactions. As shown in the present work,
the templates may even play an additional role, depending on the type of catalyst. Through interactions between
the heme protein cytochrome c and anionic vesicles, cytochrome c gains increased peroxidase activity. In this way,
the templates not only serve for hosting the oxidation and oligo- or polymerization reactions for obtaining PANI-ES
type products, but also simultaneously activate the catalyst in order to trigger the reaction.
Keywords: Biocatalysis, Conducting materials, Oxidoreductases, Polymerization, Vesicles.

Introduction
From a large number of related studies it is known that
the enzymatic oxidation/polymerization of aniline (1;
Fig. 1) in slightly acidic aqueous solution may beneﬁt
from the presence of nanoscaled macromolecular or
polymolecular additives, so-called ‘templates’. Beneﬁcial
templates, which inﬂuence (‘guide’) the reaction in a
positive way, are either anionic polymers (e.g., sulfonated polystyrene),[1 – 14] anionic micelles (e.g., from
sodium dodecylbenzenesulfonate),[3][15 – 21] or anionic
vesicles (e.g., from sodium bis(2-ethylhexyl)sulfosuccinate, AOT).[22 – 26] In the presence of such dispersed
sub-micrometer-sized templates, the products obtained
under optimal conditions with an enzyme that can
oxidize aniline, are very different from the products
obtained under comparable conditions without templates. Recently, the same was also found for the aniline
dimer N-phenyl-1,4-phenylenediamine (= p-aminodiphenylamine, PADPA (2), Fig. 1).[27 – 30] In all

1
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mentioned cases of 1 or 2, conditions were found
under which the main products obtained in the presence of the templates are oligomers or polymers which
have characteristic properties that are typical for the
conductive emeraldine salt form of polyaniline (PANIES; 3), see Fig. 1. In at least two examples, the templateassisted enzymatic formation of a PANI-ES type product
from 2 was proven undoubtedly.[31][32] This product
was obtained in suspensions of 80 – 100 nm-sized AOT
vesicles with either Trametes versicolor laccase (TvL) and
dissolved dioxygen (O2) from air at pH = 3.5,[28 – 31] or
with horseradish peroxidase isoenzyme C (HRPC) and
added hydrogen peroxide (H2O2) at pH = 4.3.[32] In the
case of the laccase system, the PANI-ES type product
was found to be the linear N-C-para coupled PADPA
dimer as emeraldine salt (in about 50% yield),[31] i.e.,
the protonated half-oxidized and half-reduced linear
tetraaniline, which is the shortest possible PANI-ES type
molecule. The chemical structure of one of the conductive polaron forms of this PADPA dimer is shown in
Fig. 1 (3, with n = 1).
Other products were formed in lower abundance,
e.g., phenazine containing oligomers.[30][31] In the case
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Figure 1. Chemical structures of aniline (1), PADPA (2) (= paminodiphenylamine = N-phenyl-1,4-phenylenediamine) and one
of the conductive polaron forms of PANI-ES (3), the emeraldine
salt form of polyaniline. The polaron forms have unpaired electrons and show characteristic absorption at ca. 1000 nm.[33][34]
Tetraaniline (n = 1) is the linear N-C-para coupled PADPA dimer.

completely unrelated studies it is known that horse
heart cyt c (isoelectric point, pI = 10)[37] has increased
peroxidase activity when bound to negatively charged
natural or synthetic soft interfaces.[38 – 44] This alteration in peroxidase activity is due to conformational
changes, which lead to a change in the coordination
state of the heme iron, thereby facilitating the access
of H2O2 to the iron atom, so that the heme group can
be oxidized, which is required for the oxidation of a
reducing substrate.[38][41] Well-studied activators of cyt
c are suspensions of cardiolipin-containing lipid vesicles.[42][45] We questioned whether through the interaction of cyt c with anionic AOT vesicles, this heme
protein is activated as well and therefore can be used
as alternative biocatalyst[46] for the oxidation and
oligomerization of PADPA with H2O2, in a similar way
as in the case of HRPC/H2O2.[32] Since this was indeed
found to be the case, an additional role of AOT vesicles as templates could be demonstrated, namely the
role as activator of the enzyme (cyt c), see Fig. 3 for a
schematic representation of the system studied.

of the HRPC/H2O2/AOT vesicle system, the PADPA
dimer was also obtained as emeraldine salt, but in
much lower yield than in the case of the laccase.[32]
Although the template-assisted enzymatic oxidation
and oligo- or polymerization reactions mentioned
above are complex and the products – probably
always – are mixtures of different compounds, it
became clear from many studies that the templates
may play not only one particular role for ‘guiding’ the
reactions, but several roles simultaneously as summarized in Fig. 2.[3][12][24][35][36]
Firstly, the templates accumulate the reacting
monomers (1 or 2) and thereby lead to an increase of
their local concentration and of the local concentration of intermediates.[3][24][31] Secondly, the enzyme
may adsorb on the templates so that the monomer
oxidation mainly occurs localized, in the vicinity of the
template.[24] Thirdly, the binding of reaction intermediates to the vesicles may guide non-enzymatic follow-up
coupling reactions. In addition, the binding of reaction
intermediates and ﬁnal products to the vesicles keeps
them dissolved or ﬁnely dispersed in the aqueous medium in which the reaction is run.[3][24][26] Fourthly, the
templates may protect reaction intermediates and
products from reacting with water (prevention of
hydrolysis).[31] Fifthly, the template may act as counterion (dopant) for PANI-ES type molecules (A in Fig. 1),
and may force these molecules to adopt optimal average chain conformations.[3][32] In the work we present
now, we show that the templates may even play an
additional role.
We investigated the oxidation/oligomerization of 2
in the presence of AOT vesicles with cytochrome c
(cyt c) and H2O2 at pH = 4.3. From previous

Before using cyt c and H2O2 in the presence of AOT
vesicles to oxidize and oligomerize 2 as illustrated in
Fig. 3, we ﬁrst conﬁrmed that the peroxidase activity
of cyt c is increased in the presence of AOT vesicles,
similarly to what is known for AOT micelles[39][40] or
for negatively charged phospholipid vesicles (anionic
liposomes).[38][41 – 44] ABTS2 (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate)) was used as peroxidase substrate[47][48] since it is known that it does not lead to
the formation of oligomeric products which may be
inﬂuenced by the presence of the vesicles, but results
in a stable and spectrophotometrically detectable radical anion (ABTS) with maximal molar absorbance at
and
with
414 nm
(e414 = 36,000 M1 cm1)[49]
additional bands above 600 nm (e734 = 15,000
1
M
cm1).[50] The assay was conducted with the following conditions: pH = 4.3 (0.1M NaH2PO4),
[AOT] = 2.5 mM, [ABTS2] = 0.25 mM, [cyt c] = 1 lM,
[H2O2] = 50 lM, see the Experimental Section. With
these conditions, the reproducibility of the kinetics of
ABTS formation was highest after an incubation
time of 3 h of cyt c with the vesicles at room temperature (ca. 25 °C). Only after this 3 h pre-incubation, a
stable cyt c absorption spectrum was obtained. With
shorter incubation times, the rate of formation of
ABTS occurred with large deviation. It seems that a
3 h pre-incubation was needed for establishing an
equilibrated state of vesicle-adsorbed cyt c.

(2 of 11) e1700027

© 2017 Wiley-VHCA AG, Zurich, Switzerland

www.helv.wiley.com

Results and Discussion
Inﬂuence of AOT Vesicles on the Peroxidase Activity of Cyt c

Helv. Chim. Acta 2017, 100, e1700027

Figure 2. The so far discussed different possible roles anionic vesicles – and other anionic polymolecular assemblies – may play
simultaneously as ‘templates’ in the enzymatic oxidation and oligo- or polymerization of aniline (1), PADPA (2), and related monomers,
see text for details. These roles are a result of interactions between the vesicles and the monomer, enzyme, intermediates, and ﬁnal
products before, during and after the reaction. An additional role of the vesicles in the case of the enzyme is demonstrated in this
work (Fig. 3).

Fig. 4 shows the effect of the vesicles on the initial
rate of ABTS2 oxidation by cyt c/H2O2, as determined
by monitoring the increase in absorbance at 734 nm
due to the formation of ABTS.
It is clear that the initial ABTS2 conversion was
much faster when AOT vesicles were present than
when they were absent. There was about an order of
magnitude difference in the initial rate of ABTS2 oxidation with vesicles (0.147  0.002 lM min1) as compared to the conversion without vesicles (0.012 
0.002 lM min1). Control measurements without cyt c
showed that the increased rate of ABTS2 oxidation in
the presence of AOT vesicles is due to cyt c and not
due to the vesicles alone (data not shown). All
together, these experiments clearly show that the
negatively charged AOT vesicles indeed ‘activate’ the
peroxidase activity of cyt c. A similar effect was also
found for pH = 6.0 conditions, see Fig. S1 in Supporting Information.

Circular dichroism (CD) measurements of the Soret
band region of the spectrum of cyt c clearly indicate
that the increased peroxidase activity of cyt c in the
presence of AOT vesicles is due to a change in the
environment of the heme group, caused by a change
in the tertiary structure (Fig. 5). This is in full agreement with previous investigations of the interaction of
cyt c with anionic phospholipid vesicles formed from
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)[44] or
cardiolipin.[52]
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Oxidation and Oligomerization of PADPA (2) With Cyt c
in the Presence and Absence of Vesicles
After having conﬁrmed that AOT vesicles can induce a
peroxidase-like activity in cyt c due to conformational
changes, the oxidation and oligomerization of 2 with
cyt c/H2O2 in the presence of AOT vesicles was investigated with the aim of ﬁnding out whether a PANI-ES
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Figure 3. Schematic illustration of the concept of the reaction
system investigated. AOT (sodium bis(2-ethylhexyl)sulfosuccinate) in a solution of 0.1M NaH2PO4 (pH = 4.3) above ca. 0.4 mM
assembles into self-closed bilayers (vesicles),[23] which can be
sized down to spherical unilamellar vesicles with diameters of ca.
80 – 100 nm. These dispersed vesicles are used as templates for
the cytochrome c (cyt c)-catalyzed oxidation/oligomerization of
PADPA (2) to poly(PADPA). 2, cyt c and H2O2 are added to the
vesicle suspension. PADPA and cyt c bind to the anionic vesicles,
whereby cyt c binding leads to an activation of cyt c (increased
peroxidase activity), which is due to conformational changes.
The schematic drawing shows a section of a AOT vesicle bilayer.
The concentration of non-associated AOT molecules is about
0.4 mM.[23] One of the dominating oligo(PADPA) products
obtained from 2 with cyt c and H2O2 in the presence of the vesicles is the linear N-C-para coupled PADPA dimer in its emeraldine
salt form (3), see Fig. 1.

Figure 4. Activity assay of cyt c with ABTS2 monitored at
734 nm over the course of 60 min. The ﬁlled circles (1, green)
represent the results from the reaction of ABTS2 (0.25 mM) with
cyt c (1.0 lM) and H2O2 (50 lM) in the presence of AOT vesicles
([AOT] = 2.5 mM); pH = 4.3 (0.1M NaH2PO4); path length: 1.0 cm;
25 °C). The ﬁlled squares (2, red) represent the same reaction but
without vesicles. The increase in peroxidase activity after about
35 min in the absence of vesicles (2) may be due to a pHinduced unfolding of cyt c.[51] The lines drawn are connections
between measured points.

type product can be obtained. The reaction was
tediously optimized in order to achieve the highest
possible conversion of 2 and a high absorption at
ca. 1000 nm (characteristic polaron band transition of
PANI-ES type products, Fig. 1).[28][30][31][33][34] The optimal reaction conditions were found to be:
[AOT] = 2.5 mM, [PADPA] = 1.0 mM, [cyt c] = 10 lM,
[H2O2] = 1.0 mM, pH = 4.3 (0.1M NaH2PO4). A 3 h preincubation of cyt c with the vesicles (see above) inﬂuenced the kinetics of the reaction with 2 in that the
reaction was faster after pre-incubation. However, the
ﬁnal spectra after 48 h with and without incubation
were nearly identical. Thus, the incubation was not
critical for a successful reaction. For this reason, all of
the reaction spectra which are shown here are of the
reaction without prior incubation. Fig. 6a compares
the UV/VIS-NIR spectra of the reaction after a reaction
time of 4 h with vesicles (in green, 1), without vesicles
(in red, 2), and without both cyt c and vesicles (in
blue, 3). As will be shown below, the reaction with
vesicles was not yet completed after 4 h. For the reaction without vesicles, it was not possible to measure

reliably beyond 4 h by using UV/VIS spectroscopy
because the samples became too turbid, and ﬁnally
the reaction products precipitated as ﬁne particles.
Nevertheless, it is clear that the presence of AOT vesicles led to the formation of products with absorption
in the near infrared (NIR) region of the spectrum, at
ca. 1000 nm (band maximum). In contrast, without
vesicles, the products which formed absorbed in the
range from 600 – 800 nm. The small, sharp peak at ca.
400 nm, which is present in the spectra 1 and 2 in
Fig. 6a, stems from cyt c (Soret band of the oxidized form
at kmax = 410 nm with e410 = 106,100 M1 cm1).[53] The
spectrum of the control reaction of 2 and H2O2 without
cyt c and without vesicles after 4 h (Fig. 6a in blue)
shows that without cyt c no products are formed, i.e., the
measured absorption spectrum is the one of 2. Thus, for
the experimental conditions used, in the reactions of 2
with cyt c/H2O2 in the presence and absence of vesicles,
the formation of products which absorbed in the NIR
range (with vesicles) and in the visible range (without
vesicles) was indeed due to cyt c, and not the results of a
pure chemical oxidation of 2.
Fig. 6b shows the EPR spectra of the reaction mixture with and without vesicles, again after a reaction
time of 4 h. These EPR measurements conﬁrm qualitatively the results of the UV/VIS-NIR spectroscopy measurements, in that the AOT vesicles enabled the
formation of a product from 2 and cyt c/H2O2 with a
high content of unpaired electrons (which is typical of
the polaron state of PANI-ES, see 3 in Fig. 1).
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Figure 5. Comparison of the circular dichroism spectrum of cyt c
(10 lM) in the Soret band region in the presence of AOT vesicles (1,
green, ([AOT] = 2.5 mM) and in buffer soln. (3, red); pH = 4.3 (0.1M
NaH2PO4); path length: 0.1 cm; 25 °C. 16 scans were recorded for
the actual spectra (1, 3), two scans for the baselines (2, 4).

Fig. 7 shows the kinetics of the reaction with AOT
vesicles monitored with UV/VIS-NIR spectroscopy after
reaction times of 30 min, 1, 2, 4, 24 and 48 h. After
48 h, the band at 1000 nm reached an absorbance of
about 0.75 (l = 0.1 cm). Compared to the PADPA/AOT
vesicle systems studied previously with the oxidative
enzymes TvL[28 – 31] or HRPC,[32] the reaction with cyt
c was very slow, as in those previous cases the same
absorbance at 1000 nm was reached already after
1 – 2 h.[28][30][32] In addition to the band in the NIR (at
ca. 1000 nm), a band at about 400 nm was also formed
with cyt c/H2O2, see Fig. 7. Both of these bands are typical of a PANI-ES type product.[28][30][31] The peak at
300 nm, which stems from 2, decreased with reaction
time during the ﬁrst 24 h, indicating that 2 was indeed
consumed during the reaction. The broad absorption
band at about 700 nm is atypical of PANI-ES but indicative of phenazine-type products.[32] The band intensity
increased during the reaction and was also observed in
the reaction of HRPC/H2O2 with 2 in the presence of AOT
vesicles,[32] see also Conclusions and Outlook. The kinetics
measured with UV/VIS-NIR spectroscopy seems straightforward because all of the peaks associated with reaction
products simply increased in intensity with reaction time.
There were no peak shifts or isosbestic points, as was the
case for the HRPC/H2O2 reaction.[32] Thus, despite the
fact that cyt c is imitating a peroxidase-type enzyme, the
reaction kinetics was more straightforward and much
slower than the reaction with HRPC.

Figure 6. Comparison of the reaction of PADPA (2) (1.0 mM)
with cyt c (10 lM)/H2O2 (1.0 mM) with AOT vesicles (1, green)
([AOT] = 2.5 mM) and without vesicles (2, red); pH = 4.3 (0.1M
NaH2PO4); ca. 25 °C. a) UV/VIS-NIR spectra of the reactions after
4 h (path length: 0.1 cm), including a control reaction only with
2 and H2O2 after the same amount of time (3, blue); and b) EPR
spectra of the reaction after 4 h.

Although there are similarities between the reactions
carried out with cyt c or HRPC, an HPLC analysis of

the products obtained clearly showed that the differences, which exist in the reaction kinetics (see above),
are also reﬂected in the products obtained in the two
cases. In Fig. 8a, a HPLC chromatogram of the products obtained from 2 with cyt c after a reaction time
of 48 h is shown for the reaction with AOT vesicles.
Elution peak identiﬁcations were done by mass spectrometry, as described previously.[31] In Fig. 8a, the
peak originating from remaining 2 is indicated (peak
1), as well as the three most intense peaks originating
from formed reaction products (peaks 2 – 4). The UV/
VIS absorption spectra of the compounds eluting as
peak 1 – 4 and the corresponding masses are given
in Fig. S2 in Supporting Information. Note, that for this
HPLC analysis the ‘as obtained’ products were ﬁrst
deprotonated, then extracted into an organic solvent,
and then reduced with hydrazine, before they were
analyzed by HPLC;[31] therefore, the absorption spectra
shown in Fig. S2 (Supporting Information) are the spectra of deprotonated and reduced compounds. Based
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reaction with TvL,[31] no hydrolyzed products were
found in the reaction with cyt c with vesicles.

Conclusions and Outlook
With our investigations of the oxidation of PADPA (2)
with the heme protein cyt c and H2O2, a novel role of
dispersed nanoscaled AOT vesicles as templates was
demonstrated. It is the activation of cyt c as catalyst
due to its binding to the vesicles (Figs. 3 and 4). This
binding leads to an increase in peroxidase activity,
which results in the oxidation of 2 and subsequent
Figure 7. Reaction kinetics of the reaction with AOT vesicles
monitored with UV/VIS-NIR spectroscopy up until t = 48 h (path
length: 0.1 cm); ca. 25 °C. For the experimental details, see the
legend of Fig. 6. The peak at ca. 410 nm for the sample measured at the beginning of the reaction (t = 0 h) originated from
cyt c (see Fig. 5 and main text). For the reaction time of 48 h, two
spectra are given to indicate the reproducibility of the measurements. The two spectra were obtained from two independent
reactions for which all stock solutions and the vesicle suspension
were prepared separately. The reaction was completed after
48 h with a high conversion, as judged from the high intensity at
ca. 1000 nm.[32]

on these spectra, the values for the molecular masses,
and the analysis carried out previously,[31] the compounds eluting as peak 2 – 4 could be identiﬁed as
the linear N-C-para coupled PADPA dimer (peak 2), a
PADPA trimer with a phenazine core (peak 3), and a
PADPA tetramer with a phenazine core (peak 4), see
Fig. 8b. The linear PADPA dimer (peak 2) corresponds
to the product which has a maximal absorption at
about 1000 nm in the reaction mixture, see Fig. 7. It is
tetraaniline in its emeraldine salt form (protonated
half-oxidized, half reduced), see Fig. 1 (3, with n = 1).
The PADPA trimer and tetramer with their phenazine cores cause the absorption at ca. 700 nm,
see Fig. 7. The main products found in this reaction
are not any different from the products found for the
reaction using HRPC or TvL as catalyst.[31][32] However,
the product distribution is different. In comparison to
the reaction with TvL/O2, the abundance of the
PADPA trimer in the case of cyt c/H2O2 is about six
times higher, as judged from the intensity of peak 3
monitored at 310 nm. Perhaps as a direct consequence of this, we observe that the yield of the linear
PADPA dimer is about four times higher with TvL/O2
than with cyt c/H2O2. In comparison to the reaction
with HRPC/H2O2, the number of side-products formed
with cyt c is lower, the yield of the PADPA dimer is
about the same, and the yield of the PADPA trimer is
about three times higher. In addition, and in contrast
to the reaction with HRPC[32] and similar to the

Figure 8. a) HPLC-analysis of the reaction mixture in the presence of vesicles after a reaction time of 48 h. For the experimental details for the reaction, see the legend of Fig. 6; and for the
HPLC analysis of the deprotonated and then extracted and
chemically reduced products, see Luginb€
uhl et al.[31] The UV/VIS
spectrum of the molecules eluting after 20.40 min (peak 1),
33 min (peak 2), 55.82 min (peak 3), and 58 min (peak 4) are
given in Fig. S2 (Supporting Information). b) Assignments of peaks
1 – 4.
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further oxidation and oligomerization reactions, which
previously were shown to take place in the case of a
true heme peroxidase (HRPC).[32] Similar to the HRPC/
H2O2 system, the reaction with cyt c is inﬂuenced in a
positive way by AOT vesicles, to yield under the same
pH and salt conditions (pH = 4.3, 0.1M aqueous
NaH2PO4), PANI-ES like products (UV/VIS-NIR absorption and EPR spectroscopy). Therefore, apart from the
novel role of the vesicles as ‘catalyst activator’, there
is great similarity between the AOT vesicle-assisted
oxidation and oligomerization of 2 with cyt c/H2O2
(this work) and the same reaction with HRPC/H2O2.[32]
This may not be surprising since both proteins contain
a heme group as an active site (covalently bound to
the protein via two thioether linkages in the case of
cyt c,[54] non-covalently associated via a coordinate
bond in the case of HRPC[55]), and both reactions were
carried out at pH = 4.3. For both reactions, a broad
absorption band at ca. 700 nm was present in the
UV/VIS-NIR spectrum at the end of the reaction in
addition to the typical PANI-ES band at ca. 1000 and
€hl et al.[32]). The
400 nm (see Fig. 6 and 7, and Luginbu
band at ca. 700 nm originates from phenazine units,
as was demonstrated previously.[32] It seems that the
formation of non-negligible amounts of phenazine
units from 2 with heme peroxidases and H2O2 at
pH = 4.3 can not be avoided. This is in contrast to the
reaction of 2 with TvL and dissolved dioxygen (O2) at
pH = 3.5, the optimal pH for this enzyme.[28][30][31]
One interesting future study could be to try to oxidize
2 at pH = 3.5 in the presence of AOT vesicles with a
peroxidase, or with a heme protein with peroxidase
activity, which is stable enough at pH = 3.5. The question would be whether the formation of products with
phenazine cores also occurs. The rationale for such
experiments is the expected stronger binding of 2 to
the vesicles at pH = 3.5 as compared to pH = 4.3. The
reported pKa value of the protonated form of PADPA
(2) is 4.7.[56] At pH = 3.5, the ratio of unprotonated to
protonated PADPA molecules would differ from the
one at pH = 4.3, i.e., more PADPA molecules would be
positively charged. This would change the extent of
interaction between AOT and 2, and therefore may
inﬂuence the course of the reaction and the product
distribution.
Apart from the different reaction kinetics, one
main difference between the reaction with AOT vesicles and HRPC/H2O2 and the reaction with AOT vesicles and cyt c/H2O2 is the amount of protein required.
For HRPC/H2O2, 1.0 mM 2 were converted within 24 h
at pH = 4.3 (0.1M NaH2PO4) with 0.03 lM HRPC and
1.0 mM H2O2 (2.0 mM AOT).[32] For cyt c/H2O2, 1.0 mM
2 were converted within 48 h at pH = 4.3 (0.1M

NaH2PO4) with 10 lM cyt c and 1.0 mM H2O2 (2.5 mM
AOT). In this respect, ‘wild-type’ horse heart cyt c cannot compete with ‘wild type’ HRPC. The cyt c stability
and/or activity may be improved for this reaction
through a modiﬁcation of the protein by genetic engineering,[57] so that less cyt c would be required. An
alternative approach could be to try to use instead of
cyt c myoglobin – native or modiﬁed – another heme
protein.[58 – 60]
Along more positive thoughts, one may consider
biosensor applications of the entire ‘as-obtained’ reaction mixture,[61][62] containing i) reaction products of
which at least one is a PANI-ES like compound (the
protonated half-oxidized, half-reduced, N-C-para coupled PADPA dimer, Fig. 1, n = 1),[31][32] and ii) a heme
protein (cyt c). In this case, not only the PANI-ES like
products, but also cyt c may play a role in a redox
reaction-based sensor device (e.g., H2O2 detection),
and the presence of high amounts of cyt c may even
be desired.
Conceptually, the positive effects of nanoscaled
polymolecular aggregates from low molar mass
amphiphiles (micelles, vesicles) can have on enzymecatalyzed reactions – as reaction ‘promoters and regulators’[63] – may also be applied successfully for
guiding certain non-enzymatic reactions in the ﬁeld of
organic synthesis.[64 – 68] The micelles or vesicles provide a large area of soft interfaces at which reactions
can take place with the result that they may not only
lead to different reaction rates, but also to different
yields or product distributions. The total external surface area of the dispersed AOT vesicles in the experiments described here (2.5 mM AOT, of which about
2.1 mM are part of vesicles’ membranes),[23][69] was
estimated to be ca. 400 m2 l1 (= 1.05 9 103
mol l1 9 6.02 9 1023 mol1 9 67 
A2), by assuming
unilamellarity of the vesicles and equal amounts of
AOT molecules in the two monolayers of the vesicle
membrane (AOT head group area: 67 
A2).[70]
Finally, it is possible that the general concept and
similar types of aggregates were important in prebiotic times as well, for the origin of life, i.e., for promoting and guiding prebiotic chemical reactions.[71 – 76]
Therefore, molecules may have been formed in the
presence of soft interfaces in prebiotic times, which
otherwise would not have appeared, or which would
have appeared only to a minor extent.
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Experimental Section
Materials
PADPA (2 = p-aminodiphenylamine = N-phenyl-1,4-phenylenediamine, 98%), AOT (= sodium bis(2-ethylhexyl)-
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sulfosuccinate, ≥ 99%), ABTS2(NH4+)2 (= 2,20 -azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt, ≥ 98%), NaH2PO4 (= sodium dihydrogenphosphate,
≥ 99%), and cyt c (= horse heart cytochrome c, 95%, product C2506, Lot: SLBD7905V) were from Sigma–Aldrich.
H3PO4 (= phosphoric acid, 85%) was from Fluka. The
hydrogen peroxide (H2O2) used was either from Merck
(30 wt-%, for analysis), or from Sigma (35 wt-%). PADPA
was puriﬁed by multiple crystallizations from hexane until
white crystals were isolated. All other chemicals were
used as obtained.
Spectrometers and HPLC Analysis
UV/VIS-NIR absorption measurements of the reaction
mixtures with 2 as monomer were carried out with a
JASCO V-670 spectrometer. For the measurements of
the reaction mixtures with ABTS2 as substrate and of
cyt c solutions, a Specord S-600 from Analytik Jena AG
was used. The CD measurements were carried out
with a Applied Photophysics Chiroscan Plus spectrometer, equipped with a nitropack N2 generator from Parker-Balston. The quartz cells used had a pathlength of
0.1 cm to minimize possible effects caused by the
scattered light originating from the vesicles. The measurement conditions were: 0.5 nm steps; 2 s integration time; 16 scans (sample with cyt c) or two scans
(baselines). The measurements were started 24 h after
sample preparation. The molar ellipticity, [h] was calculated by using the following equation: [h] = 100 9
h 9 c1 9 l1, with h being the measured ellipticity
in deg, c the molar concentration of cyt c, and l the
pathlength in cm.[77] The EPR measurements were carried out with a Bruker EMX X-band spectrometer
equipped with a TM cavitiy.[24] The extraction of the
reaction products, their reduction and analysis by
HPLC were carried out as described previously.[31]
The pH = 4.3 Soln.
A 0.1M NaH2PO4 soln. (pH = 4.3) was prepared by dissolving an appropriate amount of NaH2PO4 in Milli-Q
water, followed by pH adjustment with a 1M H3PO4 soln.
Stock Solns.
The following stock solns. were prepared. ABTS2
stock soln. (5 mM). Prepared in the pH = 4.3 soln.
PADPA stock soln. (1.5 mM). 2 was dissolved in the
pH = 4.3 soln. by bath sonication and vigorous shaking (resulting pH = 4.8 – 5.0), followed by adjustment
of the pH to a value of 4.3 with 1M H3PO4. Cyt c stock
soln. (200 or 10 lM). 2.0 mg cyt c were dissolved in
www.helv.wiley.com
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the pH = 4.3 soln. The cyt c concentration was determined spectrophotometrically with e550 = 8400 M1
cm1,[78] and then adjusted to 200 or 10 lM by using
the pH = 4.3 soln. H2O2 stock soln. (200 or 1 mM).
20.4 ll 30 wt-% H2O2 (= 9.8 M) were diluted with
979.6 ll water to yield a 200 mM H2O2 solution. With
further dilution, the 1 mM H2O2 stock soln. was prepared. AOT vesicle suspension (20 mM). Prepared with
the pH = 4.3 soln., see above.
AOT Vesicle Preparation
Suspensions of 80 – 100 nm-sized large unilamellar
AOT vesicles were prepared from AOT in 0.1 M
NaH2PO4 soln. (pH = 4.3) by ‘thin ﬁlm hydration’ and
subsequent ‘polycarbonate membrane extrusion’, as
described previously.[23]
Oxidation of ABTS2 With Cyt c/H2O2 in the Presence of
AOT Vesicles
About 125 ll AOT vesicle suspension (20 mM) were
added to 675 ll pH = 4.3 soln. and then gently
mixed. Afterwards, 100 ll of the 10 lM cyt c stock
soln. were added, followed by incubation at r.t. for
3 h. Finally, 50 ll of the 5 mM ABTS2 stock soln. and
50 ll of the 1 mM H2O2 stock soln. were added. The
reaction conditions were the following: [AOT] =
2.5 mM; [ABTS2] = 0.25 mM; [cyt c] = 1 lM, [H2O2] =
50 lM; pH = 4.3, 25 °C. Reactions without vesicles
were carried out in the same way but replacing the
AOT stock soln. with the pH = 4.3 soln. For the reactions at pH = 6.0, a pH = 6.0 buffer soln. was used
instead of the pH = 4.3 soln.
Oxidation and Oligomerization of PADPA with Cyt c/
H2O2 in the Presence of AOT Vesicles
125 ll AOT vesicle suspension (20 mM) were added to
153 ll of the pH = 4.3 soln. Then 667 ll of the
1.5 mM PADPA stock soln. were added, followed by
50 ll of the 200 lM cyt c stock soln., and ﬁnally 5 ll
of the 200 mM H2O2 stock soln. The reaction conditions
were
the
following:
[AOT] = 2.5 mM;
[PADPA] = 1.0 mM; [cyt c] = 10 lM, [H2O2] = 1.0 mM;
pH = 4.3, 25 °C. Reactions without vesicles were carried out in the same way but replacing the AOT stock
soln. with the pH = 4.3 soln.

Supplementary Material
Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.201700027.
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ABSTRACT: Artiﬁcial vesicles formed from sodium bis(2-ethylhexyl) sulfosuccinate (AOT) in aqueous solution are used successfully as additives for enzymatic
oligomerizations or polymerizations of aniline or the aniline dimer p-aminodiphenylamine (PADPA) under slightly acidic conditions (e.g., pH 4.3 with
horseradish peroxidase and hydrogen peroxide as oxidants). In these systems, the
reactions occur membrane surface-conﬁned. Therefore, (i) the physicochemical
properties of the vesicle membrane and (ii) the interaction of aniline or PADPA
with the AOT membrane play crucial roles in the progress and ﬁnal outcome of the
reactions. For this reason, the properties of AOT vesicles with and without added
aniline or PADPA were investigated by using two ﬂuorescent membrane probes:
1,6-diphenyl-1,3,5-hexatriene (DPH) and 6-lauroyl-2-dimethylaminonaphthalene
(Laurdan). DPH and Laurdan were used as “sensors” of the membrane ﬂuidity,
surface polarity, and membrane phase state. Moreover, the eﬀect of hexanol, alone
or in combination with aniline or PADPA, as a possible modiﬁer of the AOT
membrane, was also studied with the aim of evaluating whether the membrane ﬂuidity and surface polarity is altered signiﬁcantly
by hexanol, which, in turn, may have an inﬂuence on the mentioned types of reactions. The data obtained indicate that the AOT
vesicle membrane at room temperature and pH 4.3 (0.1 M NaH2PO4) is more ﬂuid and has a more polar surface than in the case
of ﬂuid phospholipid vesicle membranes formed from 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). Furthermore, the
ﬂuorescence measurements indicate that mixed AOT-hexanol membranes are less ﬂuid than pure AOT membranes and that they
have a lower surface polarity than pure AOT membranes. PADPA strongly binds to AOT and to mixed AOT/hexanol
membranes and leads to drastic changes in the membrane properties (decrease in ﬂuidity and surface polarity), resulting in
Laurdan ﬂuorescence spectra, which are characteristic for intramembrane phase separations (coexistence of ordered and
disordered domains). This means that highly ﬂuid AOT membranes transform upon the addition of PADPA into membranes
that have ordered domains. Although the relevance of this ﬁnding for the enzymatic oligomerization of PADPA is not yet clear, it
is also of interest if one likes to use heterogeneous vesicle membranes as additives for carrying out membrane surface-conﬁned
reactions that do not necessarily involve PADPA as a reactant.

■

INTRODUCTION

obtained from phospholipids with a low critical concentration
for vesicle formation (cvc, submicromolar).7,8 Both with
micelles or vesicles, the catalytic center of a metallic catalysts
may be protected from the interaction with water,9,10 and it has
been shown that chemical reactions can be improved in terms
of reaction rate and yield.11−18 In the case of lipid vesicles
(liposomes), for example, the eﬃciency of condensation
reactions can be improved, because of localization of the
reactants in the hydrophobic interior or on the surface of the
liposomes.11,18 In the latter case, the surface characteristics of
the liposomal membranes is essential for a successful reaction,

The investigation of chemical reactions in aqueous media is an
attractive area of research, since water is an environmentally
friendly solvent: it is nonﬂammable, harmless, and stable.1−3
The underlying problems in the use of water as a reaction
medium are that (a) conventional metal catalysts may be
altered by water, and (b) most of the reactants show poor
solubility in aqueous solutions. In attempts to overcome these
problems, the solubilization of catalysts and the partitioning of
reactants into self-assembled micelles or vesicles have been
suggested for carrying out reactions in micellar solutions,
vesicle suspensions, or similar systems. While the micelles
investigated so far often are formed from synthetic amphiphiles
with relatively high critical concentrations for micelle formation
(cmc, millimolar),4−6 the vesicles investigated often are
© 2017 American Chemical Society
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mM),34,37−39 it became clear that the vesicles play diﬀerent
roles as “templates”, and it was demonstrated that the diﬀerent
monomers, pyrrole, aniline, or PADPA, interact diﬀerently with
AOT vesicles (turbidity34,37 and nuclear magnetic resonance
(NMR)38 measurements, and molecular dynamics simulations37,39).
Toward a better understanding of the mechanism and, in
particular, the inﬂuence of the physical properties of the AOT
vesicle membrane for the mentioned enzymatic reactions, the
membrane alterations caused by the interaction of the
monomers with the vesicles were investigated with two wellknown ﬂuorescent probes: 6-lauroyl-2-dimethylaminonaphthalene (Laurdan) and 1,6-diphenyl-1,3,5-hexatriene (DPH). By
analyzing the ﬂuorescence properties of the probes when added
to the vesicles, it is possible to get information about the
membrane polarity and ﬂuidity (microviscosity), which both
may play a signiﬁcant role for the enzymatic reaction. For the
work presented, we limited ourselves to the two monomers:
aniline and PADPA. Furthermore, the eﬀect of 1-hexanol (for
the sake of simplicity, hereafter, we will refer to this as hexanol)
on the properties of the AOT vesicle membrane was also
investigated with the same ﬂuorescent probes. Previously, the
membrane properties of AOT/heptane/water emulsions41 or
AOT/water reverse micelles (in isooctane)42 were investigated
by using ﬂuorescent probes. Hexanol may lead to changes in
the ﬂuidity, because of hydrophobic interactions and hydrogen
bond formation with AOT, as demonstrated in the case of AOT
micelles.43 If hexanol would indeed alter the ﬂuidity of AOT
vesicle membranes signiﬁcantly, then one may question
whether such a change would also have an inﬂuence on the
enzymatic reactions mentioned above. Therefore, the results
obtained will be useful for designing experiments, and for
discussing data of enzymatic oligomerization reactions in the
presence of mixed AOT−hexanol vesicles; such study is in
progress and the ﬁndings will be presented in a separate
publication.
Finally, the results obtained for the physicochemical
properties of the diﬀerent AOT vesicle membranesin the
absence or presence of aniline, PADPA, or hexanolare
compared with the characteristics of diﬀerent conventional
phospholipid vesicles, as determined with the same ﬂuorescent
probes (Laurdan and DPH).

i.e., the surface hydrophilicity and hydrophobicity, the surface
charge, or possible domain formations due to a nonhomogeneous mixing in the case of mixtures of membrane-forming
phospholipids or due to the presence of cholesterol in a bilayer
of one type of phospholipid (micrometer- or nanometer-sized
domains).19,20 Such factors can be crucial for molecular
recognition and chemical conversion processes.6,21,22 There is,
for example, a preferential adsorption of L-tryptophan or Lhistidine by liposomes formed from chiral phospholipids,
wherein the level of order of the membrane, evaluated by
membrane ﬂuidity and polarity measurements, can aﬀect the
adsorption behavior.21 In a previous study, it was demonstrated
that the adsorption of a reactant onto a liposome membrane
can also lead to a signiﬁcant change in the membrane
properties,11 which is linked to an improvement of the reaction.
Nanodomain formation within a liposome membrane19,20 may
lead to an enhancement of the adsorption of reactants,23 or it
may even lead to better stability of adsorbed enzymes.24 Such
vesicle membrane-induced eﬀects are not limited to pure
phospholipid vesicles; they also have been found in vesicles
formed from mixtures of natural phospholipids and fully
synthetic amphiphiles.25
In the work presented here, we have investigated the surface
properties of vesicles formed from sodium bis(2-ethylhexyl)
sulfosuccinate (AOT). AOT is a synthetic and inexpensive
surfactant, known to form lamellar structures (self-closed
vesicles) in aqueous solution, depending on the AOT
concentration and the salt content.26−36 For example, AOT
vesicle formation has been shown to occur in aqueous solutions
prepared from 0.1 M NaH2PO4 at pH 4.3.34 The cvc value, i.e.,
the concentration above which under the chosen conditions
vesicle formation is observed, is ∼0.4 mM.34 In the absence of
salt, AOT micelles instead of vesicles form above ∼2.4−2.7 mM
(see Guo et al.34). Large unilamellar vesicles (LUVs) of AOT
with an average diameter of ∼80−100 nmare being utilized
as “templates” for enzymatic polymerization or oligomerization
reactions.34,37−39 The monomers used so far are pyrrole,
aniline34,38 and the aniline dimer p-aminodipenylamine
(PADPA = N-phenyl-1,4-phenylenediamine).37,39 Xue et al.
also used an aqueous AOT system for the enzymatic
polymerization of aniline, although, in that case, it was claimed
that AOT forms micelles and not vesicles.40 Anyway, in all cases
mentioned, the presence of AOT aggregates can have a positive
inﬂuence on the outcome of the reaction, favoring, under
optimal reaction conditions, the formation of the conductive
form of oligomers and polymers obtained from pyrrole, aniline,
or PADPA. Recently, this was demonstrated by a ultraviolet/
visible light/near-infrared (UV/vis/NIR), electron paramagnetic resonance (EPR), Raman, and high-performance liquid
chromatography (HPLC)−mass spectrometry analysis of the
Trametes versicolor laccase-catalyzed oligomerization of PADPA
to yield oligomeric products, which have the chemical structure
of the conductive emeraldine salt form of polyaniline (PANIES), which is characterized by the presence of unpaired
electrons.37,39 The main product of this reaction turned out to
be linear N−C coupled tetraaniline in its emeraldine salt
form.39 In the presence of the vesicles, PADPA reaction
pathways are altered, leading to diﬀerent product distributions,
compared to the same reactions carried out without vesicles.
This is the result of the localization of the reaction on the
surface of the vesicles. For the conditions at which AOT vesicle
formation has been proven undoubtedly (0.1 M sodium
phosphate solution, pH 3.5 or 4.3, [AOT] = 1.5−6.0

■

EXPERIMENTAL METHODS

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt)
(POPG), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
were purchased from Avanti Polar Lipid (Alabaster, AL, USA).
PADPA, AOT, Laurdan (6-lauroyl-2-dimethylaminonaphthalene),
Prodan (N,N-dimethyl-6-propionyl-2-naphthylamine), and DPH
(1,6-diphenyl-1,3,5-hexatrien) were purchased from Sigma−Aldrich
(St. Louis, MO, USA). Sodium dihydrogen phosphate (NaH2PO4)
was from Nacalai Tesque (Kyoto, Japan). 1-Hexanol and other
chemicals were purchased from Wako Pure Chemical (Osaka, Japan).
PADPA was used after puriﬁcation by recrystallization, and other
chemicals were used without further puriﬁcation.
Preparation of Vesicles. A chloroform solution containing AOT
or phospholipids was dried in a round-bottom ﬂask by evaporation
under vacuum. When preparing the AOT/hexanol vesicles, hexanol
was also dissolved in chloroform to form a thin ﬁlm. The obtained thin
ﬁlm was again dissolved in chloroform, and the solvent was
evaporated. The resulting thin ﬁlm was kept under high vacuum for
at least 3 h, and was then hydrated with NaH2PO4 solution (pH 4.3) at
room temperature. The vesicle suspension was frozen at −80 °C and
1985
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thawed at 50 °C to enhance the transformation of small vesicles into
larger multilamellar vesicles (MLVs). This freeze−thaw cycle was
performed ﬁve times. MLVs were used to prepare large unilamellar
vesicles (LUVs) by extruding the MLV suspension 21 times through
two polycarbonate membranes with mean pore diameters of 100 nm,
using the extruding device Liposofast (Avestin, Inc., Ottawa, Canada).
For aniline- and PADPA-modiﬁed vesicles, the two compounds were
added to the vesicles after the extrusion to form AOT/aniline or
AOT/PADPA vesicles.
Evaluation of Membrane Surface Polarity with Laurdan.
Laurdan is sensitive to the polarity around the molecule itself, and its
ﬂuorescence properties enables one to evaluate the surface polarity of
lipid membranes,44,45 The emission peak wavelength of Laurdan
corresponds to the dielectric constant of the solution.11 Lipid
composition and temperature are governing factors on the Laurdan
emission, wherein the peak intensities change with only a small peak
shift (within 10 nm). Therefore, the balance of hydrophilic regions
(disordered phase) and hydrophobic regions (ordered phase) in lipid
membranes can be discussed by employing general polarization
(GP340) values.11,19,25,44,45 Emission spectra were measured by using a
ﬂuorescence spectrophotometer (Model FP-6500; Jasco, Tokyo,
Japan) and an excitation wavelength of 340 nm (λex). The general
polarization (GP340), as a measure of the membrane surface polarity,
was calculated as follows:25
GP340 =

where i⊥ and i∥ are emission intensities, perpendicular and parallel to
the horizontally polarized light, respectively, and G is a correction
factor.
Dielectric Dispersion Measurements. Dielectric dispersion
measurements were carried out with the dielectric probe kit (Model
85070C and a PNA-L Network Analyzer Model N5230C (Agilent
Technologies, Santa Clara, CA, USA)), as described previously.46 The
dielectric dispersion of the vesicles was observed over 1−20 GHz. The
concentrations of the vesicle constituents were 40 mM.
Dynamic Light Scattering (DLS) Measurements. Dynamic
light scattering (DLS) measurements of the vesicles were conducted
on a Malvern Zetasizer Nano-ZS instrument. One milliliter (1 mL) of
the sample ([AOT] = 1.5 mM) was placed in a plastic disposable
cuvette, with a path length of 1 cm. The raw signal was analyzed by the
software provided by Malvern. The value corresponding to “Z-average”
in the program was always used for the average diameter of the
vesicles.

■

RESULTS AND DISCUSSION
Characterization of the Membrane Properties of AOT
and Mixed AOT/Hexanol Vesicles. The vesicle diameters for
AOT/hexanol assemblies were measured by DLS: 116 ± 2 nm
for [AOT]/[hexanol] = 100/0 ([AOT] = 2.0 mM); 118 ± 2
nm for [AOT]/[hexanol] = 60/40 ([AOT] = 1.2 mM); 123 ±
1 nm for [AOT]/[hexanol] = 50/50 ([AOT] = 1.0 mM); and
119 ± 2 nm [AOT]/[hexanol] = 40/60 ([AOT] = 0.8 mM).
The observed diameters are in agreement with the vesicle
formation (not micelles). Figure 1 shows the ﬂuorescence

I440 − I490
I440 + I490

where I440 and I490 represent the ﬂuorescence intensity of Laurdan at
the emission wavelengths (λem) of ca. 440 nm and ca. 490 nm,
respectively. The concentrations of AOT and Laurdan were 1.5 mM
(>cvc = 0.4 mM34) and 15 μM, respectively. In the case of liposomes,
the concentrations of the phospholipid and Laurdan were 0.1 mM and
1 μM, respectively. Laurdan was inserted into the vesicle suspension as
a 1 mM solution in ethanol. Although the increase in turbidity of the
AOT vesicle samples to which PADPA was added may inﬂuence the
ﬂuorescence measurements, the observed changes in emission peak
maximum cannot only be due to turbidity.
The ﬂuorescence spectrum of Laurdan was deconvoluted into two
spectra by using the software Peakﬁt (Systat Software, Inc., San Jose,
CA, USA): one originates from the localization of Laurdan in an
ordered membrane (λem ca. 440 nm, ordered phase), and the other
originates from the localization of Laurdan in a disordered membrane
(λem ca. 490 nm, disordered phase). By calculating the area below the
spectrum originating from the ordered phase (Ao) and the area below
the spectrum originating from the disordered phase (Ad), the area ratio
of ordered phase to disordered phase in the actual vesicle sample (Ao/
Ad) was determined.
Evaluation of Membrane Fluidity with DPH. The membrane
ﬂuidity (expressed as 1/P) was measured by the ﬂuorescent probe
DPH. The ﬁnal concentrations of AOT and DPH were 1.5 mM and 60
μM, respectively. In the case of liposomes, the concentrations of the
phospholipid and DPH were 0.1 mM and 0.4 μM, respectively. DPH
was inserted into the vesicle suspension as a 250 μM solution in
ethanol. DPH ﬂuorescence was also measured in hexanol. The
ﬂuorescence polarization of DPH (λex = 360 nm, λem = 430 nm) was
measured with the same ﬂuorescence spectrophotometer mentioned
above after 30 min incubation at room temperature in darkness. The
sample was excited at λex = 360 nm with vertically polarized light, and
emission intensities both perpendicular (I⊥) and parallel (I∥) to the
excited light were recorded at λem = 430 nm. The ﬂuidity (1/P) of
DPH was then calculated by using the following equations:25

Figure 1. Fluorescence spectra of Laurdan in various environments.
The peak wavelength in each system was as follows: 430 nm in
hexanol ([Laurdan] = 1 μM), 445 nm in DPPC liposome ([DPPC] =
0.1 mM, [Laurdan] = 1 μM), 485 nm in AOT vesicle ([AOT] = 1.5
mM, [Laurdan] = 15 μM), and 510 nm in AOT solution at [AOT] <
cvc ([AOT] = 0.3 mM, [Laurdan] = 3 μM). The measurements were
conducted at room temperature, and the emission spectra were
normalized. Aqueous solution used: 0.1 M NaH2PO4, pH 4.3.

spectra of Laurdan dissolved in hexanol, in aqueous suspensions
of DPPC and AOT vesicles, and in an aqueous AOT solution at
[AOT] = 0.3 mM, which is very close to the cvc of 0.4 mM.34
In the latter case, AOT may partially exist in prevesicular
aggregates, possibly wormlike or disklike micelles. The clear
diﬀerences in the emission spectrain particular, the shift of
the maximum of λemin the various systems originate from the
diﬀerent microenvironments surrounding the embedded
ﬂuorescent probe (change of membrane surface polarity).
Based on the membrane ﬂuidity analysis using DPH, the AOT
micelles were also categorized as a disordered phase (higher
membrane ﬂuidity, 1/P ≈ 10; see discussion below). Therefore,

I − GI⊥
1
=
P
I + GI⊥

G=

i⊥
i
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Figure 2. Membrane properties of AOT vesicles, of diﬀerent AOT/hexanol vesicles, and of DOPC liposomes at 25 °C. (a) Membrane ﬂuidity (1/P)
measured with DPH; (b) membrane polarity (GP340) measured with Laurdan. [DOPC] = 0.1 mM. The ratios are molar ratios and the
concentrations given in the parentheses are total concentrations, e.g., AOT/hexanol = 80/20 (1.5 mM) means [AOT] + [hexanol] = 1.5 mM
([AOT] = 1.2 mM, [hexanol] = 0.3 mM).

state (1/P ≈ 10).19 This agrees qualitatively with previous
molecular dynamics (MD) simulations, which showed a high
AOT membrane surface roughness.37 Bilayered AOT membranes only form under the conditions used, because of the
presence of salt (0.1 M NaH2PO4),34,36 which leads to a
decrease in electrostatic repulsion between the sulfonate head
groups of the “inverted cone-shaped” AOT molecules. The
branched alkyl chains do not allow for an eﬃcient packing of
the AOT molecules, which contributes to the observed high
ﬂuidity. The addition of hexanol to the AOT bilayer at room
temperature leads to a decrease in membrane ﬂuidity (Figure
2a), reaching the level of DOPC vesicles at [AOT]/[hexanol] =
40/60 (1.5 mM total concentration). At [AOT]/[hexanol] =
30/70 (5.0 mM), the ﬂuidity is very high, indicative for the
presence of highly ﬂuid oil droplets. At room temperature,
AOT vesicles are not only more ﬂuid than DOPC liposomes,
they also have a more polar membrane surface than DOPC
vesicles (more negative value of GP340, being approximately
−0.38 for AOT vesicles vs approximately −0.28 for DOPC
vesicles; see Figure 2b). The addition of hexanol to the AOT
membrane leads to a decrease of GP340, which indicates that the
AOT vesicle surface becomes less polar in the presence of
hexanol. Like for the 1/P value determined with DPH (related
to ﬂuidity), the sample with [AOT]/[hexanol] = 30/70 (5.0
mM) shows a very diﬀerent GP340 value if compared with the
other samples measured; the GP340 is approximately −0.5,
which is indicative of the deformation of the aggregates in such
a way that more water molecules are present in the vicinity of
Laurdan.
Based on the type of measurements just described, a
classiﬁcation of the AOT vesicles was made as follows. We
grouped the vesicles into three distinct types, according to the
diﬀerences in the membrane properties, in relation to the
properties of ﬂuid DOPC vesicle membranes. Vesicles of type I
are characterized by high 1/P and low GP340 values (high
ﬂuidity and high surface polarity); vesicles of type II show a
high 1/P value and a lower GP340 value than vesicles of type I
(high ﬂuidity, higher surface polarity than vesicles of type I);
vesicles of type III show a medium 1/P value and again a lower
GP340 value than the vesicles of type I. Figure 3 is a

it is expected that both AOT micelles as well as AOT vesicles
have a polar surface and are in a disordered state. The emission
peak of Laurdan in the AOT micelle system is 500 nm,
indicating the existence of a purely polar environment. In the
analyses of GP340 and Ao/Ad values, it was conﬁrmed that the
peak intensity (or peak fraction) at ∼490 nm originates from
the disordered phase, and the peak at ∼440 nm is from the
ordered phase. Therefore, using vesicle membrane-embedded
Laurdan, the ﬂuorescence spectrum can be used to gain
information about the local polarities of the naphthalene
ﬂuorophore, and hence about the membrane surface polarity
(see the Experimental Methods section). For this, Laurdan was
incorporated in AOT vesicles of diﬀerent compositions
(presence of hexanol, aniline, and PADPA), and the
ﬂuorescence spectrum was analyzed. Similarly, the ﬂuorescence
spectrum of DPH was also analyzed in the same vesicle systems
to monitor the microviscosity of the membrane (ﬂuidity).
Before analyzing the vesicle samples, the ﬂuorescence
intensity of DPH was measured in 0.1 M NaH2PO4 (pH 4.3)
solution at increasing AOT concentrations up to 1.0 mM (see
Figure S1a in the Supporting Information). Below about 0.4
mM, the ﬂuorescence intensity is low, whereas, between 0.1
mM and 1.0 mM, the ﬂuorescence intensity steadily increases,
which correlates with the appearance of vesicles, as determined
previously by turbidity measurements.34 Using Prodan as a
ﬂuorescence probe (instead of Laurdan, because of the low
reproducibility of the Laurdan spectrum in aqueous medium
without any aggregates), the AOT concentration dependence
of its emission spectrum showed a similar trend (Figure S1b in
the Supporting Information). These measurements can be
taken as an indication that the two ﬂuorescent probes do not
have a signiﬁcant eﬀect on the vesicle formation.
In a next step, the surface polarity (expressed as GP340; see
the Experimental Methods section) and the ﬂuidity (expressed
as 1/P; see the Experimental Methods section) were
determined with Laurdan and DPH for diﬀerent mixtures of
AOT and hexanol and compared with the GP340 and 1/P values
obtained for DOPC vesicles (Figure 2). The ﬂuidity of the
AOT vesicle membrane was found to be higher (1/P ≈ 15)
than the ﬂuidity of DOPC liposomes in their liquid-disordered
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Figure 3. (Top) Phase diagram of the AOT/hexanol/0.1 M NaH2PO4(aq) (pH 4.3) system at room temperature, as determined on the basis of an
analysis of the ﬂuorescent properties of Laurdan (see text and Figure S2 in the Supporting Information). The colored area represents the
compositions at which vesicles are present. For the meaning of the diﬀerent vesicle types (V(I), V(II), and V(III)), see the text. Although not
proven, micelles (M) (e.g., small per-vesicular aggregates) may coexist with the vesicles. The curved dashed lines are tentative. Oil droplets (O)
composed of hexanol exist in regions where hexanol dominates. At low AOT concentrations (<cvc), vesicles are not obtained. The values given are
given in units of mol %. As an example, point A in the phase diagram corresponds to a composition of [AOT]/[hexanol] = 40/60 (0.5 mM total),
and point B corresponds to a composition of [AOT]/[hexanol] = 80/20 (1.5 mM total). (Bottom) Illustration of the suggested eﬀect of hexanol on
the interaction between AOT in the vesicle membrane (reduction of electrostatic repulsion).

representation of the compositions at which the diﬀerent types
of vesicles exist, together with the compositions where AOTstabilized hexanol droplets are present.
Induction of Heterogeneous Phases in AOT/Hexanol
Vesicle Membranes after Adding PADPA or Aniline.
Since the pKa values of aniline and PADPA are 4.634 and 4.7,47
respectively, the majority of both arylamines will be protonated
at pH 4.3, and electrostatic interactions between the protonated
cationic forms of aniline or PADPA and AOT will contribute to
a binding of these molecules to negatively charged AOT vesicle
membranes.37,38 Because of the partially hydrophobic nature of
both molecules, hydrophobic interactions may also be
important, particularly in the case of PADPA, which is less
water-soluble than aniline. Interactions of the hydrophobic
parts of the two molecules with AOT bilayers were indeed seen
by MD simulations.37 The interaction between AOT vesicles
and PADPA is evident to the naked eye, since the addition of
PADPA to a suspension of AOT vesicles at pH 3.537 (and also
at pH 4.3, data not shown) leads to a strong increase in the
turbidity of the vesicle suspension. Whether this increase is due
to an aggregation of the vesicles only or whether it is the result
of shape changes and a vesicle fusion to larger vesicles following
vesicle aggregation is not clear at the moment. In the case of

aniline and under the same conditions as those for AOT and
PADPA, such an increase in turbidity is not seen,34 which
clearly demonstrates the diﬀerences in the mode of interaction
of the two molecules with AOT vesicle membranes.
We investigated whether the ﬂuorescence spectrum of AOT
membrane-embedded Laurdan reﬂects the diﬀerent membrane
binding strengths of PADPA and aniline. In the case of PADPA,
the spectrum is strongly dependent on the amount of PADPA
added to the vesicles. Without PADPA, the emission maximum
is at 490 nm ([AOT]/[PADPA] = 100/0, [AOT] = 1.50 mM;
see Figure 1 and Figure 4(a), as well as Figure S2a in the
Supporting Information), indicating a disordered state of the
membrane. At [AOT]/[PADPA] = 76/24 ([AOT] = 1.07
mM), the emission maximum is at 440 nm (see Figure 4(b)
and Figure S2a), which reﬂects the presence of an ordered
phase. For certain compositions, e.g., [AOT]/[PADPA] = 85/
15 ([AOT] = 1.25 mM), two emission maxima are present: at
490 nm and at 430 nm. Laurdan in liposomes composed of
multiple lipid molecules (e.g., [DOPC]/[DPPC] = 50/50 and
[DOPC]/[cholesterol] = 70/30) also show two diﬀerent
emission peaks at ∼440 (from ordered phase) and 490 nm
(from disordered phase).19 This indicates the coexistence of
two states of the membrane: disordered and ordered. In the
1988

DOI: 10.1021/acs.langmuir.6b04480
Langmuir 2017, 33, 1984−1994

Langmuir

Article

Figure 4. Examples of the deconvolution of the ﬂuorescence spectrum of Laurdan that was embedded in diﬀerent vesicle membranes: (a) AOT
(1.50 mM), (b) [AOT]/[PADPA] = 76/24 ([AOT] = 1.14 mM), (c) [AOT]/[hexanol]/[PADPA] = 74/19/7 ([AOT] = 1.11 mM), and (d)
[AOT]/[aniline] = 87/13 ([AOT] = 1.31 mM). [Color legend: black, experimental spectrum; red, ﬁtted spectrum; blue, fraction of ordered phase;
and green, fraction of disordered phase. Ao and Ad are the peak areas of the spectral fractions of the ordered and disordered phases, respectively. (e)
Ao/Ad ratios of the diﬀerent vesicle samples analyzed (given in molar ratios; see Table S1 in the Supporting Information for details).

case of ﬂuid POPC membranes, for comparison, the disordered
phase is always the dominating one, independent of the
presence of PADPA (Figure S2b in the Supporting
Information). The temperature dependency was also investigated by analyzing the GP340 values obtained with the Laurdan
probe for the AOT/PADPA vesicle systems (Figure S3 in the
Supporting Information). The GP340 values gradually decreased
as the temperature increased. In addition, the GP340 values
reversibly changed, depending on the sample temperature. For
[AOT]/[PADPA] = 76/24 ([AOT] = 1.14 mM), the vesicles
were in the ordered phase at 25 °C; at 65 °C, they are also
considered to be in the ordered phase, because of the positive
GP340 value (GP340 > 0). Similar behaviors could be observed in
DOPC/cholesterol liposome systems,19 which include a liquidordered (lo) phase.49 It is suggested that the modiﬁcation of
AOT vesicles with PADPA leads to the formation of a lo-like
phase (described here as lo′ ).

To study the degree of coexistence of disordered and ordered
phases in AOT membranes, the measured Laurdan ﬂuorescence
spectra were deconvoluted, assuming that each measured
spectrum represents the sum of two spectra: one for Laurdan,
which is localized in the disordered phase (λem = 490 nm), and
the other for Laurdan in the ordered phase (λem = 440 nm).44,45
Figure 4 shows original and deconvoluted spectra for diﬀerent
vesicle samples. This deconvolution shows that the disordered
phase is dominant in pure AOT vesicle membranes (regarded
to be in the liquid-disordered state, ld), while a diﬀerent,
ordered phase dominates in vesicles composed of AOT and
PADPA (for example, at [AOT]/[PADPA] = 76/24 ([AOT] =
1.13 mM)). Such a change in the phase state, nota bene an
increase in the content of ordered phase, is also observed when
cholesterol is added to DOPC bilayers, e.g., at [DOPC]/
[cholesterol] = 50/50 ([DOPC] = 0.05 mM).19 The areas
below the deconvoluted spectra assigned to the ordered phase
1989
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Figure 5. Phase diagrams of (a) the AOT/hexanol/PADPA and (b) the AOT/hexanol/aniline vesicle membrane system. In panel (b), the term
“Max. of distribution” means that the aniline distribution into AOT vesicles was limited. The maximum was ∼15%, regardless of the ratio or
concentration of AOT and hexanol. Excess aniline was dissolved in the NaH2PO4 aqueous solution. The total concentration of the vesicle
components was 1.5 mM (AOT + hexanol). The colored areas represent vesicle membranes in a disordered phase (blue), in a heterogeneous phase
(purple), and in an ordered phase (red). With excess amounts of PADPA, ill-deﬁned aggregates formed. The vesicle suspension became very turbid,
probably due to the aggregation of vesicles. The ﬂuorescence spectrum of Laurdan was very diﬀerent from the ﬂuorescence spectra measured at the
other compositions shown in the diagram. The values given at the corners represent the ratio of each component in the vesicle; for example, point
“A” in the diagram shown in panel (A) represents vesicles composed of [AOT]/[hexanol]/[PADPA] = 68/17/15.

Figure 6. Summary of the AOT membrane ﬂuidity and polarity changes after hexanol, PADPA, or aniline addition, in comparison with
phosphatidylcholine and mixed phosphatidylcholine/cholesterol (chol) membranes. The membrane polarities and ﬂuidities were measured at room
temperature after the incubation of the vesicles with PADPA, aniline, or hexanol for 1 h. The total concentration of AOT + hexanol was 1.5 mM and
the concentration of PC + chol was 0.1 mM. The dashed lines which divide the phase states are drawn on the basis of the result shown in Figure 4.
Data points 20 and 22 are taken from ref 19.

Ao/Ad ratio was 0.16. On the other hand, the Ao/Ad ratio for
DPPC liposomes (in solid-ordered (so) phase at room
temperature), Ao/Ad was 6.6. In the case of [DOPC]/
[DPPC] = 60/40 liposomes ([DOPC] = 0.06 mM), which
form a heterogeneous membrane (coexistence of ld and so
phases at 25 °C).19 The Ao/Ad ratio was 0.45, which is between
the values for the ordered and disordered phases. This indicates
that the Ao/Ad ratio can be taken as an indicator of the diﬀerent
membrane phase states. We deﬁne vesicle membranes which
have an ordered phase as those with Ao/Ad > 2.5 from vesicle

(Ao) and the one assigned to the disordered phase (Ad) are
almost the same in a vesicle suspension composed of [AOT]/
[hexanol]/[PADPA] = 74/19/7 ([AOT] = 1.11 mM) or in a
vesicle suspension composed of [AOT]/[aniline] = 87/13
([AOT] = 1.31 mM), suggesting the presence of heterogeneous vesicle membranes (disordered as well as ordered
phases). Area ratio values (Ao/Ad) for various vesicle samples,
including vesicles formed from phospholipids, were then
calculated from the recorded and deconvoluted spectra. For
DOPC liposomes (in the ld phase at room temperature), the
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Figure 7. Illustration of the possible interaction between (a) AOT and aniline and (b) AOT and PADPA, as discussed in the text. At pH 4.3, the
anilinium ion dominates over aniline (pKa = 4.6) (see ref 34). In analogy to previous investigations of the localization of anilinium ions in AOT/
isooctane/water reverse micelles in which the anilinium ions protrude into the aqueous pool (see ref 48), the situation may be similar in the case of
anilinium ions in AOT vesicle membranes.

a result, the addition of aniline leads to a change in the phase
state of the AOT bilayer to a heterogeneous phase, but there is
no indication that the phase becomes fully ordered. One
possible reason is that aniline is a very small molecule, so that
the weak hydrophobic interactions do not result in a drastic
alteration of the membrane properties, although strong
electrostatic interactions are expected to exist, so that the
mobility of some of the AOT molecules is decreased (possible
formation of ordered patches). On the other hand, the addition
of PADPA to AOT vesicles leads to a strong ordering of the
membrane. This is a result of the stronger binding of PADPA
to the vesicles, as demonstrated previously37 (electrostatic as
well as hydrophobic interactions). Remarkably, tielines could be
drawn in the phase diagram based on the Ao/Ad ratio and the
lever rule for the vesicles, which formed a heterogeneous phase.
Each end point represents the composition of AOT/hexanol/
PADPA in the ordered and disordered phases, showing that
PADPA is the cause for the formation of the ordered phase.
Through the deconvolution of the Laurdan ﬂuorescence

membranes which are in the disordered phase (Ao/Ad < 0.3). In
the range of 0.3 < Ao/Ad < 2.5, heterogeneous phases are
present.
By applying the described deconvolution method to the
ﬂuorescence spectrum of Laurdan in the pure AOT vesicle
suspension (1.5 mM AOT), the Ao/Ad ratio was 0.15,
conﬁrming the disordered state of the AOT membrane (see
above). For [AOT]/[PADPA] = 76/24 ([AOT] = 1.14 mM),
the membrane clearly turned into an ordered state (Ao/Ad =
8.8), again in agreement with the discussion above. Moreover,
the deconvolution analysis indicates that the [AOT]/
[hexanol]/[PADPA] = 74/19/7 ([AOT] = 1.11 mM) and
the [AOT]/[aniline] = 87/13 ([AOT] = 1.31 mM) vesicles
have a heterogeneous membrane with intermediate Ao/Ad
ratios (Ao/Ad = 1.18 and 1.05), i.e., they contain nanosized
ordered domains within a ﬂuid membrane matrix. For the
AOT/hexanol/PADPA and the AOT/hexanol/aniline systems
of various compositions, a phase diagram was determined (see
Table S1 in the Supporting Information, as well as Figure 5). As
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brane surface-conﬁned chemical or enzymatic reactions, which
do not involve PADPA as substrate. However, the main
diﬀerence between the two systems is the negative membrane
surface charge in the case of the AOT vesicle system, whereas,
in the case of phospholipids, the molecules are not charged
(zwitterionic).

spectra, the area and the composition of each phase state could
be calculated. These ﬁndings revealed the detailed membrane
properties of hexanol-modiﬁed AOT vesicles, which showed
unique characteristics upon the addition of PADPA.
As shown previously in the case of liposomes, the ﬂuidity,
phase state, and polarity properties of bilayer membranesas
elaborated by using ﬂuorescent membrane probescan be
represented with a Cartesian diagram.25 This representation
allows a comparison of diﬀerent phosphatidylcholine-sterol
membranes.25 Figure 6 is such a diagram in which the
membrane properties of diﬀerent phospholipid vesicles are
displayed, together with the membrane properties of AOT/
hexanol, AOT/aniline, AOT/PADPA, and AOT/hexanol/
PADPA vesicles (also see Figure S4 and Table S1 in the
Supporting Information for the individual data). Apart from the
observation that the addition of aniline to AOT bilayers leads
to a measurable decrease in membrane ﬂuidity, and that the
addition of PADPA to the same bilayers leads to an even
stronger decrease in ﬂuidity, as discussed above, the surprising
ﬁnding is that the eﬀect of PADPA on AOT bilayers has eﬀects
that, so far, were only observed for vesicle membranes
composed of mixtures of phospholipids or mixtures of
phospholipids and cholesterol (formation of nanodomains).19,21 Also, the presence of PADPA on the AOT vesicle
surface leads to dehydration (see Figure S5 in the Supporting
Information). A highly schematic representation of the likely
interactions between aniline and AOT or between PADPA and
AOT is shown in Figure 7. In the case of aniline, the situation is
similar to the proposed localization of anilinium cations in
AOT/isooctane reverse micelles.48 The incorporation of the
protonated form of PADPA (PADPAH+) in an AOT bilayer
may involve not only electrostatic but also CH−π van der
Waals interactions.
Apart from the use of AOT vesicles as templates for the
enzymatic synthesis of PANI-ES-type products, the unexpected
PADPA-induced domain formation in AOT/hexanol vesicles
may also be used as a platform for membrane-conﬁned
reactions that do not involve PADPA as a reaction molecule
but, rather, as a membrane property modulator.
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CONCLUSIONS
By using the two ﬂuorescent probes Laurdan and DPH, the
properties of AOT vesicle membranes and those of AOT
vesicle membranes that contained hexanol and PADPA or
hexanol and aniline were investigated at room temperature. The
measurement showed that pure AOT membranes are highly
ﬂuid, more ﬂuid than DOPC vesicle membranes. Upon the
addition of PADPA, the ﬂuidity and phase state drastically
changes, as a result of the strong interaction of PADPA with
AOT vesicles, as shown previously.37 If PADPA and hexanol
are present, the ﬂuorescence measurements indicate heterogeneous nanodomain formation, similar to the case of mixed
phospholipid vesicles or vesicles composed of phospholipids
and cholesterol. To which extent this change in phase state is
important for the enzymatic oxidation and polymerization of
PADPA in the presence of AOT vesicles is not clear at the
moment. This point will be addressed in a separate future
study.
Apart from the questions related to a better understanding of
the AOT vesicle-directed enzymatic oxidation and oligomerization of PADPA,37,39 the AOT/hexanol/PADPA vesicle system
is also of interest, as a form of fully synthetic analogue of mixed
phospholipid and phospholipid/cholesterol vesicles for mem-
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Abstract The literature concerning the oxidative
oligomerization and polymerization of various arylamines,
e.g., aniline, substituted anilines, aminonaphthalene and its
derivatives, catalyzed by oxidoreductases, such as laccases
and peroxidases, in aqueous, organic, and mixed aqueous
organic monophasic or biphasic media, is reviewed. An
overview of template-free as well as template-assisted
enzymatic syntheses of oligomers and polymers of arylamines is given. Special attention is paid to mechanistic
aspects of these biocatalytic processes. Because of the
nontoxicity of oxidoreductases and their high catalytic
efficiency, as well as high selectivity of enzymatic
oligomerizations/polymerizations under mild conditions—
using mainly water as a solvent and often resulting in
minimal byproduct formation—enzymatic oligomerizations and polymerizations of arylamines are environmentally friendly and significantly contribute to a ‘‘green’’
chemistry of conducting and redox-active oligomers and
polymers. Current and potential future applications of
enzymatic polymerization processes and enzymatically
synthesized oligo/polyarylamines are discussed.
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3-HAA
Ag
AOT
ArNH2
ARP
Au
CiP
CNTs
CPO
CSA
CTAB
DAP
DBSA
DMF
DMSO
DNA
DPV
ELISA
EtOH
FePOs
FrGO
GOx
HEPES
HIgG
H-Mn2O3
H2O2
HPI
HRP
i-PrOH
LOD
MeOH

3-Hydroxyanthranilic acid
Silver
Sodium bis-(2ethylhexyl)sulfosuccinate
Arylamine
Arthromyces ramosus peroxidase
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Coprinus cinereus peroxidase
Carbon nanotubes
Chloroperoxidase
Camphorsulfonic acid
Cetyltrimethylammonium bromide
2,3-Diaminophenazine
Dodecylbenzenesulfonic acid
N,N-dimethylformamide
Dimethyl sulfoxide
Deoxyribonucleic acid
Differential pulse voltammetry
Enzyme-linked immunosorbent assay
Ethanol
Iron phosphates
Flower-like reduced graphene oxide
Glucose oxidase
N-2-hydroxyethylpiperazine-N-2ethane sulfonic acid
Human immunoglobulin
Mn2O3 nanoparticle-assembled
hierarchical hollow spheres
Hydrogen peroxide
Recombinant catalase-peroxidase
Horseradish peroxidase
Isopropanol
Limit of detection
Methanol
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NPs
m-PDA
MWCNT(s)
MWCNTs-COOH
o-PDA
PAA
PADPA
PANI
PDADMAC
PNA
p-PDA
PTMSPA
PTP
p-TSA
PWE
QDs
rGO
RNA
SBP
SDBS
SDS
SPCE
SPS
SWCNTs
THF
TvL
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Nanoparticles
m-Phenylenediamine, 1,3phenylenediamine
Multiwalled carbon nanotube(s)
Carboxylic acid-functionalized
multiwalled carbon nanotubes
o-Phenylenediamine, 1,2phenylenediamine
Poly(acrylic acid)
p-Aminodiphenylamine, N-phenyl-pphenylenediamine
Polyaniline
Poly(diallyldimethylammonium
chloride)
Peptide nucleic acid
p-Phenylenediamine,
1,4-phenylenediamine
Poly(N-[3-(trimethoxy
silyl)propyl]aniline
Palm tree peroxidase
p-Toluenesulfonic acid
Paper working electrode
Quantum dots
Reduced graphene oxide
Ribonucleic acid
Soybean peroxidase
Sodium dodecylbenzenesulfonate
Sodium dodecyl sulfate
Screen-printed carbon electrode
Sulfonated polystyrene, poly
(sodium 4-styrenesulfonate)
Single-wall carbon nanotubes
Tetrahydrofuran
Trametes versicolor laccase

Introduction
In this review, we present and list oxidative coupling
reactions of different types of arylamines (ArNH2) catalyzed by oxidoreductase enzymes to form products of
oligomeric or polymeric nature. In particular, work conducted in this field in the last 10 years is summarized.
Arylamines consist of one or more benzene or other aromatic rings (carbocyclic or heterocyclic) with at least one
amino group (primary, secondary, or tertiary) directly
attached to the aromatic ring. Aniline (I, Fig. 1) represents
the simplest arylamine. More complex arylamines are
formed by adding one or more functional groups to aniline
to create a wide array of substituted anilines, or by substituting aromatic hydrocarbons, such as naphthalene, with
an amino group and one or more additional functional
groups. Thus, the group comprising arylamines is very

123

large. The molecular structures of the arylamines discussed
in this review are shown in Figs. 1, 2, 3, 4.
The following structures can be formed upon the oxidation of arylamines, either as one single product or as a
mixture of different products: branched or linear oligoarylamines (N–N, N–C, or C–C coupled) such as dimers, cyclic
diarylamines (e.g., phenazines), trimers and tetramers, and
branched or linear polyarylamines (Ding et al. 2010; Feng
et al. 2013; Křı́ž et al. 2011; Stejskal et al. 2010; Stejskal
and Trchová 2012; Ćirić-Marjanović 2013b; Janošević et al.
2013; Planes et al. 2010; Zhao et al. 2013). Furthermore, the
formation of oxygen-containing products (arylhydroxylamine, nitrosoarene, nitroarene, azoxyarene, amino-phenols, benzoquinones, and oligomers containing such
structures) is also possible (Ćirić-Marjanović 2013b; Křı́ž
et al. 2011; Surwade et al. 2009; Zhou et al. 2015). The main
product as well as the product distribution after the reaction
is completed are very dependent on the reaction conditions:
this includes such characteristics like the type of oxidant,
the concentration of the oxidant, the concentration of the
arylamine, the ratio between the oxidant and the arylamine,
the solvent type, the presence of co-solvent, the ratio
between the solvent and the co-solvent, and the presence
and concentration of reaction-controlling templates (ĆirićMarjanović 2013b; Rakić et al. 2015; Walde and Guo
2011). The latter point can crucially influence the course of
the reaction, as will be shown later in this review. This is
because the oxidation of arylamines is quite a complex
process, which leads to the formation of a highly reactive
arylamine radical as the first intermediate in many cases.
The formation of other reactive species, e.g., arylnitrenium
cations, is also possible (Marjanović et al. 2011; ĆirićMarjanović 2013b). Templates can suppress certain
unwanted reaction pathways of the formed radicals and/or
other reactive species, leading to the formation of the
desired product in high yield, e.g., the formation of conducting polyaniline (PANI) emeraldine salt in the case of
the template-assisted enzymatic oxidation of aniline (Samuelson et al. 1998). Therefore, during the course of this
review, we will show that depending on the conditions used
by the investigators, the enzymatic oxidation of one type of
arylamine molecule can either result in its oligomer or
polymer. Often, however, a detailed and convincing analysis of the chemical structure of the obtained product(s) is
missing. This is due to the fact that the products, particularly
if they are polymeric (e.g., PANI), have a low solubility in
many organic solvents. Nevertheless, we hope that this
review is useful as an overview of the state of the art in this
area of research, in particular for those who wish to enter the
field. Furthermore, we hope to provide enough background
in order for the reader to understand the current challenges,
both with respect to a basic understanding of the reaction
mechanisms and potential applications.
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Fig. 1 Aniline (I); C-alkyl-substituted anilines: 2-methylaniline (otoluidine, II), 4-methylaniline (p-toluidine, III), 2,6-dimethylaniline
(2,6-xylidine, IV), 2,4,6-trimethylaniline (mesidine, V); N-alkylsubstituted anilines: N-methylaniline (VI), N-ethylaniline (VII), N-

butylaniline (VIII); N-hydroxyalkyl-substituted anilines: 4-(1-hydroxyethyl)aniline (4-aminophenyl-methylcarbinol, IX), N-(2-hydroxyethyl)aniline (N-phenylethanolamine, X); N-aryl-substituted
anilines: N-phenylaniline (diphenylamine, XI)

Taking into account the well-known fact that metals,
especially transition metal cations, can efficiently catalyze
the oxidative oligomerization and polymerization of arylamines such as aniline with hydrogen peroxide (H2O2) or
O2 (Della Pina et al. 2011), it is not surprising that a lot of
effort has been made during the past several decades in the
field of the oxidative coupling of arylamines with H2O2 or
O2 catalyzed by oxidoreductase metalloenzymes (Bouldin
et al. 2010; Cruz-Silva et al. 2011; Gross et al. 2001;
Hollmann and Arends 2012; Kadokawa and Kobayashi
2010; Kobayashi 1999; Kobayashi et al. 1995, 2001;
Kobayashi and Makino 2009; Ochoteco and Mecerreyes
2010; Otrokhov et al. 2013; Shoda et al. 2016; Walde and
Guo 2011; Xu et al. 2006). Such enzymes contain one or
more transition metal cations in their active center. The
first reference to the enzymatic oxidation of aniline can be
traced back to the nineteenth century, when Bourquelot
(1896) dissolved aniline in dilute acetic acid, added an
infusion of Russula delica mushroom (champignons), and
obtained a magenta-like substance upon passing an air
current through the liquid. It seems that tyrosinase was the
enzyme used in this case. About 40 years later, the formation of several oligomers of aniline upon its oxidation
with H2O2 in the presence of peroxidase from horseradish
(HRP) or turnips in dilute aqueous acetic acid at pH 4.5
was reported by Mann and Saunders (1935). The first
reports on the enzymatic oxidation of substituted anilines
appeared in the first half of twentieth century, e.g., the
oxidative dimerization of o-phenylenediamine (o-PDA)
(Chodat 1925) and mesidine (2,4,6-trimethylaniline)
(Chapman and Saunders 1941) by peroxidase/H2O2, the

oxidative oligomerization of p-toluidine (Saunders and
Mann 1940) by peroxidase/H2O2, and the oxidative
degradation of p-aminobenzoic acid and o-aminobenzoic
acid (anthranilic acid) by specifically adapted enzymes of a
soil bacillus/O2 (Mirick 1943). Since then, a lot of research
work was devoted to various types of enzymatic oxidations
of substituted anilines including both the N/C-oxidation
and coupling reactions. Corbett et al. (1978, 1979, 1980),
for example, reported N-oxidation and ring halogenation of
4-chloroaniline using chloroperoxidase (CPO), H2O2, and
KCl or KBr. Co-oligomerization of arylamines with phenols attracted some attention in the 1980s and 1990s, e.g.,
cross-linkage between halogen- or alkyl-substituted anilines and phenolic humus constituents was reported by
Bollag et al. (1983), while enzymatic coupling of
chloroanilines with syringic acid, vanillic acid and protocatechuic acid was reported by Tatsumi et al. (1994).
Pioneering publications in the field of kinetic and/or
mechanistic studies of the enzymatic oxidation of substituted anilines in the presence of various oxidoreductases
were published from the 1970s to the 1990s by Claiborne
and Fridovich (1979a, b), Josephy et al. (1982, 1983),
Fischer et al. (1986), Doerge and Corbett (1991), Xu
(1996), and Regelsberger et al. (1999).
The first successful enzymatic synthesis of a PANI-like
product in its conducting green emeraldine salt form was
achieved by Mann and Saunders (1935) via the oxidative
polymerization of the aniline dimer 4-aminodiphenylamine
(PADPA) or phenylhydroxylamine with HRP/H2O2 in an
acetic acid/water mixture. However, it is not sure whether
the product obtained was of polymeric and conducting
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Fig. 2 Phenylenediamines: benzene-1,2-diamine (1,2-phenylenediamine, o-phenylenediamine, o-PDA, XII), benzene-1,3-diamine (1,3phenylenediamine, m-phenylenediamine, m-PDA, XIII), benzene-1,4diamine (1,4-phenylenediamine, p-phenylenediamine, p-PDA, XIV),
2,5-diaminobenzenesulfonic acid (1,4-phenylenediamine-2-sulfonic
acid, XV), 4-N-phenylbenzene-1,4-diamine (N-phenyl-1,4-phenylenediamine, p-aminodiphenylamine, PADPA, XVI), 4-N-acetylbenzene1,4-diamine (N-acetyl-1,4-phenylenediamine, XVII); aminophenols
and aminothiophenols: 2-aminophenol (o-aminophenol, XVIII),
3-aminophenol (m-aminophenol, XIX), 4-aminophenol (p-aminophenol, XX), 3-amino-4-hydroxybenzaldehyde (XXI), 2-amino-3-

hydroxybenzoic acid (3-hydroxyanthranilic acid, 3-HAA, XXII),
2-amino-3-hydroxybenzenesulfonic acid (3-hydroxyorthanilic acid,
XXIII), 3-amino-4-hydroxybenzenesulfonic acid (XXIV), 3-amino-2hydroxybenzenesulfonic acid (2-hydroxymetanilic acid, XXV),
2-amino-3-hydroxybenzenesulfonamide (XXVI), N-cyclohexyl-2amino-3-hydroxybenzenesulfonamide (XXVII), N-phenyl-2-amino-3hydroxy-benzenesulfonamide (XXVIII), 4-amino-3-methylphenol (4amino-m-cresol, XXIX), 4-aminothiophenol (p-aminothiophenol,
XXX); Cl-substituted anilines: 4-chloroaniline (p-chloroaniline, XXXI),
2,6-dichloroaniline (XXXII), 2,3,5,6-tetrachloroaniline (XXXIII), pentachloroaniline (XXXIV)

nature. Five decades later, Dordick et al. (1987) reported,
within the frame of their study mainly focused on polymerizations of various phenols catalyzed by HRP, the
enzymatic oligomerization of aniline in 85% aqueous
dioxane, leading to a nonconducting oligomeric product
with an average molecular weight of 1700 Da (19-mer of
aniline). During this pioneer phase in the investigation of
enzymatic polymerization of aniline and other arylamines,
electroactive PANI films were also synthesized on a glass

surface with a copper-containing oxidoreductase, bilirubin
oxidase (Aizawa et al. 1990). Oxidoreductase-catalyzed
polymerizations of aniline and its derivatives in organic
solvent/water mixtures were thoroughly studied in the early
1990s (e.g., Akkara et al. 1991, 1994a; Kobayashi et al.
1992; Aranda et al. 1995; Arias-Marı́n et al. 1996).
Poly(aniline-co-4-hexadecylaniline) was synthesized by
HRP-catalyzed copolymerization of aniline with 4-hexadecylaniline, conducted at an air–water interface
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3-methoxyaniline (m-anisidine, XXXVI), 4-methoxyaniline (p-anisidine, XXXVII), 2-ethoxyaniline (o-phenetidine, XXXVIII), 3-ethoxyaniline (m-phenetidine, XXXIX), 2-methoxy-5-methylaniline (5methyl-o-anisidine, p-cresidine, XL), 5-methoxy-2-methylaniline
(6-methyl-m-anisidine, 4-methoxy-o-toluidine, XLI), 2,5-dimethoxyaniline (XLII), 4-methoxy-2,6-dimethylaniline (2,6-dimethyl-p-anisidine, XLIII); aminobenzoic and aminobenzenesulfonic acids:
3-amino-4-methoxybenzoic acid (XLIV); 3-amino-4-methoxy-

benzenesulfonic acid (XLV), 4-aminobenzoic acid (p-aminobenzoic
acid, XLVI), 2-aminobenzenesulfonic acid (o-aminobenzenesulfonic
acid, orthanilic acid, XLVII); phenylazo-substituted anilines:
4-phenyldiazenylaniline (4-phenylazoaniline, aniline yellow, XLVIII),
4-[(4-aminophenyl)diazenyl]aniline (4,40 -diaminoazobenzene, 4,40 azodianiline, XLIX); other substituted anilines: 5-amino-2,3-dihydrophthalazine-1,4-dione (luminol, L); 3-(4-aminophenyl)-1-phenyl2-propen-1-one (LI), 3-(4-aminophenyl)-1-(4-ethoxyphenyl)-2-propen-1-one (LII)

(Langmuir trough) (Akkara et al. 1994b; Bruno et al.
1995a, b) or in reverse micelles (Akkara et al. 1994b;
Bruno et al. 1995a, b). Alva et al. (1996, 1997) accomplished an HRP-catalyzed synthesis of water soluble
poly(substituted anilines) such as poly(p-aminobenzoic
acid) and poly(2,5-diaminobenzenesulfonate). Finally,
during the late 1990s, in the quest for efficient enzymatic
synthesis of conducting polymers, Samuelson et al. (1998)
reported that HRP, with H2O2 as oxidant, could successfully be applied as a catalyst in the polymerization of
aniline to obtain PANI in its conducting emeraldine salt
form in an aqueous solution at pH 4.3 containing poly(sodium 4-styrenesulfonate) (sulfonated polystyrene, SPS)
as a template. The idea of using polymeric acid templates is
based on previous studies on the chemical synthesis of
PANI with SPS (Liu et al. 1992; Sun et al. 1997) in an
attempt to mimic deoxyribonucleic acid (DNA) replication.

After this breakthrough discovery by Samuelson et al.
(1998), the fast development of enzymatic synthesis of
conducting and semiconducting polyarylamines began. The
reaction conditions employed for these enzymatic syntheses are significantly milder (slightly acidic instead of
highly acidic reaction media, the use of oxidants with
lower oxidation potential, etc.) than those employed in
ordinary chemical and electrochemical synthesis.
Oxidoreductase-catalyzed oligomerizations and polymerizations of arylamines have briefly been reviewed in
the past in the frame of reviews devoted to the oligomerizations and polymerizations catalyzed by various
enzymes, including hydrolases, transferases, lipases, and
oxidoreductases (Kobayashi et al. 1995, 2001, Kobayashi
1999; Kobayashi and Makino 2009; Gross et al. 2001;
Kadokawa and Kobayashi 2010; Walde and Guo 2011;
Hollmann and Arends 2012; Shoda et al. 2016). Ochoteco
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LVIII), 4-(4-amino-3-chlorophenyl)-2-chloroaniline (3,30 -dichlorobenzidine, LIX); 9H-fluoren-2-amine (2-aminofluorene, LX); aminonaphthalenes: naphthalen-1-amine (1-aminonaphthalene, LXI), naphthalen-2-amine (2-aminonaphthalene, LXII), 5-nitronaphthalen-1amine (5-nitro-1-aminonaphthalene, LXIII), 2-amino-8-hydroxy-6sulfonaphthalene-3-sulfonic acid (2-amino-8-naphthol-3,6-disulfonic
acid, LXIV)

and Mecerreyes (2010), Bouldin et al. (2010), Cruz-Silva
et al. (2011), and Otrokhov et al. (2013) have reviewed
some aspects of oxidoreductase-catalyzed oligomerizations
and polymerizations of arylamines in their reviews devoted
to oxidoreductase-catalyzed synthesis of conducting polymers. The most detailed review about oxidoreductase-catalyzed oligomerizations and polymerizations of arylamines
was written a decade ago by Xu et al. (2006). The present
review focuses on modern aspects of oxidative oligomerization and/or polymerization of arylamines catalyzed by
oxidoreductases in aqueous, organic, and mixed aqueous
organic monophasic or biphasic media, with a special
attention to the research done in the 2010s. Template-free
and template-assisted enzymatic syntheses of oligomers
and polymers of arylamines, as well as mechanistic aspects
of these biocatalytic processes, are comprehensively
reviewed. The applicability of enzymatically synthesized
oligomers and polymers of arylamines and their composites is discussed.

Oxidoreductases used as biocatalysts
in the oxidative coupling of arylamines
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The most frequently used oxidoreductase in the enzymatic
coupling of arylamines is isolated from the roots of
horseradish (Armoracia rusticana) and belongs to the class
III family of secretory plant peroxidases (Veitch 2004).
Similar to all other heme peroxidases, HRP has an iron(III)
protoporphyrin IX (heme B, protoheme IX) prosthetic
group (LXV, Fig. 5) located at the active site (Veitch 2004).
The most abundant isoenzyme of HRP is HRP C (Veitch
2004). The catalytic mechanism of HRP C for the oxidation of arylamines and all other substrates is via the socalled ‘‘peroxidase cycle’’ (Veitch 2004) (Fig. 6). The twoelectron oxidation of the native Fe(III) center with H2O2
leads to the formation of compound I (LXIX, Fig. 6), which
is a high oxidation state intermediate with an Fe(IV) oxoferryl center and a porphyrin-based p-cation radical. In the
succeeding second step, compound I oxidizes ArNH2
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(LXVI, Fig. 6) to yield the intermediate compound II (an
Fe(IV) oxoferryl species, LXVIII, Fig. 6) which—in a third
step—oxidizes another substrate ArNH2 to yield the native
Fe(III) enzyme once more, thereby completing the reaction
cycle. Overall, in one peroxidase cycle, two ArNH2
Fig. 6 Peroxidase cycle for
aniline (LXVI, R=H) and
substituted anilines (LXVI).
Heme B (LXV), substituted
aniline radical (LXVII),
compound II (LXVIII),
compound I (LXIX)

molecules are oxidized to two radical species (ArNH,
LXVII, Fig. 6), while one H2O2 molecule is consumed and
two molecules of water form as by-products in the first and
third steps. Thus, the stoichiometric equation for the peroxidase cycle for arylamines is 2ArNH2 ? H2O2 ?
2ArNH ? 2H2O.
Various peroxidases other than HRP, such as fungal
(chloroperoxidase, Arthromyces ramosus, Coprinus cinereus, and Pleurotus sajor caju peroxidase), plant (soybean,
palm tree, and turnip peroxidase), microperoxidase, and
recombinant catalase-peroxidases (HPI from Escherichia
coli), can also be used for the enzymatic oxidation and
coupling of arylamines.
Other frequently used types of oxidoreductases for the
enzymatic oxidative couplings of arylamines are laccases
which are found in a variety of trees and fungi. They are
multicopper oxidases that catalyze the reduction of
molecular oxygen to water, bypassing H2O2 formation
(Morozova et al. 2007). They contain four copper ions,
both Cu? and Cu2?, of three types (Fig. 7). Three copper
ions comprise the catalytic site that reduces O2 to H2O,
whereas the fourth copper ion, a Cu2? cation, carries out
O
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Finally, it is important to note that ceruloplasmin as a
ferroxidase enzyme (associated with the oxidation of Fe2?
into Fe3?) and DNAzyme as an artificial enzyme (made by
complexation of DNA oligonucleotides with hemin; Gao
et al. 2015) were also utilized in the oxidoreductase-catalyzed oligomerization (Eggert et al. 1995) and polymerization of arylamines (e.g., Shen et al. 2014), respectively.

Natural heme-containing and synthetic biomimetic
catalysts

Fig. 7 Structures of active sites of laccase (LXX and LXXI) containing four copper ions of three types. Adapted with permission from
Kobayashi and Makino (2009). Copyright 2009 American Chemical
Society

Fig. 8 Laccase cycle for arylamines

the one-electron oxidations of arylamines (Figs. 7, 8).
Fungal (Trametes versicolor, Trametes hirsuta, Trametes
villosa, Rhizoctonia praticola, Myceliophthora thermophila) as well as bacterial (CotA-laccase from Bacillus
subtilus) laccases were employed in the enzymatic syntheses of oligomers and polymers of arylamines. Since the
laccase-catalyzed oxidation of aniline, similar to all other
enzymatic oxidations of arylamines, is hampered by the
low oxidizability (high oxidation potential) of aniline in
acidic media, Santiago et al. (2016) recently successfully
combined a computational approach with experimental
validation to rationally design a laccase mutant for
improved aniline oxidation (2-fold kcat increase). It seems
that enzyme engineering is a promising route to improved
enzymatic oxidation of arylamines.
There is also the possibility of using a cascade reaction
to oxidize arylamines using the enzyme glucose oxidase
(GOx), as reported by Kausaite et al. (2009). First, in the
presence of glucose and dissolved O2, GOx generates H2O2
(reaction 1) and D-glucono-d-lactone. The arylamine is
then oxidized with H2O2, either non-enzymatically or
enzymatically with, e.g., HRP (reaction 2).
Glucose þ O2 ! D-glucono-d-lactone þ H2 O2 ;

ð1Þ

2ArNH2 þ H2 O2 ! 2ArNH  þ 2H2 O:

ð2Þ
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Besides heme-containing enzymes, other heme-containing
proteins have successfully been utilized as catalysts in the
oxidative polymerization of aniline with H2O2. It is of
particular notice that proteins which do not normally oxidize a substrate can, under the right conditions, catalyze the
oxidation of arylamines. However, in order for this to be
successful, a template is required. For example, aniline was
successfully polymerized using bovine hemoglobin, the
heme-containing oxygen-transport protein, in the presence
of various templates, such as SPS (Hu et al. 2005c), lignosulfonate (Hu et al. 2008), and micelles from sodium
dodecyl sulfate (SDS) (Hu et al. 2005a, b, 2006). The
electrical and electrochemical characteristics of PANI
synthesized with enzyme-mimics strongly depend on the
surfactants used in the formation of micelles (Hu et al.
2006). Consequently, the final product can be tuned by the
type(s) and concentration of surfactant, as well as by the
initial H2O2:aniline molar ratio. It has been shown that
micelles formed by anionic surfactants based on strong
acids, such as SDS, are suitable templates for the biomimetic enzymatic synthesis of conducting PANI. The results
of Hu et al. (2006) also showed that the higher stability of
hemoglobin in comparison with HRP was advantageous for
conducting the synthesis of conductive PANI in a relatively
wide pH range, with optimal pH of 2.0. The hemoglobincatalyzed polymerization of aniline at pH C5.0 resulted in
branched, insulating PANI. Another efficient reaction
system with hemoglobin and H2O2, with sodium dodecylbenzenesulfonate (SDBS) reverse microemulsions as
reaction medium, was developed by Chen et al. (2014) for
the synthesis of conducting (0.90 S cm-1) nanoscaled,
furcate shaped PANI with excellent thermal stability and
high degree of crystallinity. The reaction was controlled by
tuning the water content (the water/dodecylbenzenesulfonate molar ratio) in the reverse microemulsions. Also,
chiral conducting PANI nanospheres with a high degree of
crystallinity were recently obtained by the oxidation of
aniline with H2O2 in the presence of bovine hemoglobin as
a chiral inducer at pH 2.0, using the dodecylbenzenesulfonic acid (DBSA) micelle-assisted (Guo et al. 2014) or
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DBSA/CTAB micelle-assisted polymerization route (Guo
et al. 2015). Methemoglobin was used by Li et al. (2005) to
catalyze the oxidative dimerization of o-PDA with H2O2 to
2,3-diaminophenazine (DAP). The heme protein cytochrome c has also been used as a catalyst for arylamine
oxidation and coupling, e.g., Nagasawa et al. (1959)
revealed that oxidative dimerization of o-aminophenol and
3-hydroxy-4-aminobiphenyl by cytochrome c/H2O2 yields
the corresponding phenoxazinones as major products,
whereas the oxidative dimerization of 2-amino-1-fluorenol
led to the indophenol-like product. Zhu et al. (1998) have
suggested that the product of o-PDA oxidation by cytochrome c/H2O2 in water is the trimer 1,2,5,6-tetraamino9,10-(10 ,20 -di-aminobenzo)-phenanthrene, while Ono et al.
(2001) and Oshima et al. (2007) used cytochrome c as a
catalyst for the oxidative polymerization of o-PDA in
organic solvent/water mixtures at pH 7.0–8.0.
Even synthetic, heme-containing molecules, so-called
biomimetic catalysts, can oxidize and polymerize arylamines. Since hematin is water soluble only at very high
pH and thus is not an effective catalyst for PANI synthesis
in acidic media, appropriately chemically modified hematin was used as a catalyst in PANI synthesis. For example,
poly(ethylene glycol)-coupled hematin (Nagarajan et al.
2001b; Roy et al. 2002; Sahoo et al. 2004), multilayered
hematin/poly(dimethyl diallylammonium chloride) films in
the presence of SPS (Ku et al. 2003), magnetite-supported
hematin (Curvetto et al. 2006; Saidman et al. 2006), halloysite nanotubes-supported hematin (Tierrablanca et al.
2010), and hematin tethered with methoxypolyethylene
glycol amine chains (Nagarajan et al. 2009) were utilized
as biomimetic catalysts for PANI synthesis. Similar to the
already mentioned excellent control over electrical conductivity, crystallinity, redox/electrochemical activity, and
thermal stability of PANIs synthesized using heme-containing proteins (hemoglobin, etc.) as catalysts, fine tuning
of the various properties of PANI was also achieved in the
case of the hematin-catalyzed oxidative polymerization of
aniline, mainly by the proper choice of the template
(polyanion, etc.) and its concentration. Thus, Roy et al.
(2002) showed that the presence of lignosulfonate as a
polyanionic template in the poly(ethylene glycol)-coupled
hematin/aniline/H2O2 reaction system yields PANI with
desirable properties such as good electrical conductivity,
redox/electrochemical activity, solubility/processability,
thermal stability, biodegradability, and anticorrosion ability. 5,10,15,20-Tetrakis-(meso-hydroxyphenyl)-porphyrin
(Hu et al. 2008), iron(III) tetrasulfonated tetraphenyl-porphyrin (Nabid et al. 2006b), tetrapyridylporphyrin complexes of iron (III), manganese (III) and cobalt (III) (Nabid
et al. 2009b), transition metal (iron, cobalt or manganese)
tetrasulfonated phthalocyanine (Nabid et al. 2007b), and
iron (II) tetrasulfophthalocyanine (Hu et al. 2008, 2009)
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were also used as biomimetic catalysts for the oxidative
polymerization of aniline with H2O2. The intrinsic peroxidase-like activity of Fe3O4-NPs (Datta and Schuster
2008, 2007a) inspired Yang et al. (2009) to perform SPStemplated Fe3O4-NPs-catalyzed oxidative polymerization
of aniline with H2O2 at pH 2.5, leading to the formation of
PANI/Fe3O4-NPs composites. Synthesis of water-dispersible PANI by oxidative polymerization of aniline with
H2O2, in the presence of iron phosphates (FePOs) as peroxidase mimic catalyst and polystyrene sulfonate as a
template, was recently presented by Li et al. (2015). In
comparison with HRP, the FePOs showed apparent superior catalytic properties and the reactions with FePOs were
carried out at a higher level of acidity (pH 1.5–2.6).

Enzymatic oligomerization and polymerization
mechanisms
The first detailed mechanistic study regarding the enzymatic oligomerization or polymerization of arylamines
indicated the formation of at least three distinct species
after the oxidation of o-dianisidine by HRP/H2O2 at pH 3.7
and 4 °C (Claiborne and Fridovich 1979a, b). The enzymatic oxidation of o-dianisidine at low concentrations
yielded the free o-dianisidine quinonediimine, while at
higher concentrations the first product was an intermolecular complex (charge-transfer complex) consisting of odianisidine and its quinonediimine. It was revealed that at
near-neutral pH, the o-dianisidine quinonediimine undergoes irreversible self-coupling, yielding a product which
has a bisazobiphenyl structure. Since continuous-flow EPR
studies of o-dianisidine oxidation with HRP/H2O2 did not
indicate the formation of free o-dianisidine semiquinone
radicals in the steady state, Claiborne and Fridovich
(1979a) concluded that the HRP-catalyzed oxidation of odianisidine occurs via a fast two-electron transfer. Data
presented by Claiborne and Fridovich (1979a, b) also led to
the conclusion that the HRP-dianisidine radical complex
was intermediary formed during the early stages of the
oxidation of o-dianisidine by HRP/H2O2, followed by the
removal of the second electron from the bound o-dianisidine radical, which was found to be facilitated by binding
of nitrogen-containing nucleophiles.
The mechanism of the HRP–H2O2 polymerization of
aniline in the presence of bis-(2-ethylhexyl)sulfosuccinate
(AOT, LXXII, Fig. 9) as vesicle-forming surfactant and
dopant was recently investigated by Junker et al. (2012), on
the basis of UV/VIS/NIR and EPR measurements, by
tracking changes in aniline and H2O2 concentrations and
HRP activity during the polymerization reaction. The green
PANI emeraldine salt was obtained with 90-95% aniline
conversion at pH 4.3 and room temperature within 24 h. The
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Fig. 9 Schematic illustration of
the ‘‘radical cation mechanism’’
of HRP-catalyzed PANI chain
formation on the AOT vesicle
surface: Aniline (I), AOT
(LXXII), anilinium cation
(LXXIII), aniline cation radical
(LXXIV), aniline radical
(LXXV). For a cryo-transmission
electron micrograph and a
schematic representation of a
vesicle, see Fig. 15 Adapted
with permission from Junker
et al. (2012). Copyright 2012
Royal Society of Chemistry

data led to the conclusion that PANI is formed on the AOT
vesicle surface via the ‘‘radical cation mechanism’’, i.e., the
reaction of aniline radical cations with the growing PANI
chain (Fig. 9). Three kinetically distinct phases of PANI
formation were observed. First, PANI emeraldine salt in
bipolaron state is formed in the first 5–10 min, followed by
the transformation of the bipolarons into polarons in the
second and third slower phases (1–2 days). Based on a 2H
magic-angle spinning NMR spectroscopy analysis of the
polymerizations of different types of partially deuterated
aniline monomers, it was demonstrated that para-coupling
of the aniline units dominates over ortho-coupling. Kinetic
studies of PANI synthesis catalyzed by soybean peroxidase
(SBP) in water or water/organic solvent mixtures indicated
that the enzymatic polymerization of aniline does not have an
induction period or autoacceleration, which is characteristic
for the simple chemical polymerization of aniline (CruzSilva et al. 2005). Similarly, Shumakovich et al. (2014)
pointed out that the growth of PANI chain during the
chemical oxidative polymerization of aniline occurs via the
formation of oligomeric/polymeric pernigraniline intermediates which are later reduced by unreacted aniline molecules to the PANI emeraldine salt in the final polymerization
phase. In contrast, oligoaniline and PANI chains in the
emeraldine oxidation state are immediately formed in the
laccase-catalyzed polymerization of aniline (Junker et al.
2014a), i.e., the enzymatic polymerization of aniline proceeds without an induction period (initial accumulation of
oligomeric pernigraniline intermediates).
A comparative study performed by Xu (1996) with
several fungal laccases for the oxidation of various
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substituted anilines indicated that the first electron transfer
from substituted aniline to laccase occurred via the ‘‘outersphere’’ mechanism. The steric effect of small o-substituents (e.g., methyl, methoxy, etc.) was found to be
unimportant in comparison with the electronic factor.
It can be concluded that significant progress was made
with respect to the mechanisms of enzymatic arylamine
polymerization. However, the structural characterization of
oligoarylamines (dimers, trimers, tetramers, etc.) formed
during the early stages of the enzymatic oxidative polymerization of aniline and other arylamines is still missing.
There is also a lack of quantum–chemical insights into the
mechanisms of enzymatic arylamine polymerizations.

Enzymatic oligomerization of arylamines
Similar to other oligomers (Jenkins et al. 1996), arylamine
oligomers (oligoarylamines) can be defined as molecules
which comprise several arylamine units, most frequently 2
(dimer)–10 (decamer) monomers, and which have properties
that change significantly when one or a few monomer units
are removed. For example, the oxidizability of unprotonated,
reduced N–C4 coupled leucoemeraldine-like oligoanilines
significantly increases with increasing chain length. This has
a crucial impact on the mechanism of the oxidative polymerization of aniline (Ćirić-Marjanović et al. 2006). In
contrast, polyarylamines usually consist of hundreds or
thousands of arylamine monomers. Therefore, their properties remain virtually the same if one or a few monomers are
removed. In general, the solubility of oligoarylamines is
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significantly higher than that of the corresponding polyarylamines, and it rapidly decreases with increasing chain
length (Ćirić-Marjanović et al. 2008). The properties of
oligoarylamines not only depend on the number of monomers but also on the coupling type (N–N, N–C, or C–C)
between monomers, as well as on their oxidation state and
degree of protonation. For example, half-oxidized N–C4
coupled emeraldine-like oligoanilines (Wang et al. 2010)
become conducting upon protonation (doping with acids) at
pH B5.5, while fully oxidized N–C4 coupled pernigranilinelike oligoanilines become powerful oxidants upon protonation at pH B2 (Ćirić-Marjanović et al. 2006, 2008).
Branching, which leads to an increased number of end
groups (e.g., primary amino groups) and intramolecular
cyclization reactions (formation of aromatic heterocycles,
e.g., phenazine), also have a significant impact on the physico-chemical properties of oligoarylamines.
After the discovery of oligoarylamines in the nineteenth
century, and during the major part of the twentieth century,
interest in oligoarylamines was based almost exclusively
on their applicability as dyes and pigments (aniline black,
mauveine, etc.). The formation of resinous polymeric
products was considered as an unwanted process which
should be prevented or minimized, and frequently the
formed polymeric precipitates were separated from the
reaction mixture by filtration and discarded as useless
without any characterization. The discovery of conducting
polyarylamines in the second half of the twentieth century
dramatically changed the focus of scientists interested in
arylamine oxidation. The scientific popularity of
oligoarylamines decreased drastically. From a scientific
point of view, only N–C4 coupled emeraldine-like
oligoanilines (tetramers, octamers, etc.) were considered
interesting because they can be used as model compounds
for the corresponding conducting polyarylamines. In this
period, the formation of nonconducting oligoarylamines
upon the oxidation of arylamines was considered as an
unwanted process in numerous research works, and frequently the formed soluble oligoarylamine products were
separated from the precipitates of conducting/semiconducting polyarylamines by filtration and were not characterized. Separation of oligoarylamines, which were
adsorbed on precipitates of polyarylamines and/or coprecipitated with polyarylamines, was achieved by washing
the precipitates with organic solvents which dissolve the
oligomers. Consequently, complete information on the full
range of products obtained by the oxidation (both enzymatic and nonenzymatic) of arylamines is missing in the
majority of the published studies up to the present date. It is
also important to note that attempts to synthesize various
conducting polyarylamines were unsuccessful in many
cases and unintentionally led to the formation of nonconducting oligoarylamines.
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Currently, there is a growing interest in oligoarylamines
because of their promising applicability in corrosion inhibition, production of nitrogen-containing carbons, antimicrobial materials, etc. (Ćirić-Marjanović 2013b). The linear
N-C4 coupled oligoanilines (e.g., aniline tetramers) are
especially interesting because these oligomers combine the
electrical properties of PANI (the acid–base doping–dedoping chemistry) with the characteristic properties (monodispersity and self-assembly to various nanostructures) of
molecular semiconductors (Wang et al. 2010). The environmentally friendly enzymatic oligomerization of arylamines contributes to ‘‘green’’ oligoarylamine chemistry.
Enzymatic dimerization of arylamines
In the 1920s, Chodat proposed DAP (LXXVI, Fig. 10) as a
major dimeric product of the oxidation of o-PDA with peroxidase/H2O2 (Chodat 1925), Fig. 10. This finding was open
to discussion during the following several decades until
Tarcha et al. (1987) obtained indisputable NMR and mass
spectroscopic evidence which indicated that the major product of the oxidation of o-PDA by H2O2 or HRP/H2O2 is
DAP. Liquid chromatography combined with UV/Vis, IR,
2-D NMR, and MS has also led to the unambiguous detection
of DAP as a major reaction product of the HRP-catalyzed
oxidation of o-PDA with H2O2, whereas 2,20 -diaminoazobenzene, which was suggested by other researchers (e.g.,
Gallati and Brodbeck 1982) to be the major reaction product,
was not detected (Hempen et al. 2005). Because of this
reaction, o-PDA became one of the most effective substrates
for spectrophotometric HRP-mediated enzyme-linked
immunosorbent assay (ELISA test) that uses antibodies and
color change to identify a substance (Wolters et al. 1976;
Bovaird et al. 1982; Mekler and Bystryak 1992). In addition,
o-PDA is frequently used as a substrate to determine the
activity of HRP (Mekler and Bystryak 1992; Fornera and
Walde 2010). Enthalpy change and mechanism of oxidation
of o-PDA by HRP/H2O2 to DAP were investigated by Liu
et al. (2006) using calorimetry. The oxidation of o-PDA by
laccase also leads to the formation of DAP, which was
detected by immobilizing laccase via microencapsulation in
a microreactor which was coupled offline to capillary electrophoresis (Roman-Gusetu et al. 2009). Recently, Zhou
et al. (2011) synthesized DAP in high yield (63%) from oPDA using fungal laccase as a biocatalyst. Methemoglobincatalyzed oxidation of o-PDA with H2O2 to DAP was
reported by Li et al. (2005). In a quite similar oxidative
dimerization process as the formation of DAP from o-PDA,
Niu and Jiao (2000) reported the formation of 2,7-diaminophenazine via the oxidation of m-phenylenediamine
(m-PDA) by HRP/H2O2.
It was reported that the oxidation of p-toluidine by HRP/
H2O2
leads
to
the
dimeric
products
4,40 -
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Fig. 10 Formation of 2,3-diaminophenazine (DAP, LXXVI) by the peroxidase-catalyzed oxidation of o-phenylenediamine (o-PDA, XII) with
H2O2

dimethyldiphenylamine and 4,40 -dimethylazobenzene,
besides some other oligomeric products (Saunders and
Mann 1940). Chapman and Saunders (1941) showed that
mesidine (2,4,6-trimethylaniline) is oxidatively dimerized
by HRP/H2O2 at pH 4–5 to a purple crystalline compound
which was determined to be 2,6-dimethylbenzoquinone4(20 ,40 ,60 -trimethyl)-anil. Saunders and Watson (1950) isolated and identified 3,5-dimethylbenzoquinone-1-(40 -methoxy-20 ,60 -dimethyl)anil as a product of the oxidative
dimerization of 4-methoxy-2,6-dimethylaniline with HRP/
H2O2. 4,40 -Dichloroazobenzene was detected as the dimeric
product of the oxidation of 4-chloroaniline by HRP/H2O2
(Daniels and Saunders 1953). In the most extensive study
up to the present date regarding enzymatic oxidative
dimerization of aniline and its derivatives, Bordeleau and
Bartha (1972) exposed forty-three substituted anilines to
fungal enzymes and the reaction products were analyzed by
spectrometric and gas chromatographic methods. It was
observed that the susceptibility to enzymatic transformation
increased with an increased electron density at the amino
group, and electron-donating substituents increased the
yields of longer polymers and decreased the yields of
dimeric azobenzenes. Anilines substituted by electron-accepting groups in both ortho positions did not undergo
enzymatic transformations (Bordeleau and Bartha 1972). It
was observed by van Duijn (1955) that blue crystals which
were formed upon adding a milk-peroxidase concentrate to
a mixture containing benzidine, H2O2, and NH4Cl, have a
minimum formula of the benzidine dimer C24H24N4Cl2H2O. However, this blue colored product does not
represent the true benzidine dimer, but is a charge-transfer
complex of benzidine with benzidine diimine. The principal
organic-extractable dimer formed by the oxidation of benzidine with both prostaglandin synthase/H2O2 and HRP/
H2O2 at pH 7.0 was isolated by chromatography and identified as the azo-dimer derivative of benzidine (Josephy
et al. 1983). It was revealed by Claiborne and Fridovich
(1979a) that the oxidation of o-dianisidine by HRP/H2O2 at
near-neutral pH leads to the irreversible self-coupling of odianisidine, yielding a dimeric product with bisazobiphenyl
structure. The oxidative dimerization of 2,5-diamino-benzenesulfonic acid by laccase/O2 at pH 5.0, leading to the
formation of 2,7-diaminophenazine-1,6-disulfonic acid,
was performed by Shaw and Freeman (2004). Saunders and
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Wodak (1966) reported the formation of the dimer dibenzo[a,h]phenazine upon the oxidation of 2-naphthylamine by
peroxidase/H2O2 in an aqueous solution of acetic acid at pH
4.5. It has recently been reported by Longoria et al. (2008)
that CPO-mediated oxidation of 2,3,5,6-tetrachloroaniline
with H2O2 in isopropanol/water mixture at pH 3.0 leads to
the formation of three dimers: octachloro-4-aminodiphenylamine, nonachloro-4-aminodiphenylamine, and
decahloroazobenzene, besides the formation of polymeric
material. Spectroscopic measurements combined with
Density Functional Theory calculations were used by
Martorana et al. (2011) in order to get insight into the
oxidative N–N coupling of 4-methylaminobenzoic acid by
laccase/O2, leading to the dimeric azo dye.
The monomer o-aminophenol can easily be transformed
to its dimer 2-amino-3H-phenoxazin-3-one via enzymatic
oxidation followed by oxidative cyclization, e.g., using
HRP (Puiu et al. 2008). Fungal laccases as green catalysts
for the synthesis of various colored products, including
phenoxazinone-based dyes, have recently been reviewed by
Polak and Jarosz-Wilkolazka (2012). To protect mammalian cells from oxidative damage, multicopper oxidases
(e.g., ceruloplasmin) are involved in the oxidation of
3-HAA, a carboxylic acid derivative of o-aminophenol, into
a natural phenoxazinone derivative, cinnabarinic acid pigment (2-amino-3-phenoxazinone-1,9-carboxylic acid,
LXXVII, Fig. 11) (Eggert et al. 1995). Such phenoxazinone
derivatives have also been synthesized in vitro by laccases
(Eggert et al. 1995; Osiadacz et al. 1999; d’Acunzo et al.
2004) (Fig. 11). For example, 3-HAA was oxidatively
dimerized by laccase/O2 to cinnabarinic acid in mixtures of
water with organic solvents such as dioxane, isopropanol,
ethylene glycol, and acetonitrile (d’Acunzo et al. 2004),
while Trametes versicolor laccase (TvL) immobilized in
polyacrylamide gel was utilized for the oxidative transformation of 4-methyl-3-hydroxyanthranilic acid to actinocin
(2-amino-4,6-dimethyl-3-phenoxazinone-1,9-carboxylic
acid) in water and acetonitrile/water mixture (Osiadacz
et al. 1999). The ceruloplasmin-catalyzed oxidative coupling of 3-HAA to cinnabarinic acid was also demonstrated
in vitro by Eggert et al. (1995).
Low water solubility is the main drawback regarding the
potential applicability of cinnabarinic acid (e.g., modulation
of immune responses in autoimmune disorders, molecular
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Fig. 11 Laccase-catalyzed
oxidation–dimerization reaction
of 3-HAA (XXII) to
cinnabarinic acid (LXXVII)
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probe, etc.). Therefore, the oxidation of 3-hydroxyorthanilic
acid, a sulfonated analog of 3-HAA (SO3H group instead of
COOH), was performed using laccase/O2 as a biocatalyst/
oxidant system, leading to the 2-amino-3-oxo-3H-phenoxazin-1,9-disulfonic acid as the sulfonate analog of cinnabarinic acid (Bruyneel et al. 2008). Similarly, numerous
sulfonamide derivatives of 3-hydroxyorthanilic acid (e.g.,
2-amino-3-hydroxybenzenesulfonamide,
N-phenyl-2amino-3-hydroxybenzenesulfonamide, and N-cyclohexyl2-amino-3-hydroxybenzenesulfonamide) (Bruyneel et al.
2009), as well as 3-amino-2-hydroxybenzenesulfonic acid
(2-hydroxymetanilic acid) (Bruyneel et al. 2009) and
3-amino-4-hydroxybenzenesulfonic acid (Forte et al. 2010;
Polak and Jarosz-Wilkolazka 2010), have also been transformed to corresponding phenoxazinones via laccase-catalyzed oxidative dimerization. Laccase-catalyzed synthesis
was shown to be more efficient than the oxidation of oaminophenols with silver oxide (Bruyneel et al. 2009). It is
interesting to note that the oxidative dimerization of 3-HAA
to cinnabarinic acid was proposed by Cantarella et al.
(2003) as a reliable reaction for spectrophotometric determination of laccase activity in mixed solvents. Suzuki et al.
(2006) reported the oxidative dimerization of o-aminophenol and its derivative 3-amino-4-hydroxy-benzaldehyde by
o-aminophenol oxidase GriF to corresponding phenoxazinones. The presence of N-acetylcysteine in the in vitro
oxidation of 3-amino-4-hydroxy-benzaldehyde by GriF led
to the formation of grixazone A, a yellow pigment produced
under phosphate depletion by Streptomyces griseus.
The oxidation of a mixture of 4-amino antipyrine and a
N,N-disubstituted aniline derivative with HRP/H2O2,
leading to a dimeric 4-amino antipyrine-co–N,N-disubstituted aniline cationic electroactive quinone–iminium dye,
was utilized in the indirect electrochemical detection of
HRP (Degrand et al. 2001).
Oxidoreductase-catalyzed formation of trimers
and other low-molecular-weight oligoarylamines
The complexity of the molecular structure of arylamine
trimers, tetramers, and other low-molecular-weight oligomers increases exponentially with increasing chain length.
This is due to the different possible coupling types (N–N,

Laccase, O2
2e-, 2H+

N

NH2

O

O

LX X V II

N–C, C–C) between the monomers. Furthermore, for a
given oligomer chain, different types of oxidation states,
degree of branching, and intramolecular cyclizations are
possible. Therefore, the studies devoted to enzymatic
trimerizations, tetramerizations, etc. of arylamines only
focus on a few major products (frequently not exceeding
30–50% yield), while the myriad of the other low-molecular-weight oligoarylamines has never been isolated and
characterized. It should be noted that the formation of
polyarylamines is always accompanied with the formation
of low-molecular-weight oligoarylamines as by-products.
Similar to polyarylamines, low-molecular-weight oligoarylamines can be conducting or nonconducting, depending on
their molecular structure. The conductivity of oligoarylamines increases with increasing number of protonated
emeraldine-like units in the molecular structure, whereas
the presence of all other structural units leads to a
decreased conductivity. It is noteworthy that in many cases
the electrical conductivity of enzymatically synthesized
oligoarylamines was not investigated.
In their study of the enzymatic oxidative oligomerization of aniline, Mann and Saunders (1935) reported that the
enzymatic oxidation of aniline by HRP/H2O2 or peroxidase
from turnips/H2O2 in dilute aqueous acetic acid at pH 4.5
predominantly leads to the formation of oligoaniline
products which they proposed to be 2,5-dianilino-p-benzoquinoneimineanil, 2-amino-8-anil-N-phenyldiphenazine
(pseudomauveine), induline, and ‘‘ungreenable’’ aniline
black. Purification of recombinant catalase-peroxidase
(HPI) from Escherichia coli and its application in the
enzymatic oligomerization of aniline were recently reported by Di Gennaro et al. (2014). Size-exclusion and
MALDI-TOF analysis of the products led the authors to
conclude that predominantly, two different oligomers are
formed, the tetramer and the decamer. The oxidation of
aniline was also performed using HRP/H2O2 under the
same reaction conditions as above (phosphate buffer, pH 7)
(Di Gennaro et al. 2014), leading to the formation of the
aniline dimer and decamer. A laccase from Trametes villosa, in the presence of poly(ethylene glycol) of various
average molar masses, was shown to be an efficient catalyst
in the oxidative coupling of aniline to the corresponding
low-molecular-weight soluble brown-colored oligomers
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(Steevensz et al. 2012). The enzymatic syntheses of lowmolecular-weight oligoanilines in the conducting emeraldine salt state form were reported by Datta and Schuster
(2008), Datta et al. (2006) and Shumakovich et al. (2014).
Datta and Schuster (2008), Datta et al. (2006) synthesized a
series of aniline oligomers from aniline monomers covalently linked to duplex DNA. It was observed that the
treatment of DNA oligomers containing 4–6 aniline
monomers with HRP/H2O2 led to the formation of
oligoanilines which have PANI emeraldine salt-like structure (Datta and Schuster 2008; Datta et al. 2006). A method
for the enzymatic synthesis of low-molecular-weight
oligoanilines (up to heptamers) in the emeraldine oxidation
state, by the oxidation of aniline with laccase from the
fungus Trametes hirsuta and atmospheric O2 in the presence of SDBS, was recently developed by Shumakovich
et al. (2014). This synthetic method is based on the fact
that, in contrast to chemical polymerization, the laccasecatalyzed polymerization of aniline can be stopped at the
stage when oligoanilines are in the emeraldine oxidation
state.
The trimer 4-amino-2,5-toluquinonebis-p-tolylimine and
tetramer
4-p-toluidino-2,5-toluquinonebis-p-tolylimine
were recorded by Saunders and Mann (1940) as the major
products of the oxidative oligomerization of p-toluidine by
HRP/H2O2. The enzymatic oxidative coupling of o-, m-,
and p-toluidine to the corresponding low-molecular-weight
soluble orange-brown to purple-brown colored oligomers
was achieved using laccase from Trametes villosa in the
presence of poly(ethylene glycol) (Steevensz et al. 2012).
The oxidative oligomerization of p-anisidine by H2O2
catalyzed by peroxidase was examined by Daniels and
Saunders (1951). It was found that major products are the
p-anisidine
tetramer,
2-amino-5-(p-anisidino)benzoquinone-di-p-methoxyphenylimine, and the pentamer,
tetra-methoxyazophenine. Daniels and Saunders (1953)
also revealed that the major oligomeric products of the
oxidation of 4-chloroaniline by HRP/H2O2 are the
Fig. 12 Laccase-catalyzed
oxidation–trimerization reaction
of 4-aminophenol (LXXVIII,
R=OH), p-PDA (LXXVIII,
R=NH2), PADPA (LXXVIII,
R=NH-phenyl), and N-acetyl1,4-phenylenediamine
(LXXVIII, R=NHCOCH3) to
corresponding Bandrowski’s
base-like trimers (LXXIX,
R=NH2, NH-phenyl,
NHCOCH3; and LXXX, R=OH).
Adapted with permission from
Sousa et al. (2013). Copyright
2013 Wiley

tetramer, 2-amino-5-(4-chloroanilino)benzoquinone-di-4chloroanil, and the pentamer, tetra-4-chloroazophenine,
besides the dimer 4,40 -dichloroazobenzene. Holland and
Saunders (1968) also examined the oxidative oligomerization of 4-chloroaniline by HRP/H2O2, and their
study confirmed that the oxidation of 4-chloroaniline by
peroxidase/H2O2 prevalently leads to the tetramer,
2-amino-5-(4-chloroanilino)benzoquinone-di-4-chloroanil.
It was observed that the oxidative oligomerization of various halogen-, alkyl-, and alkoxy-substituted anilines with
TvL laccase/O2 proceeds smoothly, whereas the laccase of
Rhizoctonia praticola was able to oligomerize only
p-methoxyaniline (Hoff et al. 1985). The product of
p-phenylenediamine (p-PDA) oxidized with HRP/H2O2 in
Britton–Robinson (B–R) buffer at various acidities (pH
3.0–7.0) was found to be the trimer, 2,5-diamino-N,N0 -di(4-aminophenyl)-2,5-cyclohexadiene-1,4-diimine
(Bandrowski’s base) (Jiao et al. 2000). The oxidation of primary
aromatic amines with p-electron-donor substituents, e.g.,
4-aminophenol, p-PDA, PADPA, and N-acetyl-1,4phenylenediamine, using two different laccases, CotAlaccase from Bacillus subtilus and TvL (Sousa et al. 2013)
(Fig. 12), has led to the formation of orange-red to purple
trimeric products. The product of p-PDA oxidation was
shown to be Bandrowski’s base (Sousa et al. 2013), a pPDA trimer.
Ryabov et al. (1999) found that colored water-soluble
oligomers, which do not inactivate enzymes, are formed
upon the oxidation of p-ferrocenylaniline with HRP/H2O2
and laccase/O2. 4-Aminobiphenyl monomers covalently
linked to the nucleobases of duplex DNA were oxidized
with HRP/H2O2, thus leading to the formation of oligo(4aminobiphenyl)s covalently linked to DNA (Datta and
Schuster 2008; Schuster 2008). The formation of the trimer
of
2-aminonaphthalene,
5-(2-naphthylamino-)-dibenzo[a,h]phenazine, was observed upon its oxidation with
peroxidase and H2O2 (Saunders and Wodak 1966). The
formation of co-trimeric products upon the oxidation of the
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mixture of 2-(N-phenylamino)-5-aminobenzenesulfonic
acid and 5-amino-2-naphthalenesulfonic acid with laccase/
O2 was reported by Shaw and Freeman (2004).
As can be seen from the presented results of numerous
research works devoted to the enzymatic synthesis of
arylamine trimers and other low-molecular-weight
oligoarylamines, there are only a few reports on the
enzymatic syntheses of low-molecular-weight oligoanilines
in the conducting emeraldine salt state form (Datta et al.
2006, 2008; Shumakovich et al. 2014), whereas other
oligoarylamines have not yet been synthesized in a conducting form.

Enzymatic polymerization of arylamines
Enzymatic polymerizations of arylamines, similar to corresponding ordinary chemical polymerizations, can be
performed with and without templates (template-assisted
and template-free polymerization, respectively). Templates
are dispersed additives which have a positive and desired
effect on the polymerization of arylamines by inter alia
controlling the chemical structure and the morphology of
the synthesized polyarylamine (Walde and Guo 2011).
Templates can be classified as being either hard or soft.
Hard templates are insoluble organic or inorganic solid
materials with a specific structure and morphology, for
example CNTs or zeolites. Soft templates are soluble or
dispersible polymers and supramolecular aggregates or
self-assemblies of soluble amphiphilic or surfactant molecules (e.g., micelles and vesicles). Templates interact
directly with the reacting arylamine monomers and the
growing polyarylamine chains, or they can spatially confine the reaction (Walde and Guo 2011; Küchler et al.
2016).
Template-free enzymatic syntheses of PANI
Although the importance of templates for obtaining the
emeraldine salt form of PANI from aniline with oxidative
enzymes has been shown convincingly (Liu et al. 1999b;
Junker et al. 2012), there are reports on apparent templatefree enzymatic synthesis of PANI in the emeraldine salt
form. The importance of templates was shown using SDBS
micelles vs. non-aggregating sodium benzenesulfonate
(Liu et al. 1999b), or AOT vesicles vs. non-aggregating
sodium di-n-butylsulfosuccinate (Junker et al. 2012). The
non-aggregating sulfonates did not yield a PANI product in
the emeraldine salt form although in both cases, the sulfonate concentration was kept constant. Whether in some
reports of the template-free PANI synthesis, there was no
aggregation of sulfonates, which were present in the
reaction mixture, remains to be seen. Nevertheless,
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template-free PANI synthesis is possible, but it may yield a
PANI which is less defined and with an unclear protonation
or oxidation state.
Template-free enzymatic syntheses of PANI were performed in pure water as well as in water-organic solvent
mixtures containing miscible (N,N-dimethylformamide
(DMF), dioxane, tetrahydrofuran (THF)) or immiscible
organic solvents (CH2Cl2, CCl4, toluene) (Table 1).
Besides HRP, which was most frequently used in the
template-free PANI preparation (Table 1), SBP at 1 °C
(Cruz-Silva et al. 2005), recombinant Coprinus cinereus
peroxidase (CiP) (Kim et al. 2005), Trametes hirsuta laccase (Vasil’eva et al. 2007), and GOx (Kausaite et al. 2009)
have also been used. Without templates, the extent of
ortho-coupling is significant (Lim and Yoo 2000; Sahoo
et al. 2002). It was found that the structure of PANI,
obtained by the oxidative polymerization of aniline with
HRP/H2O2 in a buffered water/organic solvent mixture,
significantly depended on the pH of the buffer and the
organic solvent type (Lim and Yoo 2000). PANI consisting
prevalently of ortho-coupled units was formed at higher pH
or in the presence of an organic solvent with a high
dielectric constant or log P value (Lim and Yoo 2000). In
contrast, recent NMR measurements demonstrated that
para-coupling still dominated in the case of the oxidative
polymerization of aniline with HRP/H2O2 at pH 4.3,
independently of whether or not templates were present
(Junker et al. 2012).
PANI films were synthesized enzymatically on macroscopic and not dispersed interfaces. This can be seen as an
intermediate between conventional template-assisted and
template-free polymerization. Thus, PANI films on various
substrates have been synthesized using immobilized oxidoreductases. Electroactive PANI films were synthesized
by the enzymatic polymerization of aniline on the surface
of a bilirubin oxidase-adsorbed glass slide, a plastic plate,
or a Pt electrode which were in contact with a phosphate
buffer solution (pH 7.0) containing aniline (Aizawa et al.
1990). Synthesis of PANI films using HRP covalently
immobilized on plasma-treated polyethylene surfaces in
aqueous solution was reported by Alvarez et al. (2003).
Also, enzymatically synthesized PANI films were obtained
by the SBP-catalyzed oxidative polymerization of aniline
with H2O2 in the presence of p-toluenesulfonic acid (pTSA) at pH 3, followed by solution casting (Cruz-Silva
et al. 2004). Layer-by-layer self-assembly of PANI synthesized by the enzymatic method of Akkara et al. (1991)
was employed by Espinosa-González et al. (2003) for the
production of alternate PANI/poly(phenyl-ethynylene)
films. Vasil’eva et al. (2007) reported the laccase-catalyzed
formation of chiral conducting PANI films on glass
microscope slides by dipping the slides into the reaction
vessel containing an aqueous solution of aniline, (?)- or
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Table 1 Reaction conditions (enzyme/oxidant, solvent, acid/buffer, and pH) applied for the enzymatic template-free oxidative polymerization of
aniline
Enzyme/oxidant

Solvent

Acid/buffer

pH

References

HRP/H2O2

DMF, dioxane, THF, CH2Cl2, and
toluene mixtures with water

HEPES

7.5

Akkara et al. (1994a)

HRP/H2O2

Dioxane/water

Akkara et al. (1991)

Acetate

5.0

Phosphate
HEPES

7.0
7.5

HRP/H2O2/Cu(II), Ni(II), or Fe(III)

Water

HEPES

7.5

HRP/H2O2 or SBP/H2O2

Water or dioxane/water

p-TSA

3.0 or 5.0

Cruz-Silva et al. (2005)

CiP/H2O2

CCl4/water

CSA

pH \2.0 in water

Kim et al. (2005)

Laccase/O2

Water

(?)-CSA

2.8

Vasil’eva et al. (2007)

4.0–7.0

Kausaite et al. (2009)

Cui et al. (2002)

(-)-CSA
GOx/O2 in situ formed H2O2

Water

Acetate
Phosphate

HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid, p-TSA p-toluenesulfonic acid, CSA camphorsulfonic acid

(-)-camphorsulfonic acid (CSA), and laccase at pH 2.8
under air saturated conditions. The formation of electroactive PANI films on indium-tin oxide and gold-coated
quartz-crystal electrodes by the enzymatic oxidative polymerization of aniline at low oxidation potential has recently
been studied by open circuit potential and quartz-crystal
microbalance measurements (Carrillo et al. 2012). Zhang
et al. (2013) recently reported the hemoglobin/GOx-catalyzed synthesis of electroactive PANI films on polystyrene nanospheres deposited on a glassy carbon electrode
surface.
Template-assisted enzymatic syntheses of PANI
It was revealed by Liu et al. (1999b) that soft polymeric
templates provide a quite different local environment (i.e.,
reaction conditions such as pH and charge density) than
that of the bulk solution. They can be said to act as
nanoreactors, which anchor, align, and control the reaction
of the aniline monomers. Thus, they have a crucial impact
on the obtained form of PANI (linear or branched, conducting or insulating). PANI has frequently been synthesized by the HRP-catalyzed oxidation of aniline in slightly
acidic aqueous solution at pH 4.0–5.0 (most efficiently at
pH 4.3) in the presence of various soft polymeric templates
such as synthetic and natural neutral polymers (e.g.,
poly(ethylene glycol) (Liu et al. 1999b), poly(ethylene
oxide) (Takamuku et al. 2003), poly(vinyl alcohol)
(Takamuku et al. 2003), poly(vinyl pyrrolidone) (Takamuku et al. 2003), denaturated bovine serum albumin
complexed with SDS (Gu et al. 2009), polymeric acids and
their salts as polyanionic templates (e.g., poly(sodium
acrylate) (Liu et al. 1999b), SPS (Samuelson et al. 1998;
Liu et al. 1999a, b, c; Wang et al. 1999; Takamuku et al.
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2003; Kimura and Kumar 2004; Sahoo et al. 2004)
(Fig. 13), poly(sodium vinylsulfonate) (Shen et al. 2005),
poly(maleic acid co-olefin) sodium salt (Liu et al. 1999b),
poly(vinylphosphonic acid) (Nagarajan et al. 2000; Sahoo
et al. 2001, 2002, 2004), poly(vinylbenzylthymine-covinylphenylsulfonate) (Trakhtenberg et al. 2005), ribonucleic acid (RNA) (Liu et al. 1999b), DNA (Nagarajan et al.
2001a, b; Samuelson et al. 2001; Ma et al. 2004; Nickels
et al. 2004; Gao et al. 2007b; Zeifman et al. 2012), and
synthetic oligonucleotides (Nagarajan et al. 2001b), and
polycationic templates (e.g., poly(diallyldimethylammonium chloride) (PDADMAC); Liu et al. 1999b). Strong
acid polyelectrolytes and their salts (e.g., SPS) were proven
to be the most favorable soft polyanionic templates which
provide a local environment with considerably higher
acidity than that of the bulk solution because strongly
acidic polyelectrolytes electrostatically attract hydrogen
ions (Liu et al. 1999b). Strongly acidic polyelectrolytes
serve to both protonate and align the aniline monomers
through electrostatic and hydrophobic interactions to promote the desired N–C4 coupling (Liu et al. 1999b). Since a
low pH environment is necessary for the linear chain
growth of conducting PANI emeraldine salt, it follows that
polycations and neutral polymers, as well as weak polymeric acids (weak acid polyelectrolytes) and their salts, do
not provide a sufficiently acidic environment for the formation of conducting PANI. Consequently, branched lowmolecular-weight PANIs were obtained in the presence of
neutral and polycationic templates, as well as in the presence of weak polymeric acids and their salts, whereas
conducting linear high-molecular-weight PANI was
formed in the presence of strong polymeric acids and their
salts (Liu et al. 1999b). Jin et al. (2001) reported a method
for the synthesis of a water-dispersible PANI using H2O2
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Fig. 13 Classic oxidative polymerization of aniline (I) with HRP/H2O2, resulting in a branched nonconducting PANI (LXXXI), vs
polymerization of aniline with HRP/H2O2 in the presence of SPS at pH 4 resulting in the conducting PANI emeraldine salt (LXXXII)

and HRP immobilized on linear polysaccharide chitosan by
a simple glutaraldehyde bridge method. A poly(acrylic
acid) guided enzymatic approach was developed by
Thiyagarajan et al. (2003a, b) and Cholli et al. (2005) to
synthesize optically active conducting PANI with HRP/
H2O2 in the presence of (?)- and (-)-10-CSA as a dopant
and chiral inductor. Sfez et al. (2006) reported the enzymatic formation of a PANI monolayer on modified
hydroxyl-terminated surfaces with a three-step method
which includes: (a) chemical modification of hydroxylterminated surfaces using 3-aminopropyltrimethoxysilane
as a coupling agent which contains a positively charged
amine end group, (b) electrostatic deposition of polyanionic SPS template followed by electrostatic adhesion of
protonated aniline molecules, and (c) enzymatic oxidative
polymerization of the aniline monolayer with HRP/H2O2.
An HRP-catalyzed oxidative polymerization of aniline in
the presence of a photo-cross-linkable thymine-based
polymer with phenylsulfonate groups as template, which
allows for an aqueous, environmentally benign photopatterning of conductive PANI, was presented by Trakhtenberg et al. (2005).
Besides the extensive use of HRP as a biocatalyst, other
oxidoreductases have also been used in the enzymatic
polymeric acid/polyanion-assisted synthesis of PANI. Palm
tree peroxidase (PTP) was utilized as a biocatalyst in the
oxidative polymerization of aniline with H2O2 in the
presence of SPS (Sakharov et al. 2003, 2004) at pH 3.5 and
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) at pH
2.8 (Caramyshev et al. 2005; Mazhugo et al. 2005).

Laccase-catalyzed synthesis of PANI with polymers as
templates was also reported, e.g., in the presence of SPS
(Karamyshev et al. 2003), poly(2-acrylamido-2-methyl-1propanesulfonic acid) (Vasil’eva et al. 2009; Shumakovich
et al. 2010; Simagina et al. 2010), and lignosulfonate
(Zhang et al. 2016b) at pH 3.5. P. sajor caju derived
enzymes/H2O2 systems produced dispersed PANI in the
presence of SPS (Curvetto et al. 2006). Longoria et al.
(2010) reported the oxidative polymerization of aniline by
CPO/H2O2 in an isopropanol/water mixture at pH 3.0 in the
presence of SPS. Conducting PANI/DNA complexes were
recently synthesized by microperoxidase-catalyzed oxidative polymerization of aniline in the presence of DNA
(Zeifman et al. 2012). The synthesis of PANI in an acidic
aqueous medium in a pH ranging from 2.0 to 5.0 via
DNAzyme-catalyzed oxidative polymerization of aniline
with H2O2 in the presence of poly(acrylic acid) as a template was recently described by Shen et al. (2014). The
utilization of DNAzyme, which consists of single-stranded
DNA and hemin, is more cost-effective than the use of
HRP as the catalyst in the polymerization of aniline, and
DNAzyme showed a higher tolerance towards high acidity
of the reaction medium and high concentrations of H2O2.
Wang et al. (2013) recently assembled DNA strands containing the sequence of DNAzyme with two complementary DNA strands, and in some cases with spacer DNA,
into DNA nanostructures with various morphologies (Y,
etc.). These DNA structures were used as templates in the
synthesis of conducting PANI emeraldine salt nanostructures with controlled morphology via the DNAzyme-
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catalyzed aniline polymerization with H2O2 (Fig. 14). It
was found that PANI grew from the DNAzyme sites and
then coated the DNA template to form 1-dimensional
PANI nanostructures. Wang et al. (2014b) also demonstrated the fabrication of 2-dimensional PANI nanostructures via the arrangement of DNAzyme arrays on
2-dimensional triangular DNA origami templates, thus
enabling site-selective enzymatic synthesis of PANI at
specific regions on the DNAzyme sites. A DNAzyme
hydrogel matrix for the oxidative polymerization of aniline
with H2O2 was recently obtained by incorporating hemin
into stimuli-responsive G-quadruplex-crosslinked hydrogel, which was assembled from a guanine-rich nucleic
acid-tethered acrylamide/N-isopropylacrylamide copolymer chains in the presence of K? ions (Lu et al. 2015). The
PANI emeraldine salt/DNAzyme hydrogel hybrid, formed
upon doping with HCl, exhibited an electrical conductivity
of 9 9 10-4 (cm X)-1.
It was found by Liu et al. (1999b) that micelles consisting of anionic surfactant molecules based on strong
sulfonic acids, which allow aniline monomers to intercalate
between the headgroups of the micelles, also provide a
favorable local soft template environment for the formation
of conducting PANI. The local environment created by the
micelles of strong acid-based anionic surfactant molecules

(electrical double layers with increased local concentration
of H?, accompanied with hydrophobic pockets with which
the aniline monomers may associate) is quite similar to that
of the already mentioned polyanionic salts of strong
polymeric acids. The conducting emeraldine salt form of
PANI was not obtained if the concentration of the surfactant was lower than the critical micellar concentration or if
the distance between the headgroups in the micellar system
was too large (Liu et al. 1999b). Micelles from SDBS (Liu
et al. 1999b, 2002; Samuelson et al. 2001; Sahoo et al.
2004) and their mixtures with polyoxyethylene(10) isooctylphenyl ether (Liu et al. 1999b) and ionic liquids (1butyl-3-methylimidazolium trifluoromethansulfonate (Gu
and Tsai 2012) or 1-butyl-3-methylimidazolium hexafluoride (Rumbau et al. 2006), as well as micelles formed from
sodium dodecyl diphenyloxide disulphonate (Rumbau et al.
2007) and AOT (Zou et al. 2013, 2014), have been used as
soft templates in HRP-catalyzed polymerizations of aniline, leading to conducting PANI. In the case of AOT, the
claim that micelles and not vesicles served as template
seems to be in disagreement with the work on AOT vesicles (see below, Fig. 15), although the type of aggregate
that forms in dilute aqueous solution depends on the salt
content (Guo et al. 2011). The presence of micelles formed
from CTAB or polyoxyethylene(10) isooctylphenyl ether

Fig. 14 Regioselective PANI growth guided by the DNA nanostructures containing DNAzyme: a scheme of the PANI formation on
DNA templates; b atomic force microscopy images before initiation,
and 20–240 min after initiation of the PANI growth. The height of the

corresponding cross section is shown on the bottom panels. Reprinted
with permission from Wang et al. (2013). Copyright 2013 American
Chemical Society
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Fig. 15 Cryo-transmission
electron micrograph of an AOT
(LXXII) vesicle suspension (top)
and schematic represenation of
one unilamellar vesicle formed
in aqueous solution at pH = 4.3
(0.1 M NaH2PO4). For the
conditions given, see Junker
et al. (2013). Electron
micrograph taken by T.
Ishikawa, PSI, Villigen,
Switzerland

in the HRP-catalyzed oxidation of aniline with H2O2 did
not lead to the formation of the conducting emeraldine salt
form of PANI but to branched low-molecular-weight PANI
(Liu et al. 2002). It was recently claimed that chiral, conducting, and water-dispersible PANI was prepared by the
HRP/H2O2-triggered polymerization of aniline in AOT
micellar solution without any other chiral inducer but HRP
itself (Zou et al. 2013). Micelles from dodecylbenzenesulfonate in the presence as well as the absence of optically
active CSA were also used as templates for the formation
of chiral conducting PANI with PTP/H2O2 at pH 3.5
(Caramyshev et al. 2007). The SDBS micelle-assisted
laccase-catalyzed oxidative polymerization of aniline with
O2 at pH 3.5–4.0, leading to stable dispersions of PANI,
was reported by Streltsov et al. (2008, 2009) and Zhang
et al. (2014b). This method was further improved by
Shumakovich et al. (2012) by the addition of tetrapotassium octacyanomolybdate(IV) as a redox mediator to
accelerate the polymerization. Also, Zhang et al. (2014a)
recently found that ionic liquid tetramethylammonium trifluoromethanesulfonate improves the SDBS micelle-assisted laccase-catalyzed synthesis of water-dispersible
conducting PANI. Furthermore, it has been demonstrated
that b-cyclodextrin improves the linearity, and consequently conductivity, of PANI synthesized by the laccase-

catalyzed aniline polymerization in AOT micellar solution
(Zou et al. 2014).
Vesicles from SDBS and decanoic acid (1:1 mol ratio) or
from SDS and decanol (1:1 mol ratio) were also found to be
useful as soft templates for the HRP-catalyzed synthesis of
conducting PANI, whereas the presence of vesicles from
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine did not
lead to the formation of conducting PANI (Guo et al.
2009a, b). Unilamellar vesicles with a diameter of
&70–80 nm from AOT (Fig. 15) were recently applied as
templates for the oxidative polymerization of aniline with
HRP/H2O2 at pH 4.3, leading to a stable dispersion containing conducting PANI-coated vesicles (Guo et al. 2011;
Junker 2013). The HRP is thought to bind to the AOT vesicle
surface, thus leading to preferential initiation of aniline
polymerization on the vesicle surface. It was revealed that
HRP is more stable in the presence of AOT vesicles than in
the presence of the SDBS/decanoic acid vesicles used previously by Guo et al. (2009a, b), which were already shown
to be better than SDBS micelles with regard to HRP stability
(Guo et al. 2009a, b). It is also important to mention that at
temperatures below 10 °C the AOT vesicles are stable,
whereas SDBS/decanoic acid vesicles precipitate. It was
noted that in the case of the oxidative polymerization of
aniline with HRP/H2O2, vesicles are different from
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polyanions and micelles since vesicles in principle allow for
the preparation of hollow PANI capsules (Guo et al. 2011).
HRP was replaced with SBP because SBP is more stable towards inactivation by H2O2; however, this replacement was
not advantageous (Junker et al. 2013). This is due to the fact
that the oxidation of aniline with SBP/H2O2 was much
slower than the corresponding oxidation of aniline with
HRP/H2O2, and SBP became completely inactivated in the
presence of AOT vesicles before all the aniline molecules
were oxidized, thus leading to low yields of PANI and the
formation of over-oxidized products due to excess, unconsumed H2O2 (Junker et al. 2013). As an alternative to the
peroxidase-catalyzed polymerization, enzymatic polymerization of aniline with TvL and O2 at pH 3.5, again with AOT
vesicles as templates, was recently conducted (Junker et al.
2014a). The kinetics of this polymerization reaction and the
characteristics of the synthesized PANI were significantly
different in comparison with the corresponding aniline
polymerization with HRP/H2O2. Under comparable optimal
conditions, the reaction with TvL/O2 was found to be much
slower than with HRP/H2O2, i.e., &27 days vs. 1 day
reaction time to reach equilibrium with[90% yield at 25 °C.
Although para-coupling of aniline monomers occurred
prevalently in both cases, it was found that overoxidized
products were predominantly obtained by the oxidative
polymerization of aniline with TvL/O2. Similar to previous
findings regarding enzyme inactivation in HRP/H2O2/AOT/
aniline and SBP/H2O2/AOT/aniline reaction systems, TvL
was inactivated during the polymerization in the TvL/O2/
AOT/aniline reaction system. The paramagnetic properties
of the PANI samples obtained by HRP- or TvL-catalyzed
polymerization of aniline in the presence of AOT vesicles
could be related to their conductivities (Rakvin et al. 2014).
Significantly lower conductivities of the isolated, solid
products in comparison with the conductivity of chemically
synthesized PANI emeraldine salt were attributed to
decreased interchain spin interactions, which were indicated
by a splitting of the EPR triplet spectrum at low temperatures
5–10 K (Rakvin et al. 2014). The increased effective distance between the PANI chains in the case of enzymatically
synthesized PANI, in comparison with PANI interchain
distance characteristic for chemically synthesized PANI
emeraldine salt, is most probably due to the presence of AOT
which was not completely removed during the PANI isolation and purification.
Although soft template polyanion/micelles/vesicles-assisted polymerization of PANI has many advantages
(Walde and Guo 2011), there are still limitations which
need to be addressed (Kim et al. 2007a). The conductivities
of PANI complexes with polyanionic template molecules
and/or supramolecular aggregates/self-assemblies of soluble amphiphilic/surfactant molecules (micelles, vesicles)
are relatively low compared with inorganic/organic acid-

123

Chem. Pap. (2017) 71:199–242

doped PANI. Despite the fact that PANI shows increased
water dispersibility due to the polyanionic/micellar/vesicular template, the wettability of the PANI/soft template
solution/dispersion is not good because of the pronounced
hydrophobicity of the substrate (Kim et al. 2007a). If a
PANI complex is dried on a substrate, the complex cannot
be redissolved or resuspended, which is disadvantageous
regarding the recyclability of the materials (Kim et al.
2007a). Finally, it is worthwhile to note that the removal of
the soft template by ion exchange is a time-consuming and
difficult process. Consequently, PANI complexed with soft
templates (polyanions, micelles, vesicles) cannot easily be
modified/functionalized for certain applications (Kim et al.
2007a).
Hard dispersed templates have rarely been employed in
the enzymatic syntheses of PANI. The effect of various
inorganic hard templates such as controlled pore glass,
mordenite, zeolite Y, zeolite MCM-41, Wollastonite, silica
gel, fuming silica and short glass fibers type E, on the
molecular structure of PANI, synthesized by the HRP or
SBP-catalyzed oxidation of aniline with H2O2 in the presence of p-TSA, was studied by Flores-Loyola et al. (2007). It
was revealed that the composition of the inorganic substrates
has a considerable influence on the degree of electron delocalization in PANI, e.g., substrates containing alkaline ions
(Na?, Ca2?) promoted the formation of branched, nonconducting PANI, whereas the pore size and the enzyme type
had no observable influence. Carboxylic acid-functionalized
multiwalled carbon nanotubes (MWCNTs-COOH), with
covalently attached HRP and GOx, were also used as a hard
template for the deposition of electroactive PANI under
ambient conditions (Sheng and Zheng 2009).
Enzymatic synthesis of PANI colloids
Based on what has been elaborated during the last years,
anionic polyelectrolytes serve three critical functions:
(a) they seem to preferentially align the aniline monomers
and promote their N-C4 coupling as required for obtaining
the emeraldine salt form of PANI, (b) they provide counterions for PANI doping, and (c) they maintain water dispersibility and, consequently, increase the processability of
PANI. Therefore, the polyanionic template-assisted enzymatic polymerization of aniline, leading to stable dispersions of doped PANI, is certainly advantageous regarding
PANI processability (Liu et al. 1999a, b, c; Sakharov et al.
2003, 2004; Curvetto et al. 2006); however, isolating
undoped PANI is impeded because the polycationic PANI
emeraldine chain is strongly bound to the polyanionic
template. Therefore, numerous reports have appeared in the
past on the enzymatic synthesis of colloidal PANI, based
on the fact that steric colloidal stabilizers (commonly nonionic polymers) adsorbed on the PANI particles can simply
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be eliminated by multiple centrifugation–redispersion
cycles. In addition, the use of low-molecular-weight dopant
acids instead of polymeric acids also allows for easy
undoping–redoping of synthesized PANI emeraldine salt.
Cruz-Silva et al. (2006) reported the HRP/H2O2 oxidative
polymerization of aniline to PANI colloidal particles in the
presence of hydrochloric acid, p-TSA, and CSA as doping
acids, and poly(vinyl alcohol) as a steric stabilizer. The
synthesis of PANI colloids was also successfully achieved
by the oxidative polymerization of aniline with HRP/H2O2
in the presence of p-TSA and poly(N-isopropylacrylamide)
(Cruz-Silva et al. 2007a), or with SBP/H2O2 in the presence of p-TSA and chitosan as a biopolymeric template/
steric stabilizer (Cruz-Silva et al. 2007a, b). Photosensitive
PANI colloids were prepared by enzymatic polymerization
using HRP/H2O2 as catalyst/oxidant, p-TSA as dopant
acid, and the photo- and temperature-responsive poly(N,Ndimethylacrylamide-co–N-4-phenylazo-phenylacrylamide)
as a steric stabilizer (Güizado-Rodrı́guez et al. 2010).
Enzymatic copolymerization of aniline with other
arylamines
The synthesis of aniline copolymers, especially with other
arylamines, by careful tuning of the initial molar ratio of
aniline to the other monomers is an efficient approach that may
significantly improve the relatively poor processability of
PANI. Copolymerization is also a convenient route to functionalized PANI with versatile applicability. The enzymatic
syntheses of aniline copolymers with other arylamines have
only occasionally been explored (Akkara et al. 1994b; Bruno
et al. 1995a, b; Huh et al. 2007; Nabid et al. 2010), while the
enzymatic copolymerization of aniline with heterocyclic
compounds was scarcely reported (Chen and Schuster 2013).
The HRP-catalyzed copolymerizations of aniline with
4-hexadecylaniline at an air–water interface (Langmuir
trough), or in the presence of reverse micelle templates,
accomplished by Akkara et al. (1994b) and Bruno et al.

(1995a, b), were the first reports regarding enzymatic
synthesis of aniline copolymers with other arylamines.
The self-doped copolymer poly(aniline-co-3-aminobenzeneboronic acid) with various molar ratios of aniline to
3-aminobenzeneboronic acid was synthesized by oxidative
enzymatic polymerization using HRP/H2O2 and a polyanionic template (SPS) at pH 4.5 (Huh et al. 2007). A green
emeraldine salt form of poly(aniline-co-3-aminobenzeneboronic acid) was obtained in the case of an aniline
boronic acid to aniline ratio of 1:2. The 3-aminobenzeneboronic acid behaved as a dopant at low concentrations, whereas at higher concentrations it worked as a bulky
pendant group which decreased the PANI conductivity,
thus allowing for a modulation of the electrical properties
of the copolymer. Nabid et al. (2010) have recently
reported the enzymatic synthesis of water-dispersible aniline/o-anisidine copolymer at various initial aniline/o-anisidine molar ratios, using HRP as a catalyst, H2O2 as an
oxidant, and SPS as a polyanionic template. Due to the
much higher oxidizability of o-anisidine in comparison
with aniline, the molecular structure and physico-chemical
properties of the aniline/o-anisidine copolymer were found
to be dominated by the o-anisidine units.

Enzymatic polymerization of substituted anilines
and other arylamines
The first successful polymerizations of substituted anilines
were reported in the first half of the twentieth century, e.g.,
Mann and Saunders (1935) observed that a green precipitate of PANI-like emeraldine salt was obtained upon the
dissolution of the aniline dimer PADPA or phenylhydroxylamine in an aqueous solution of acetic acid followed
by the addition of H2O2 and HRP. After this discovery,
numerous substituted anilines were enzymatically polymerized, e.g., alkyl-, aryl-, and arylalkyl-substituted anilines (Tables 2, 3), phenylenediamines (Table 4), halogen-

Table 2 Reaction conditions (enzyme/oxidant, solvent, acid/buffer, pH, and template) applied in enzymatic polymerization of alkyl-substituted
anilines
Alkylaniline

Enzyme/oxidant

Solvent

Acid/buffer

pH

Template

References

HRP/H2O2

Water

Phosphate

4.3

SPS

Nabid and Entezami (2003a)

HRP/H2O2

Water

Phosphate

4.3

PAA

Nabid et al. (2006a)

2,6-Dimethylaniline

CPO/H2O2

i-PrOH/water

Acetate

3.0

–

Longoria et al. (2010)

2-Ethylaniline

HRP/H2O2

Water

Phosphate

4.0–10.0

SPS

Nabid and Entezami (2003b)

2-Methylaniline

CSA

N-Methylaniline

HRP/H2O2

Water

Phosphate

3.0

SPS

Nabid and Entezami (2005)

N-Ethylaniline

HRP/H2O2

Water

Phosphate

3.0

SPS

Nabid and Entezami (2005)

N-Butylaniline

HRP/H2O2

Water

Phosphate

3.0

SPS

Nabid and Entezami (2005)

CPO chloroperoxidase, CSA camphor sulfonic acid, i-PrOH isopropanol, PAA poly(acrylic acid), SPS poly(sodium 4-styrenesulfonate)
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Table 3 Reaction conditions (enzyme/oxidant, solvent, buffer, and pH) applied in enzymatic polymerization of aryl-substituted anilines and
arylalkyl-substituted anilines
Arylaniline or arylalkylaniline

Enzyme/oxidant

Solvent

Buffer

pH

References

4-Aminobiphenyl

HRP/H2O2

Water

Acetate

7.0

Klibanov and Morris (1981)

Benzidine

HRP/H2O2

Water

Acetate

5.5

Klibanov and Morris (1981)

HRP/H2O2

EtOH/water

Phosphate

7.0

Josephy et al. (1983)
Akkara et al. (1991)

Arachidonic acid
HRP/H2O2

Dioxane/water

Acetate

5.0

Phosphate

7.0

HRP/H2O2

Dioxane/water

HEPES
HEPES

7.5
7.5

Aranda et al. (1995)

o-Tolidine

HRP/H2O2

Water

Acetate

5.5

Klibanov and Morris (1981)

o-Dianisidine

HRP/H2O2

Water

Acetate

5.5

Klibanov and Morris (1981)

3,30 -Diaminobenzidine

HRP/H2O2

Water

Acetate

5.5

Klibanov and Morris (1981)

3,3 -Dichlorobenzidine

HRP/H2O2

Water

Acetate

5.5

Klibanov and Morris (1981)

2-Aminofluorene

HRP/H2O2

Dioxane/water

Phosphate

7.0

Bilici et al. (2010)

Diphenylamine

ARP/H2O2

Water

Phosphate

6.0–7.4

Biswas et al. (2007)

Laccase/O2

Water

Phosphate

7.0

Saha et al. (2008)

0

ARP Arthromyces ramosus peroxidase, EtOH ethanol

Table 4 Reaction conditions (enzyme/oxidant, solvent, buffer, pH, and template) applied in enzymatic polymerizations of phenylenediamines
Phenylenediamine

Enzyme/
oxidant

Solvent

Buffer

o-Phenylenediamine

HRP/H2O2

Dioxane/water

Phosphate

HRP/H2O2

Dioxane/water

HEPES

pH

Template

References

–

Kobayashi et al. (1992)

7.1

–

Ichinohe et al. (1998a, b)

Phosphate

m-Phenylenediamine

p-Phenylenediamine

HRP/H2O2

Isooctane/water

HEPES

7.1

AOT inverse micelles

Ichinohe et al. (1997, 1998a, 1998c)

HRP/H2O2

Dioxane/water

Phosphate

6.0–7.0

–

Shan and Cao (2000)

SBP/H2O2

Water

Acetate

4.5–5.2

–

Al-Ansari et al. (2009)

HRP/H2O2

Dioxane/water

HEPES
Phosphate

7.1

–

Ichinohe et al. (1998a, b)

HRP/H2O2

Isooctane/water

HEPES

7.1

AOT inverse micelles

Ichinohe et al. (1997, 1998a, c)

HRP/H2O2

Dioxane/water

Acetate

5.0

–

Akkara et al. (1991)

Phosphate

7.0

HEPES

7.5

HRP/H2O2

Dioxane/water

Phosphate

6.0–7.0

–

Shan and Cao (2000)

SBP/H2O2

Water

Acetate

5.4

–

Al-Ansari et al. (2009)

HRP/H2O2

Dioxane/water

HEPES

7.1

–

Ichinohe et al. (1998a, b)

7.1

AOT inverse micelles

Ichinohe et al. (1997, 1998a, c)

Phosphate

N-Phenyl-pphenylenediamine
(PADPA)

HRP/H2O2

Isooctane/water

HEPES

HRP/H2O2

Dioxane/water

Phosphate

6.0–7.0

–

Shan and Cao (2000)

SBP/H2O2

Water

Acetate

5.6

–

Al-Ansari et al. (2009)

Laccase/O2

Water

Phosphate

3.5

AOT vesicles

Junker et al. (2014b), Carić et al.
(2015), Janošević-Ležaić et al.
2016

Laccase/O2

Water

Citrate

3.8

SDBS micelles

Shumakovich et al. (2011)

Phosphate
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Table 5 Reaction conditions (enzyme/oxidant, solvent, buffer, and pH) applied in enzymatic polymerizations of halogen-substituted anilines,
aminophenols, and aminothiophenols
Arylamine

Enzyme/oxidant

Solvent

Buffer

pH

References

2,6-Dichloro-aniline

CPO/H2O2

i-PrOH/water

Acetate

3.0

Longoria et al. (2010)

2,3,5,6-Tetrachloro-aniline

CPO/H2O2

i-PrOH/water

Acetate

3.0

Longoria et al. (2008, 2010)

Pentachloroaniline

CPO/H2O2

i-PrOH/water

Acetate

3.0

Longoria et al. (2008)

2-Aminophenol

HRP/H2O2

Dioxane/water

Phosphate

7.0

Laccase/O2

Water

3-Aminophenol

HRP/H2O2

Dioxane/water

Phosphate

7.0

Shan et al. (2003)

4-Aminophenol
4-Amino-m-cresol

HRP/H2O2
HRP/H2O2

Dioxane/water
Dioxane/water

Phosphate
Acetate

6.0–7.0
5.0

Shan and Cao (2000), Shan et al. (2003)
Akkara et al. (1991)

4-Aminothiophenol

HRP/H2O2

MeOH/water

Shan et al. (2003)
Pałys et al. (2010)

Phosphate

7.0

HEPES

7.5
6.0–7.0

Xu and Kaplan (2004)

i-PrOH isopropanol, MeOH methanol

substituted anilines, aminophenols, and aminothiophenols
(Table 5), alkoxyanilines (Table 6), azoarylamines, arylaminoalcohols, arylaminoketones, aminobenzoic acids,
and aminobenzenesulfonic acids (Table 7), in the presence
as well as in the absence of polymeric, micellar, and
vesicular templates.
It was found that the size, type, and substitution pattern
of the functional groups have a substantial effect on the
properties of the final poly(substituted aniline)s. Since the
majority of enzymatically synthesized poly(substituted
aniline)s are obtained in the form of stable aqueous dispersions in the presence of polymer/micelle/vesicle templates, data on their electrical conductivities are frequently
missing. The conclusions on the presence or absence of
conducting emeraldine salt-like structural units in enzymatically obtained poly(substituted aniline)s were mainly
based on FTIR spectroscopy data and visible/NIR spectroscopy. These measurements indicated whether the
characteristic transformation of PANI took place: from
green conducting emeraldine salt-like, to blue nonconducting emeraldine base-like upon dedoping of the assynthesized products. It was observed that in most cases,
whenever the C4-position of substituted benzene ring in
aniline derivatives is not occupied by the substituent, the
so-called head-to-tail para-coupling (N–C4), leading to
emeraldine salt-like structural units, is the dominant coupling type in enzymatically synthesized poly(substituted
aniline)s. Comparative studies on the molecular structure
and properties of enzymatically synthesized poly(substituted aniline)s have rarely been reported. Thus, regarding
comparison of the properties of enzymatically prepared
poly(alkyl-substituted aniline)s, Nabid and Entezami
(2005) showed that the electroactivity of enzymatically
synthesized poly(N-alkyl-substituted aniline)s complexes
with SPS increased, while their solubility and thermal

stability decreased, with increasing bulkiness of the alkyl
substituents.
Since the work of Klibanov and Morris (1981) more
than three decades ago, which was devoted to the removal
of several aryl-substituted anilines and arylalkyl-substituted anilines from industrial aqueous effluents by their
HRP-catalyzed oxidative polymerization with H2O2,
enzymatic polymerization of this type of substituted anilines was occasionally investigated. The recent results of
Bilici et al. (2010) on the HRP-catalyzed oxidative polymerization of 2-aminofluorene (LX, Fig. 16) showed that
poly(2-aminofluorene) is built up of C–C coupled dimeric
units containing a pyrazine ring (LXXXIII, Fig. 16). The
obtained polymer is soluble in common polar and apolar
organic solvents and has an optical band gap of 2.60 eV. It
emits red light and its emission maxima are significantly
affected by the solvent. It is interesting to note that there is
no report regarding the enzymatic template-guided polymerization of aryl-substituted anilines and/or arylalkylsubstituted anilines to the corresponding conducting
polymers.
Numerous reports regarding enzymatic polymerization
of phenylenediamines and their derivatives have appeared
since the early 1990s. Akkara et al. (1991) reported on the
polymerization of m-phenylenediamine with HRP/H2O2 in
an aqueous dioxane solution, and Kobayashi et al. (1992)
claimed that the enzymatic oxidation of o-PDA by HRP/
H2O2 in an aqueous dioxane leads to polymeric materials
with an average molar mass of 20,000 g/mol, composed
mainly of imino-2-aminophenylene units, while the simple
nonenzymatic oxidation of o-PDA with H2O2 yielded oligomeric products (Mw = 800) (Table 4). A comparative
study of the HRP-catalyzed polymerizations of o-, m-, and
p-PDA in homogeneous dioxane/water systems was performed by Ichinohe et al. (1998a, b). It was found that the
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Table 6 Reaction conditions (enzyme/oxidant, solvent, buffer, pH, and template) applied in enzymatic polymerizations of alkoxyanilines
Alkoxyaniline
2-Methoxyaniline

3-Methoxyaniline

Enzyme/oxidant

Solvent

Buffer

pH

Template

References

HRP/H2O2

Water

Phosphate

4.0

SPS

Nabid et al. (2007a)

HRP/H2O2

Dioxane/water

Phosphate

7.0

–

Shan et al. (2003)

HRP/H2O2

Water

Phosphate

4.3

SPS

Zamiraei and
Tanzadeh (2016)

HRP/H2O2

Water

Phosphate

4.0

SPS

Nabid et al. (2007a)

HRP/H2O2

Dioxane/water

Phosphate

7.0

–

Shan et al. (2003)

4-Methoxyaniline

HRP/H2O2

Dioxane/water

Phosphate

7.0

–

Shan et al. (2003)

2-Ethoxyaniline
3-Ethoxyaniline

HRP/H2O2
HRP/H2O2

Water
Water

Phosphate
Phosphate

4.0
4.0

SPS
SPS

Nabid et al. (2007a)
Nabid et al. (2007a)

Phosphate

3.0

–

Kim et al. (2007a)

Phosphate

3.0

–

Khosravi et al. (2013)

3.0

–

Khosravi et al. (2013)

Phosphate

3.0

–

Kim et al. (2007a)

Phosphate

3.0

–

Kim et al. (2007a)

2,5-Dimethoxyaniline

HRP/H2O2

Water/EtOH

HRP/CH3CO3H

Water/DMF Water/DMSO
Water/dioxane

HRP-dendron/H2O2

EtOH/water

Citrate

2-Methyl-5methoxyaniline
2-Methoxy-5methylaniline

HRP-dendron/
H2O2/FeCl3

EtOH/water

Phosphate
Citrate

HRP/H2O2

Water/EtOH

HRP/CH3CO3H

Water/DMF Water/DMSO
Water/dioxane

HRP/H2O2

Water/EtOH

HRP/CH3CO3H

Water/DMF Water/DMSO
Water/dioxane

DMSO dimethyl sulfoxide, EtOH ethanol

polymeric yield significantly depends on the dioxane/water
ratio, and the highest yields of polyphenylenediamines
were obtained in a 15/85 (v/v) dioxane/water mixture
(Ichinohe 1998b). All phenylenediamines were also successfully polymerized by HRP/H2O2 in a reversed micellar
system of isooctane/water/AOT (Ichinohe et al.
1997, 1998a, c). Polyphenylenediamines synthesized by
both enzymatic methods, in a homogeneous dioxane/water
system as well as in a heterogeneous reversed micellar
isooctane/water/AOT system, showed ferromagnetic
behavior (Ichinohe et al. 1997, 1998a). Poly(o-PDA) and
poly(p-PDA) exhibited lower values of saturation magnetization than poly(m-PDA) (Ichinohe et al. 1998a).
Shumakovich et al. (2011) studied the oxidative polymerization of the aniline dimer PADPA by Trametes hirsuta (Wulfen) Pilát laccase and O2 in aqueous micellar
solution of SDBS. MALDI-TOF analysis showed that
PADPA was oxidatively polymerized mainly to dodecamers, which form a dispersion which is stable for at least
6 months. The obtained PADPA oligomers prevalently
have the molecular structure of emeraldine salt. Poly(PADPA) was also synthesized with TvL and O2 at pH 3.5
in an aqueous solution in the presence of AOT vesicles as
templates (Junker et al. 2014b; Carić et al. 2015; JanoševićLežaić et al. 2016) (Fig. 17). It was observed that the
polymerization of PADPA is faster and more efficient (less
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enzyme is required) than the corresponding polymerization
of aniline. The assumption that the TvL-catalyzed polymerization of PADPA is localized on the AOT vesicle
surface, mainly because of the strong binding of PADPA to
the surface of AOT vesicle, was supported by molecular
dynamics simulations and turbidity measurements. Poly(PADPA) showed both a structural resemblance to the
polaronic form of PANI emeraldine salt, as well as some
notably different spectroscopic features in comparison with
PANI emeraldine salt. ESI–MS measurements indicated
that the extent of formation of unwanted oxygen-containing species during the early stages of PADPA polymerization is decreased in the presence of AOT vesicles
(Junker et al. 2014b). The conversion of PADPA into
poly(PADPA) in the TvL/O2/AOT reaction system was
also recently monitored during the reaction by in situ
Raman spectroscopy which indicated, in accordance with
complementary UV/Vis/NIR and EPR measurements, that
at least some of the poly(PADPA) products resemble the
conductive PANI emeraldine salt form (Janošević-Ležaić
et al. 2016). The Raman measurements showed that
structural units different from those of ‘‘ordinary’’ PANI
emeraldine salt are also present in poly(PADPA) (Janošević-Ležaić et al. 2016). It is important to note that PANI
emeraldine salt-like poly(PADPA) products were not
obtained in the PADPA/TvL/O2 system without AOT
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Table 7 Reaction conditions (enzyme/oxidant, solvent, buffer, pH, and template) applied in enzymatic polymerizations of azoarylamines,
arylaminoalcohols, arylaminoketones, aminobenzoic acids, and aminobenzenesulfonic acids
Arylamine

Enzyme/oxidant

Solvent

Buffer

pH

Template

References

4-Phenylazoaniline

HRP/H2O2

Water

Acetate

4.0

–

Klibanov and Morris (1981)

HRP/H2O2

EtOH/water

Phosphate

4.0

–

Tripathy et al. (1999)

4,40 -Diaminoazobenzene

HRP/H2O2

EtOH/water

Tris–HCl

6.0

–

Alva et al. (1998)

N-Phenylethanolamine

HRP/H2O2

Water

Phosphate

3.0

SPS

Nabid and Entezami (2005)

4-Aminophenylmethylcarbinol

HRP/H2O2

Dioxane/water

HEPES

7.5

–

Arias-Marı́n et al. (1996)

3-(4-aminophenyl)-l-phenyl-2propen-1-one

HRP/H2O2

Dioxane/water

Phosphate

7.0

–

Goretzki and Ritter (1998)

3-(4-aminophenyl)-1-(4ethoxyphenyl)-2-propen-1one

HRP/H2O2

Dioxane/water

Phosphate

7.0

–

Goretzki and Ritter (1998)

4-Aminobenzoic acid

HRP/H2O2

Water

Tris–HCl

6.0

–

Alva et al. (1996)

3-Amino-4-methoxy-benzoic
acid

HRP/H2O2

Water

Phosphate

4–6

Polycationic templates

Kim et al. (2006a)

HRP/H2O2

Water

Phosphate

3–6

Polycationic template

Kim et al. (2006b)

PDADMAC
HRP/H2O2

Water

3.5

–

CPO/H2O2

Water

3.5

–

Román et al. (2012)

2,5-Diaminobenzene-sulfonic
acid

HRP/H2O2

Water

6.0

–

Alva et al. (1997)

3-Amino-4-methoxybenzenesulfonic acid

HRP/H2O2

Water

4.0

Polycationic micelles

Kim et al. (2007b)

2-Aminobenzenesulfonic acid

Phosphate

Román et al. (2012)

CPO chloroperoxidase, polycationic templates poly(diallyldimethylammonium chloride) (PDADMAC), poly(vinylbenzyldimethylhydroxyethylammonium chloride), poly(4-vinyl-1-methylpyridinum bromide), poly(acrylamide-co-diallyldimethylammonium chloride), poly[bis(2chloroethyl)ether-alt-1,3-bis[3-(dimethylamino)propyl]urea]; polycationic micelles made of poly(vinylbenzyldimethylhydroxyethylammonium
chloride)
Fig. 16 Schemattic illustration
of the oxidative polymerization
of 2-aminofluorene (LX) by
HRP/H2O2 Adapted with
permission from Bilici et al.
(2010). Copyright 2010 ACS

vesicles. Cyclic voltammetry measurements indicated an
extended pH range of the redox activity of poly(PADPA)
products obtained in the presence of AOT vesicles, i.e.,
poly(PADPA) produced in the PADPA/TvL/O2/AOT system is redox active not only at pH 1.1 (characteristic for
PANI emeraldine salt) but also at pH 6.0, unlike PANI
emeraldine salt and poly(PADPA) synthesized without
AOT vesicles (Janošević-Ležaić et al. 2016).
Since the 1990s, special attention has been paid to the
enzymatic polymerization of halogen-substituted anilines,
aminophenols, and aminothiophenols (Table 5). Recently,

semiconducting polymers of chloro-substituted anilines
such as 2,6-dichloroaniline, and 2,3,5,6-tetrachloroaniline,
doped with (1S)-(?)-10-CSA, dodecylbenzenesulfonic
acid, and 2-acrylamido-2-methyl-1-propanesulfonic acid,
were enzymatically prepared using CPO from Caldariomyces fumago and H2O2 at pH 3.0 (Longoria et al. 2010).
Comparison of the properties of polyaminophenols
obtained by the HRP-catalyzed oxidative polymerization of
corresponding aminophenols with H2O2 in water/dioxane
mixture at pH 7.0 showed that the molecular weights of the
obtained polymeric products are in the range
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Fig. 17 Schematic illustration
of the AOT vesicle-assisted
laccase-catalyzed oxidative
polymerization of N-phenyl1,4-phenylenediamine
(p-aminodiphenylamine—
PADPA, XVI) via PADPA
radical (LXXXIV) to
poly(PADPA). Adapted with
permission from Junker et al.
(2014b). Copyright 2014 ACS

4900–17300 Da and increase in the order poly(2aminophenol) \ poly(4-aminophenol) \ poly(3-aminophenol) (Shan et al. 2003). The enzymatically synthesized
poly(2-aminophenol) was shown to be a linear polymer
containing phenoxazine-like structural units, whereas poly(4aminophenol) was also linear but contains 1,2,4-trisubstituted
benzene rings with free hydroxyl groups (Shan et al. 2003).
The combined electrochemical and enzymatic oxidation of
o-aminophenol was studied under various conditions to
evaluate the applicability of poly(o-aminophenol) as a
laccase redox mediator (Pałys et al. 2010) and the influence
of the enzyme on poly(o-aminophenol) electrodeposition.
It was found that the presence of laccase facilitates the
electrodeposition of poly(o-aminophenol) and influences
its structure. The morphology of poly(o-aminophenol)
precipitated from the solution containing o-aminophenol
and laccase (round microstructures composed of nanoneedles) was found to be different from the morphologies
of poly(o-aminophenol) synthesized chemically or electrochemically. It was concluded that laccase is a promising
biocatalyst for the synthesis of conducting polymer
nanostructures. Xu and Kaplan (2004) performed oxidative
polymerization of 4-aminothiophenol with HRP/H2O2
(a) in bulk of the solution, using a methanol/water mixture
as solvent; (b) on a Au surface by dipping the Au-coated
slide into a methanol solution containing 4-aminothiophenol, followed by drying and immersing the slide into an
HRP/H2O2 solution; and (c) by dipping an atomic force
microscopy tip into a DMF solution containing
4-aminothiophenol, followed by drying and dip-pen
nanolithography on the Au surface in the presence of
HRP/H2O2.
HRP-catalyzed polymerization of alkoxyanilines was frequently explored during the 2000s and 2010s (Table 6).
Mono-substituted methoxyanilines and ethoxyanilines were
oxidatively polymerized with HRP/H2O2 at pH 4.0 in the
presence of SPS as template (Nabid et al. 2007a). A
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comparison of the properties of the obtained polyalkoxyanilines showed that the pair poly(2-methoxyaniline) and poly(2ethoxyaniline), as well as the pair poly(3-methoxyaniline) and
poly(3-ethoxyaniline), have quite similar molecular structures
and, consequently, quite similar optical and electrochemical
properties. Kim et al. (2007a) reported that HRP-catalyzed
polymerization of aniline derivatives with electron-donating
substituents (e.g., alkyl and alkoxy) at the ortho and meta
positions, such as 2,5-dimethoxyaniline, 2-methyl-5methoxyaniline, and 2-methoxy-5-methylaniline, leads to the
corresponding conducting electroactive polymers without a
template. Enzymatic synthesis of conducting poly(2,5dimethoxyaniline) in emeraldine salt state, using HRP with
dendritic macromolecules as a catalyst, was recently studied
by Khosravi et al. (2013) as a function of the reaction media.
Nanostructured poly(2,5-dimethoxyaniline) was also prepared by the oxidative polymerization of 2,5-dimethoxyaniline with HRP/FeCl3/H2O2 (Khosravi et al. 2013).
Since the 1980s, various azoarylamines, arylaminoalcohols, arylaminoketones, aminobenzoic acids, and
aminobenzenesulfonic acids have successfully been enzymatically polymerized (Table 7). The enzymatic polymerization of aminobenzoic acids and aminobenzenesulfonic
acids has led to self-doped carboxylated and sulfonated
PANIs containing acid moieties in the polymer backbone
(Alva et al. 1996, 1997; Kim et al. 2006a, b, 2007b; Román
et al. 2012). Polyanionic templates were found to be
unsuitable for the enzymatic polymerization of acid-functionalized aniline derivatives (Kim et al. 2006a). However,
it was shown that the utilization of polycationic templates,
via the complexation of substituted, negatively charged
aniline monomers (carboxylate group), can lead to the
formation of linear, conducting, self-doped carboxylated
PANI (Kim et al. 2006a) under optimal conditions. Fully
sulfonated semiconducting PANIs were recently enzymatically synthesized from 2-amino-benzenesulfonic acid
(Román et al. 2012). It was observed that there is no
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Table 8 Reaction conditions (enzyme/oxidant, solvent, buffer, and pH) applied in enzymatic polymerization of aminonaphthalenes and their
derivatives
Aminonaphthalene

Enzyme/oxidant

Solvent

Buffer

pH

References

1-Aminonaphthalene

HRP/H2O2

Water

Acetate

5.5

Klibanov and Morris (1981)

HRP/H2O2

Dioxane/water

Phosphate

7.0

Shan et al. (2003)

5-Nitro-1-aminonaphthalene

HRP/H2O2

Water

Acetate

4.5

Klibanov and Morris (1981)

2-Aminonaphthalene

HRP/H2O2

Water

Acetate

7.0

Klibanov and Morris (1981)

2-Amino-8-naphthol-3,6-disulfonic acid

ARP/H2O2

Water

Phosphate

6.0–7.4

Biswas et al. (2007)

difference in the UV–Vis and FTIR spectra of the sulfonated PANIs obtained using CPO, HRP, or a chemical as
an oxidant. The catalytic activity (kcat) was higher with
CPO than with HRP, but due to a higher affinity constant
(KM) the catalytic efficiency (kcat/KM) of CPO was lower
than for HRP. Significant differences in the redox (cyclovoltammetric) behavior of the products from HRP- and
CPO-catalyzed reactions were found.
The oxidative polymerization of luminol (5-amino-2,3dihydroxy-1,4-phthalazinedione) with HRP/H2O2 in a
phosphate buffer at pH 8 in the presence of SPS was
reported by Nabid et al. (2011). According to the authors, a
green, water-dispersible conducting polyluminol/SPS
complex was obtained, a chemiluminescent material which
is highly sensitive towards Fe3? ions.
Aminonaphthalenes and their derivatives have occasionally been explored as monomers in enzymatic polymerizations (Table 8), but there is only a single report on
the molecular structures and properties of these
polyaminonaphthalenes (Shan et al. 2003). The HRP-catalyzed polymerization of 1-aminonaphthalene yielded a
polymer which had a molecular weight in the range
7000–14,700 Da, with good solubility in DMF, DMSO,
THF, and acetone (Shan et al. 2003).
Enzymatic syntheses of polyarylamine composites
It was shown that the processability of polyarylamines and
their utilization as absorbers of electromagnetic radiation,
actuators, adsorbents, antioxidants, catalysts, corrosion inhibitors, electrodes, field emitters, membranes, sensors, and
supercapacitors are significantly improved by combining
them with other materials (e.g., metals, metalloids, nonmetals,
metal oxides) (Ćirić-Marjanović 2013a, 2015), especially
with nanostructured materials (e.g., metal NPs, CNTs, graphene) (Ćirić-Marjanović 2013a). Also, the use of polyarylamines as fillers to synergistically improve the performance
and applicability of other electroactive, electrochromic,
electroconducting, electrorheological, ferroelectric, fluorescent, magnetic, non-linear optic, photoluminescent, photovoltaic, redox-active, superhydrophobic, and thermoelectric
materials has proven to be quite useful (Ćirić-Marjanović
2013a, 2015). It is worth noting that the enzymatic synthesis of

polyarylamine composites was almost exclusively focused on
PANI composites. The enzymatically synthesized composites
of oligoarylamines are not yet reported.
Up to the present date, the only metallic-polyarylamine
composites which have been synthesized enzymatically are
with silver (Nabid et al. 2013) or gold (Komathi et al. 2013;
Sharma et al. 2014). PANI/Ag nanocomposites were synthesized with HRP/H2O2 in the presence of SPS, using aniline covalently bound to a 2-aminothiophenol monolayer on
the Ag nanoparticle surfaces (Nabid et al. 2013). Komathi
et al. (2013) have recently reported the simultaneous
immobilization of poly(N-[3-(trimethoxy silyl)propyl]aniline (PTMSPA) and HRP on Au nanorods, leading to HRP/
PTMSPA/Au nanorods, based on the HRP-catalyzed polymerization of N-[3-(trimethoxy silyl)propyl]aniline. The
fact that GOx generates H2O2 was exploited by Sharma et al.
(2014) to form Au nanoparticle/PANI composites at room
temperature. Enzymatic coupling of arylamines under mild
conditions (slightly acidic reaction media, the use of relatively weak oxidants) looks very promising for the preparation of composites of polyarylamines with non-noble
metals (Zn, Fe, Al, etc.). Non-noble metals degrade in highly
acidic solutions in the presence of strong oxidants, which are
the reaction conditions characteristic of conventional
chemical oxidative polymerization of arylamines.
The majority of the efforts regarding enzymatic syntheses
of composites of polyarylamines with nonmetals were
devoted to PANI/CNTs composites. PANI composites with
carboxylic acid-functionalized MWCNTs (MWCNTsCOOH) have been obtained by enzymatic polymerization of
aniline using HRP and GOx covalently attached to
MWCNTs-COOH (Sheng and Zheng 2009). The in situ
HRP-catalyzed polymerization of aniline onto MWCNTs
and carboxylated MWCNTs in aqueous medium at pH 4 was
reported by Nabid et al. (2012), while Otrokhov et al. (2014)
and Shumakovich et al. (2015) recently reported the laccasecatalyzed synthesis of MWCNTs/PANI core/shell-structured composites. The enzymatic synthesis of PANI composites with graphene and its derivates has rarely been
explored. An enzymatic approach for the production of
PANI complexed with reduced graphene oxide (rGO) has
recently been proposed by Akin et al. (2014) (Fig. 18). GOx
produced H2O2 from the oxidation of glucose with O2, which
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Fig. 18 Schematic illustration of the production of a PANI composite with reduced graphene oxide (rGO), followed by the dispersion of
the obtained rGO/PANI composite in polysulfone. The mixed

polysulfone/rGO/PANI membranes were used for salt rejection.
Reprinted with permission from Akin et al. (2014). Copyright 2014
ACS

then led to the oxidation and polymerization of aniline in the
presence of rGO under ambient conditions. The obtained
rGO/PANI composite was dispersed in polysulfone, and the
mixed membranes were then prepared using the phase
inversion polymerization method.
There are a few reports about the enzymatic synthesis of
PANI composites with metal oxides. An enzymatic route
for the synthesis of conducting nanocomposites containing
PANI and anatase TiO2 NPs, via HRP-catalyzed, SPSguided polymerization of aniline in the presence of TiO2
NPs, was presented by Nabid et al. (2008). Similarly, a cAl2O3/PANI nanocomposite was synthesized by HRP-catalyzed SPS-guided polymerization of aniline in water in
the presence of c-alumina nanosheets and SDS (Nabid
et al. 2009a). There are a lot of unexplored possibilities
regarding the synthesis of polyarylamine composites with
metal oxides, especially those sensitive to highly acidic
environment, via mild enzymatic routes.

2013b). In the following sections, some of the different
reports on the successful application of the enzymatic
reaction systems are highlighted. Both the reactions itself,
and the products of the reactions, were taken advantage of.
The applications are in the fields of ELISA and other
immunoassays, for the detection and sensing of various
analytes, and in wastewater treatment. Micro- and nanostructured enzymatically synthesized oligoanilines/PANIs
were successfully used in recent years to make sensors,
electrochromic devices, supercapacitors, anticorrosion
coatings, membranes, and photothermal agents for cancer
treatment. However, the examples we show in the following sections are from proof-of-concept publications
and, thus, the devices have not been produced commercially. For this reason, no comment is made on their shelflife, stability, longevity or price.

Applications
There are not yet as many publications on applications of
enzymatically synthesized oligomers and polymers of
arylamines as for non-enzymatically synthesized
oligoarylamines or polyarylamines (Ćirić-Marjanović
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ELISA and other immunoassays
The first application of enzymatic oxidative coupling
reactions of arylamines was the extensive use of the
oxidative dimerization of o-PDA with HRP/H2O2 to DAP
in the ELISA test (Wolters et al. 1976; Bovaird et al. 1982).
The enzymatic coupling of arylamines has also successfully been used in electrochemical immunoassay (Jiao et al.
2000; Lai et al. 2014; Zhang et al. 2016a), which attracted
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significant attention because of its simple instrumentation,
low cost, and good portability. It is comparable with the
conventional methods such as ELISA, radioimmunoassay
and fluorescence method. One example is the application of
p-PDA as a substrate for an HRP-mediated voltammetric
enzyme immunoassay (Jiao et al. 2000). As discussed
above, the reaction of p-PDA with HRP/H2O2 leads to the
formation of Bandrowski’s base. Thus, the detection of its
voltammetric peak current allowed for the detection of
HRP with a limit of detection (LOD) of 0.95 mU l-1 and a
linear range of 1.75–750 mU l-1. The combination of the
HRP/H2O2/p-PDA voltammetric system with a direct
antigen coating ELISA allowed for a significantly more
sensitive detection of the cucumber mosaic virus (LOD
0.5 ng ml-1) compared to the conventional spectrophotometric HRP/H2O2/o-PDA-based ELISA method. Two further electrochemical immunoassays where the redox
activity of PANI is exploited were recently developed by
Lai et al. (2014) and Zhang et al. (2016a). Conceptually,
the two sensors are quite similar because they combine a
modified electrode with the so-called nanoprobes. In both
cases, the electrode was modified with the antibody of the
analyte of interest so that after placing a solution containing the analyte onto the surface of the electrode, the
analyte quantitatively bound to the electrode via an
immunoreaction. The nanoprobes are nanoparticles suspended in a solution, which were modified with both HRP
and the antibody to the analyte. Thus, after the analyte had
bound to the electrode (and after washing), the solution
containing the nanoprobe was added to the surface of the
electrode, where the nanoprobe then bound to the analyte.
This so-called sandwich immunoassay was then exposed to
aniline and H2O2 for a certain amount of time so that
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redox-active PANI was formed on the surface. After
appropriate calibration, the signals from cyclic voltammetry and differential pulse voltammetry (DPV) due to PANI
were used to quantify the analyte. Lai et al. (2014) used this
strategy to quantify human immunoglobin (HIgG) at the
screen-printed carbon electrode (SPCE) and used Au NPs
as nanoprobes (Fig. 19). Zhang et al. (2016a) used this
strategy to quantify E. coli, using modified CNTs as
nanoprobes.
Wastewater treatment
More than three decades ago, Klibanov and Morris (1981)
have developed an enzymatic method for the efficient
removal of carcinogenic arylamines (benzidine, 3,30 -diaminobenzidine, 3,30 -dichlorobenzidine, o-tolidine, o-dianisidine,
4-aminobiphenyl,
p-phenylazoaniline,
1-aminonaphthalene, 2-aminonaphthalene, and 5-nitro-1aminonaphthalene) from industrial aqueous effluents. The
arylamines were polymerized with HRP/H2O2 and the
corresponding polymers precipitated, which made them
easy to remove with centrifugation or filtration. Saidman
et al. (2006) presented a UV–Vis study of aniline removal
via polymerization, leading to the prevalent formation of
PANI in pernigraniline form, using peroxidases from different sources (P. sajor caju peroxidase, HRP) as well as
hematin, both free and magnetite-supported. It was found
that free biocatalysts were more active than supported
biocatalysts. Biswas et al. (2007) showed that carcinogenic
and mutagenic sulfonated arylamines, generated by
anaerobic degradation of textile industry effluents containing reactive azo dyes, can be effectively removed by
oxidative polymerization catalyzed by ARP. The

Fig. 19 The preparation of
SPCE/rGO/Au-NPs/anti-HIgG/
HIgG immunosensor and
sandwich immunoassay based
on the electrochemical DPV
measurement of PANI
enzymatically deposited by an
HRP/anti-HIgG/Au-NP
nanoprobe. Reprinted with
permission from Lai et al.
(2014). Copyright 2014 ACS
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enzymatic polymerization of sulfonated arylamines generated soluble colored compounds, which were removed by
a coagulant. A laccase from Myceliophthora thermophila
was used to catalyze the oligomerization/polymerization of
the arylamines formed upon the decolorization of several
azo dyes (Franciscon et al. 2010). The resulting polymers
precipitated and were easily removed with physical methods. The decolorization of the azo dyes was conducted by
bacteria isolated from a textile wastewater effluent under
microaerobic conditions (Franciscon et al. 2010). The
potential of using enzymatic treatment to remove
diphenylamine from buffered synthetic wastewater was
demonstrated by Saha et al. (2008). This treatment method
included the oxidative polymerization of diphenylamine by
Trametes villosa laccase/O2 at pH 7 in the presence of
poly(ethylene glycol), followed by removal of the formed
poly(diphenylamine) via adsorptive micellar flocculation
using SDS and hydrated Al2(SO4)3. Al-Ansari et al. (2009)
reported the optimum pH and H2O2/phenylenediamine
concentration ratio, as well as the minimum SBP concentration, required to achieve [95% conversion of
phenylenediamines to the corresponding polymers in synthetic wastewater, which could be removed using SDS.
Hemoglobin, a pseudo-peroxidase, encapsulated in a silicabased matrix by the modified ‘‘fish-in-net’’ approach has
successfully been used by Liu et al. (2012) for the efficient
catalytic removal of aniline from aqueous solution (65%
aniline removal). It was found that encapsulated hemoglobin showed more stable peroxidase-like activity and
substantially increased storage and pH stability than free
hemoglobin.
Sensors
Sensors to detect lead cations, using electrodes modified
with hybrid DNA structures as both a sensing platform and
catalyst for PANI formation, have recently been reported
by several research groups (Li et al. 2013; Zhang et al.
2015a; Ge et al. 2016). Li et al. (2013) developed an Au
electrode modified with guanine-rich DNA as a probe. This
G-rich DNA is initially in a random coil conformation. Its
conformation can be changed by the presence of Pb2? to
form stable, so-called G4 structures. Hemin was then added
to the electrode, which intercalated into these G4 structures, generating an HRP-mimicking DNAzyme. The
DNAyme catalyzed the formation of PANI from added
aniline and H2O2, and the electrochemical signal generated
by PANI was measured. Through calibration, a linear
correlation between the PANI signal and the Pb2? concentration in a range from 1.0 9 10-9 to 1.0 9 10-6 M,
with an LOD of 5.0 9 10-10 M, can be established. Similarly, Zhang et al. (2015a) also presented a Pb2? assay.
Pb2? triggered the specific cleavage of a hybrid
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oligonucleic structure which was immobilized on an Au
electrode. Due to this cleavage, a new hybridization reaction with two new oligonucleotide acid strands was able to
take place to form longer DNA strands. Hemin was then
added to this DNA structure to form a so-called hemin/Gquadruplex structure which resembles the peroxidase
activity of HRP. Thus, aniline was polymerized with added
H2O2 on the surface of the DNA. PANI was detected with
electrochemical methods, and the electrochemical signal
could be linearly correlated with the concentration of Pb2?
in a range from 5.0 9 10-11 to 5.0 9 10-8 M with an
LOD of 3.2 9 10-11 M. Finally, Ge et al. (2016) also
developed a Pb2? probe using a combined approach. First,
a paper electrode was modified with rGO and Au NPs.
Then, similar to the work of Zhang et al. (2015a), a hybrid
DNA was placed upon the electrode. Again, in the presence
of Pb2?, this DNA was selectively cleaved and a new
hybridization reaction was possible with another complementary DNA strand. However, in this case, the complementary DNA strand was covalently attached to Mn2O3
NP-assembled hierarchical hollow spheres as a nanoprobe
carrying both HRP and GOx, which catalyzed the formation of PANI in the presence of aniline and glucose (in situ
generation of H2O2). The electrochemical signal generated
from PANI was linearly correlated with the Pb2? concentration in a wide range from 5.0 9 10-12 to 2.0 9 10-6 M.
A H2O2 biosensor with an LOD of 1.7 9 10-7 M based
on the HRP-catalyzed PANI deposition on graphene/
CNT/nafion/Au–Pt alloy NPs modified glassy carbon
electrode was described by Sheng et al. (2011), while a
H2O2 sensor with an LOD of 9.0 9 10-7 M based on the
HRP-catalyzed PANI deposition on an HRP/aligned
SWCNT-modified Au electrode was fabricated by Tang
et al. (2011). A simple H2O2 sensor with an LOD of
2.0 9 10-7 M based on efficient fluorescence resonance
energy transfer between the highly fluorescent carbon
quantum dots and PANI, synthesized via oxidation of
aniline adsorbed on carbon quantum dots with HRP/H2O2,
was recently developed by Zhang et al. (2015c). An HRP/
PTMSPA/Au nanorods modified electrode recently showed
a quick amperometric response (\5 s) for the reduction of
H2O2, a wide linear range from 1 9 10-5 to 1 9 10-3 M
with an LOD of 6.0 9 10-8 M, and high selectivity and
sensitivity (0.021 lA/lM) toward H2O2 (Komathi et al.
2013). In order to get insight into the role of H2O2 in the
aggregation of a-Synuclein in Lewi bodies (abnormal
aggregates of protein that develop inside nerve cells in
Parkinson’s disease), Xu et al. (2015) recently reported on
a plasmonic assay for H2O2 with a designed nanoplasmonic
probe, composed of Au-NP with surface-attached doublestranded DNA and HRP (Fig. 20). Detection of H2O2 with
an LOD of 8 9 10-9 M was achieved by monitoring the
plasmonic response associated with the in situ formation of
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Fig. 20 a Schematic
illustration of a H2O2 assay
based on the HRP-catalyzed
PANI deposition on an
AuNPs/double-stranded-DNA/
HRP nanoplasmonic probe. The
polymerization of aniline with
HRP/H2O2 on double-strandedDNA templates leads to the
color changes and plasmon band
shifts. b Dark-field images of
(a) bare Au NPs, (b) doublestranded-DNA-loaded Au NPs,
and (c) double-stranded-DNA/
HRP-loaded Au NPs. c Plasmon
resonance Rayleigh scattering
spectra of Au NPs during
sequential modifications.
Reprinted with permission from
Xu et al. (2015). Copyright
2015 ACS

a layer of conducting PANI on the nanoplasmonic probe
via the oxidative polymerization of aniline with HRP/H2O2
(Fig. 20).
A lot of different sensors have been prepared for the
detection of glucose, usually using the GOx/HRP cascade
reaction (Sheng and Zheng 2009; Wang et al. 2014a;
Zhang et al. 2015c; Gong et al. 2016). The voltammetric
characteristics of an enzymatically synthesized PANI/
MWCNTs-COOH/HRP/GOx biosensor were investigated
by cyclic voltammetry in the presence of glucose (Sheng
and Zheng 2009). The current response of PANI was linearly proportional to the glucose concentration in the range
of 5.0 9 10-5–1.2 9 10-2 M with a correlation coefficient
of 0.994. Kausaite-Minkstimiene et al. (2010, 2011)
reported an elegant enzymatic method for the preparation
of a carbon rod/GOx/PANI electrode. GOx was first
immobilized on the electrode. A PANI matrix was then
enzymatically synthesized from aniline with H2O2, which
was formed by the GOx-catalyzed oxidation of glucose.
The formed PANI layer encapsulated GOx, leading to an
electrically conductive layer from GOx to the electrode.
The peculiarity of this sensor is that the activity of GOx is
exploited to both synthesize the final electrode and to
oxidize glucose for detection and quantification purposes.
Thus, this sensor can be utilized as amperometric glucose
biosensor and/or anode of a biofuel cell powered by glucose. The GOx/PANI electrode showed increased stability
and an increased upper limit of glucose detection in comparison to an unmodified GOx-electrode. Gong et al.
(2016) recently used a 4-aminothiophenol/Au-NP/GOx–
HRP/6-mercapto-1-hexanol-11-mercaptoundecanoic acid/

Au electrode to detect glucose in the range 1.65 9 10-5–
1.0 9 10-2 M,
with
a
high
sensitivity
of
41.78 lA mM-1 cm-2 and good selectivity. The detection
is based on the oxidative polymerization of aniline by HRP
and H2O2, whereas H2O2 is formed by oxidation of glucose
with GOx/O2. The concentration of H2O2 increases with an
increase of the glucose concentration and, consequently, an
increased quantity of PANI film was formed on the electrode surface, resulting in a decrease of the peak current of
Fe(CN)3-/4, thus allowing for accurate and selective
6
glucose concentration determination. Alternatively, the
electrode can also be used for direct H2O2 detection. A
thioglycollic acid-capped CdS quantum dots (QDs)/GOx/
HRP composite was recently prepared by Wang et al.
(2014a) for glucose determination. The fluorescence
quenching of the thioglycollic acid-capped CdS QDs,
efficiently achieved by the products of the HRP-catalyzed
oxidation of o-PDA and 3,30 -diaminobenzidine, was proportional to the glucose concentration. The glucose LODs
of 1.0 9 10-7 M or 2.0 9 10-8 M were achieved in the
case of the o-PDA or 3,30 -diaminobenzidine oxidation,
respectively. The thioglycollic acid-capped CdS QDs/GOx/
HRP sensor was successfully used for simple determination
of glucose in human serum without any interference of
fructose, sucrose and lactose (Wang et al. 2014a). Sensing
of glucose down to submicromolar levels based on the
quenching of the fluorescence of the carbon QDs by a thin
PANI layer, formed by HRP-catalyzed oxidative polymerization of aniline on the surface of carbon QDs with
H2O2 which was generated during the enzymatic oxidation
of glucose, was recently achieved by Zhang et al. (2015c).

123

230

Chem. Pap. (2017) 71:199–242

It has recently been found that the square wave voltammetric response of PANI, deposited on a glassy carbon
electrode modified with polystyrene nanospheres via the
hemoglobin/GOx-catalyzed polymerization of aniline,
increased proportionally with the increase of glucose concentration in the range of 1.0 9 10-7–1.0 9 10-5 M
(Zhang et al. 2013). It was shown that UV–vis spectroscopy and potentiometric/cyclovoltammetric detection
of saccharides with enzymatically synthesized poly(aniline-co-3-aminobenzeneboronic acid) was significantly
more sensitive (Huh et al. 2007) in comparison to the
corresponding detection of saccharides using chemically
synthesized copolymer.
Development of analytical methods for sialic acid
detection became interesting in recent years because sialic
acid overexpression on cell surfaces is associated with
many malignant diseases. Liu et al. (2015) reported a
selective and sensitive method for sialic acid detection on
cancer cell surfaces and electrochemical cytosensing of
living cells by combining 3-aminophenylboronic acid
modified carbon nanospheres (CNS-APBA) for sialic acid
recognition and Au-NPs/HRP as nanoprobes for signal
amplification via enzymatic polymerization of aniline
(Fig. 21).
Xie et al. (2014) recently fabricated an electrochemical aptasensor for the detection of thrombin in the range
of 5.0 9 10-13–3.0 9 10-8 M with an LOD of
1.4 9 10-13 M, based on the enzymatic, in situ formation of PANI as a redox mediator by employing a peroxidase-like
manganese-porphyrin/double-stranded

DNA as a catalyst and template. A hybridization chain
reaction was utilized for the production of doublestranded-DNA for the binding of manganese-porphyrin
and PANI. The activity of telomerase was determined
using telomeric hemin/G-quadruplex-DNAzyme-triggered polymerization of aniline on DNA tetrahedron
structures (Liu et al. 2016).
Both RNA and DNA sensors based on the enzymatic
deposition of polyarylamines were frequently reported over
the past ten years. For example, amino-terminated peptide
nucleic acid (PNA) capture probes were immobilized on
interdigitated comb-like microelectrodes (Fan et al. 2007).
This was followed by hybridization with their complementary target microRNA and the subsequent HRP-catalyzed deposition of conducting PANI nanowires. Thus,
microRNA in total RNA extracted from cancer cells in the
range 1.0 9 10-14–2.0 9 10-11 M with an LOD of
5.0 9 10-15 M (Fan et al. 2007) was quantified (Fig. 22).
Based on a hybridized microRNA-guided deposition of
PANI, catalyzed by G-qudraplex-hemin DNAzyme, an
impedimetric microRNA biosensor capable of detecting
5.0 9 10-16 M target microRNA was recently developed
by Deng et al. (2014). The detection of microRNA in blood
and RNA extracted from cultured cells was performed in a
label-free manner in a range from 5.0 9 10-15 M to
2.0 9 10-12 M with an LOD of 2.0 9 10-15 M (Gao et al.
2013). The sensor was based on the hybridized microRNAtemplated HRP-catalyzed deposition of an insulating
poly(3,30 -dimethoxybenzidine) film and electrochemical
impedance spectroscopic detection (Gao et al. 2013). The

Fig. 21 Schematic illustration of the electrochemical sialic acid
assay on the cell surface based on HRP-catalyzed PANI deposition.
TGA thioglycolic acid, SNA Sambucus nigra agglutinin, BSA bovine

serum albumin. Reprinted with permission from Liu et al. (2015).
Copyright 2015 Royal Society of Chemistry
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Fig. 22 Schematic illustration
of the sensing mechanism of a
biosensor for the electrical
detection of microRNAs,
fabricated via the
immobilization of peptide
nucleic acid (PNA) capture
probes in nanogaps of a pair of
interdigitated microelectrodes,
followed by their hybridization
with their complementary target
microRNA, and the subsequent
HRP-catalyzed deposition of
conducting PANI (LXXXV)
nanowires. Adapted with
permission from Fan et al.
(2007). Copyright 2007 ACS

detection of nucleic acids was conducted by modifying an
Au electrode with PNA capture probes, onto which the
target DNA binded (Gao et al. 2007b). HRP labeled with a
complimentary oligonucleotide to the DNA bound to the
hybrid DNA on the electrode. The immobilized HRP catalyzed the formation of PANI from aniline and H2O2 on the
hybrid DNA, leading to an electrochemical signal proportional to the concentration of the target DNA (Gao et al.
2007b). An electrochemical ‘‘sandwich-type’’ DNA sensor
with a linear response toward DNA in the concentration
range 6.0 9 10-15 M–1.0 9 10-9 M, based on the DNAzyme-catalyzed PANI deposition by Au NP nanoprobes
containing DNA complimentary to the target DNA as well
as longer DNA strands complexed with hemin, was
developed by Hou et al. (2014). A biosensor for the
detection of syphilis DNA with an LOD of 5.0 9 10-13 M
was developed by Sheng et al. (2010). It is based on DNA
hybridization between an oligonucleotide-modified Au
electrode and the target DNA. After binding of the target
DNA to the oligonucleotide on the electrode, another
complementary oligonucleotide strand, functionalized with
biotin, was added and bound to the target DNA. Then, HRP
functionalized with streptavidin was added, which bound
very strongly to the biotin. HRP then catalyzed the formation of PANI, which was measured electrochemically.
Thus, a linear relationship between the electrochemical
signal from PANI and the concentration of syphilis DNA
was established (Sheng et al. 2010). To improve the ability

of the surface plasmon resonance spectroscopy to detect
extremely small refractive index changes, which are useful
in ultrasensitive DNA analysis, Su et al. (2008) reported a
signal amplification via HRP-catalyzed DNA-templated
PANI deposition, suitable for DNA hybridization analysis
with charge neutral PNA as probes. The LOD was lowered
from 5.0 9 10-9 M for conventional surface plasmon
resonance detection to 1.0 9 10-13 M, which is much
better than that of AuNP-based amplification using a secondary hybridization process and labeled DNA detection
probes. Recently, a surface plasmon resonance-based DNA
sensor with a detection limit in the femtomolar range was
fabricated using graphene nanosheets, functionalized with
pyrene groups and nickel-chelated nitrilotriacetic acid, as a
substrate and streptavidin/HRP-catalyzed PANI deposition
as mass relay (Yuan et al. 2016).
DNA methylation and methyltransferase activity, which
are linked to the development of cancer, have recently been
detected electrochemically in human serum samples in the
range of 0.5–0.6 U ml-1 with an LOD of 0.12 U ml-1
(Zhang et al. 2015b). It is based on methylation sensitive
restriction endonuclease HpaII and the DNAzyme-catalyzed polymerization of aniline. PANI is formed on the
double-stranded-DNA template in the presence of methylated DNA, thus producing the DPV signal. There is no
PANI deposition in the presence of non-methylated DNA
because the double-stranded-DNA is cleaved and digested
by HpaII and exonuclease III.
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Miscellaneous applications
An electrochromic device composed of an enzymatically
synthesized PANI/SPS complex, polyelectrolyte, lithium
salt and indium tin oxide glass showed reversible color
change (green/blue/purple) when a voltage of about 2.5 V
was applied between two indium tin oxide glasses (Kimura
and Kumar 2004). An enzyme nanolithography strategy
based on the scanning of an atomic force microscope tip
modified with peroxidase, in the presence of aniline (Luo
et al. 2009) or 4-aminothiophenol (Xu and Kaplan 2004)
and H2O2, was used for biocatalytic patterning of different
PANI (Luo et al. 2009) and poly(4-aminothiophenol)
nanostructures (Xu and Kaplan 2004). It was shown by
Junker et al. (2014a) that enzymatically obtained highly
stable aqueous PANI/AOT vesicle dispersions can be used
as ink in a conventional thermal inkjet printer for printing
on paper or on the surface modified polyimide films. Also,
printed green PANI emeraldine salt patterns on paper
changed color to blue emeraldine base form after exposure
to ammonia gas, thus showing the expected ammonia
sensing ability. The applicability of aniline oligomers,
obtained by SDBS micelles-assisted laccase-catalyzed
oligomerization of aniline, to protect copper against corrosion has recently been demonstrated by Shumakovich
et al. (2014). The performance of enzymatically synthesized rGO/PANI/polysulfone membranes regarding salt
rejection and pure water flux was studied by Akin et al.
(2014) (Fig. 18). The rGO-incorporated polysulfone
membrane was found to have a hydrophobic surface with
enhanced macro-voids, whereas the rGO/PANI-incorporated polysulfone membrane surface was found to be partly
hydrophilic due to the presence of PANI fibers in the
membrane. Polysulfone membranes exhibited an improved
salt rejection, mean porosity, and water flux after incorporation of rGO/PANI. Layer-by-layer films of enzymatically synthesized PANI and poly(c-glutamic acid),
synthesized by a bacterial reaction, for the construction of
nanocapacitors were reported by Barrientos et al. (2007).
The enzymatically synthesized PANI/MWCNT composite
with a PANI content of ca. 49 wt% could be used in
supercapacitors since it had high specific capacitance
(440 F/g at 5 mV/s) and cycle stability during doping/dedoping, i.e., the specific capacitance of the PANI/MWCNT
composite decreased by less than 7% of its maximum value
after 1000 scan cycles between -0.1 and 0.7 V (Otrokhov
et al. 2014). It was demonstrated by Li et al. (2015) that
PANI, obtained using synthetic biomimetic catalysts, could
be efficiently utilized as a photothermal agent capable of
converting light into heat with a high efficiency. The
temperature increased above the thermal damage threshold
to destroy cancer cells. A high light-to-heat conversion
efficiency of 39.6%, excellent biocompatibility and

123

Fig. 23 Schematic illustration of anti-tumor effect with human
cervical cancer cells observed for the PANI prepared using FePOs.
Reprinted with permission from Li et al. (2015). Copyright 2015 RSC

remarkable anti-tumor effect with human cervical cancer
cells were observed for PANI prepared using FePOs, an
HRP-mimetic catalyst (Li et al. 2015) (Fig. 23).

Conclusions and outlook
The majority of industrially important arylamines (aniline,
substituted anilines, aminonaphthalenes, etc.) were subjected to enzymatic oxidation and coupling. Often, HRP
and H2O2 or laccases with dissolved O2 were used, and in
many cases templates (most frequently anionic polymers or
micelles) were added to shift the reaction towards the
desired product. This review is as a kind of inventory of the
literature which has been published in the field, with a
detailed compilation of published results.
There are four points which we feel are important to
keep in mind. First, the oxidation of arylamines—independent of whether they occur enzymatically, chemically,
or electrochemically—often leads to a mixture of different
products, and not to one single molecule. Second, the types
of products obtained from the enzymatic oxidation of an
arylamine very much depend on the details of the experimental conditions, e.g., initial concentration of arylamine,
pH, temperature, enzyme type and concentration, type and
concentration of template, reaction time, etc. Third, the
products obtained often have a low solubility, which makes
their separation and chemical analysis difficult. Therefore,
fourth, in many cases the chemical structures of the
products obtained are not known with certainty; the
structures given in the literature may only represent ideal or
assumed structures, or parts of larger molecules, drawn on
the basis of the available analytical data. Nevertheless, the
product mixtures may have excellent properties for different possible applications of poly(arylamines). In this
case, one may argue that a detailed knowledge of the
composition and the chemical structures of the products is
not of first importance; it is more the property which
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counts. From a scientific point of view, however, the
challenge remains in understanding which products are
obtained, how they are formed (mechanism) and why they
are formed, for example due to the presence of a (Luginbühl et al. 2016). With such detailed investigations and a
deeper understanding, one may be able to optimize the
reaction conditions for obtaining a desired product in
higher yield or with less enzyme, and one may also be able
to apply the concepts to other related systems.
Interestingly, there is still a large number of important
carbocyclic (e.g., 2-aminodiphenylamine, sulfanilamide,
benzocaine, anthranilic acid, substituted aminonaphthalenes, and aminoanthracene and its derivatives, etc.) and
heterocyclic arylamines which have never been oxidatively
coupled using the enzymatic route. It may be that these
monomers cannot efficiently be oxidatively polymerized
with the available enzymes, and that through protein
engineering it will only be possible in the future.
In the case of the peroxidases, other heme-containing
biomacromolecules with peroxidatic activity have been
utilized as catalysts for the oxidative polymerization of
aniline with H2O2, e.g., hemoglobin and cytochrome
c. Future studies will show how these proteins compare
with the ‘‘true’’ peroxidases in terms of required amounts
of proteins and product characteristics. In another line of
research, various synthetic biomimetic catalysts have also
been used for the oxidative polymerization of aniline with
H2O2. From a more environmental point of view, the use of
enzymes (or other proteins) as biocatalysts is attractive,
since the reactions can be carried out at ambient temperature in an aqueous medium. However, there is also a
limitation with this if the water solubility of the monomers
is very low. In this case, either only small amounts of
monomer can be used, or co-solvents, which are tolerated
by the enzymes, have to be added. Exactly 120 years after
the first reported aniline enzymatic oxidation at the end of
nineteenth century, followed by the extensive research
during the middle part of twentieth century devoted to
arylamine oligomerization, and pioneering work in the
1980s and 1990s devoted to the enzymatic syntheses of
conducting polyaniline and other polyarylamines, the
development of novel templates as well as apparent template-free enzymatic synthetic techniques in the twentyfirst century opens up new perspectives in advanced
applications, especially regarding fabrication of ultrasensitive biosensors based on redox-active and conducting
polyaniline, other polyarylamines, and their composites. It
seems that crucial breakthroughs regarding the enzymatic
and enzyme-mimetic oligomerization and polymerization
of aniline and other arylamines are still ahead of us.
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Insight into the template effect of vesicles on the laccasecatalyzed oligomerization of N-phenyl-1,4-phenylenediamine
from Raman spectroscopy and cyclic voltammetry measurements. Sci Rep 6:30724. doi:10.1038/srep30724
Jenkins AD, Kratochvı́l P, Stepto RFT, Suter UW (1996) Glossary of
basic terms in polymer science (IUPAC Recommendations 1996).
Pure Appl Chem 68:2287–2311. doi:10.1351/pac199668122287
Jiao K, Sun W, Zhang S, Sun G (2000) Application of p-phenylenediamine as an electrochemical substrate in peroxidase-mediated
voltammetric enzyme immunoassay. Anal Chim Acta
413:71–78. doi:10.1016/S0003-2670(00)00820-5
Jin Z, Su Y, Duan Y (2001) A novel method for polyaniline synthesis
with the immobilized horseradish peroxidase enzyme. Synth Met
122:237–242. doi:10.1016/S0379-6779(00)00287-3
Josephy PD, Eling T, Mason RP (1982) The horseradish peroxidasecatalyzed oxidation of 3,5,30 ,50 -tetramethylbenzidine. Free radical and charge-transfer complex intermediates. J Biol Chem
257:3669–3675
Josephy PD, Eling T, Mason RP (1983) Co-oxidation of benzidine by
prostaglandin synthase and comparison with the action of
horseradish peroxidase. J Biol Chem 258:5561–5569
Junker K, Zandomeneghi G, Guo Z, Kissner R, Ishikawa T,
Kohlbrecher J, Walde P (2012) Mechanistic aspects of the

Chem. Pap. (2017) 71:199–242
horseradish peroxidase-catalysed polymerisation of aniline in the
presence of AOT vesicles as templates. RSC Adv 2:6478–6495.
doi:10.1039/C2RA20566A
Junker K, Gitsov I, Quade N, Walde P (2013) Preparation of aqueous
polyaniline-vesicle suspensions with class III peroxidases.
Comparison between horseradish peroxidase isoenzyme C and
soybean peroxidase. Chem Pap 67:1028–1047. doi:10.2478/
s11696-013-0307-y
Junker K, Kissner R, Rakvin B, Guo Z, Willeke M, Busato S, Weber
T, Walde P (2014a) The use of Trametes versicolor laccase for
the polymerization of aniline in the presence of vesicles as
templates. Enzym Microb Technol 55:72–84. doi:10.1016/j.
enzmictec.2013.12.008
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Enzymatic reactions in confined environments
Andreas Küchler1, Makoto Yoshimoto2, Sandra Luginbühl1, Fabio Mavelli3 and Peter Walde1*
Within each biological cell, surface- and volume-confined enzymes control a highly complex network of chemical reactions.
These reactions are efficient, timely, and spatially defined. Efforts to transfer such appealing features to in vitro systems have
led to several successful examples of chemical reactions catalysed by isolated and immobilized enzymes. In most cases, these
enzymes are either bound or adsorbed to an insoluble support, physically trapped in a macromolecular network, or encapsulated within compartments. Advanced applications of enzymatic cascade reactions with immobilized enzymes include enzymatic fuel cells and enzymatic nanoreactors, both for in vitro and possible in vivo applications. In this Review, we discuss some
of the general principles of enzymatic reactions confined on surfaces, at interfaces, and inside small volumes. We also highlight
the similarities and differences between the in vivo and in vitro cases and attempt to critically evaluate some of the necessary
future steps to improve our fundamental understanding of these systems.

F

or many years, the structure, stability, and catalytic properties of water-soluble enzymes have been studied by analysing their crystal structures and by investigating their catalytic
properties when dissolved at a certain concentration in a buffered
aqueous solution of defined composition and temperature. In this
way, characteristic in vitro features of individual, purified and dissolved enzymes could be elaborated and mechanisms formulated
for explaining the enzymes’ ability of catalysing a particular type of
chemical reaction1,2. Such studies have shown that substrate binding and an intact active site are essential for the proper functioning of enzymes as dynamic globular macromolecules3. However, a
simple buffer solution does not reflect the compositional complexity of the biological medium in which enzymes normally perform.
Most in vivo enzyme-catalysed reactions occur in a molecularly
crowded environment 4 and/or in a confined environment, such as
on a surface, at an interface, or inside a small volume5–7. These factors — among others — have to be taken into account if the in vivo
environment of the enzymes of interest is to be synthetically imitated, or if the altered behaviour of isolated enzymes in vitro (for
example, stability) is to be understood.
In this Review, we will focus on a few aspects of confined enzymatic reactions both in vivo and in vitro. We will refer to examples
of enzymes that perform in confined environments in vivo, and we
will present some general features and selected examples of in vitro
reactions catalysed by volume- and surface-confined (immobilized)
enzymes. Particular attention will be paid to in vitro enzymatic cascade reactions with different types of enzyme that catalyse sequential multi-step reactions6,8–10. Furthermore, selected applications of
immobilized enzymes will be discussed, with particular emphasis
on applications where the defined confinement of enzymatic reactions to either a surface or a volume appears advantageous.
In vitro surface- and volume-confined enzymatic reactions with
isolated, immobilized enzymes are often carried out not only for
understanding in vivo behaviour, but also for elaborating the possibilities for in vitro applications. Indeed, analytical and biotechnological applications of immobilized enzymes exist for the preparative
modification, degradation, or synthesis of organic molecules1,11–14.
Immobilizing enzymes on surfaces or confining them in small volumes often allows for a facile separation of the enzymes from the

reaction products3, a key advantage with respect to reactions with
dissolved enzymes. More sophisticated systems can involve enzymatic cascade reactions, in which the relative spatial localization of
the enzymes is a prominent aspect, both for in vitro applications and
for characterizing in vivo systems6,13.
For surface-confined enzymatic reactions, the enzymes are either
adsorbed or bound to a support via non-covalent or covalent bonds.
For volume-confined enzymatic reactions, the enzymes are physically entrapped either within a macromolecular network or within
compartments. In the latter case, the substrate molecules have to be
able to access the enzymes from the external medium or from other
compartments, unless the substrate molecules are already present
within the compartment from the beginning.
Conceptually, there are obvious similarities between confined
in vivo and in vitro enzymatic reactions. However, there are also
noticeable differences. One significant difference is that in biological systems, new enzymes are constantly synthesized to replace the
ones that have been released, inactivated, or degraded15, whereas
in non-living in vitro systems, there is no such continuous de novo
synthesis. Furthermore, the efficiency of multi-enzyme complexes6,13 with a spatially defined localization of different types
of enzyme with their specific substrate channelling is difficult to
achieve outside cells. Hence, enzymes extracted from biological samples and applied in vitro cannot compete with the in vivo
situation when long-term performance and efficiency of enzymatic
cascade reactions are considered. Consequently, any type of application of immobilized enzymes requires not only an optimal enzyme
localization but also an optimization of the enzymes’ storage and
operational stabilities1,11,16.
Despite these limitations, and the fact that enzymes are intrinsically unstable, confined enzymes can still be powerful in vitro catalysts for the following two seemingly contradictory reasons. First,
enzymes often catalyse chemical reactions regio- and stereoselectively with high substrate specificity 1,2. Thus, a high selectivity can
be achieved, which is hard to attain using traditional organic chemistry approaches. On the other hand, many enzymes (for example, lipases, oxidative enzymes) exhibit low specificity, which also
allows them to be used for catalysing transformations of completely
synthetic, non-natural substrates17–21. Moreover, enzymes from
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B
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Figure 1 | Enzyme immobilization on solid supports for surface-confined enzymatic reactions in an aqueous environment. The green and blue
objects represent two different types of enzyme with their active sites indicated as indentations. For enzymatic cascade reactions to occur efficiently,
immobilization of the different enzymes involved should occur in a defined way by placing them at specific positions and relative ratio. The enzymes’
activity must be retained, and the system must have acceptable storage and operational stabilities. Different strategies have been developed to immobilize
enzymes on solid supports. a, By direct enzyme adsorption via non-covalent interactions between the enzymes and the support36. b, By one or more
organic linker molecules that allows for covalent bonding between the support and the enzymes36 ensuring that the enzyme is kept at a distance from the
surface. c, By adsorbed or covalently bound self-assembled monolayers. d, By adsorbed or covalently bound bilayers of amphiphiles. e, By non-covalently
adsorbed organic polymers32,38 or proteins (the pink object denotes the protein avidin (or streptavidin or neutravidin) with its four biotin-binding sites)36.
f, By non-covalently adsorbed dendronized polymer–enzyme conjugates33,39. The solid support can be inorganic and smooth (planar silicate glass33,38,39,
dispersed graphene oxides107, or carbon nanotubes108), inorganic and rough (mesoporous silicates109,110), or organic (polystyrene particles111, DNA origami
tiles42, vesicles58,112–114, or cells115).

different host organisms can be combined in vitro, which makes it
possible to create enzymatic cascade reactions that do not occur in
biological systems22.

Surface- or interface-confined enzymatic reactions

Many enzymatic reactions in living systems take place in biological
membranes5,6,23. The study of these surface- or interface-confined
enzymatic reactions in vivo has inspired the use of various in vitro
systems that mimic the lipid matrix of biomembranes in the form
of lipid vesicles24–26, reversed micelles27–29, or solid supported
lipid bilayers30,31.
Apart from these biomimicking approaches, enzymatic reactions occurring on non-natural surfaces have been studied and
applied for many years. Figure 1 schematically illustrates some of
the possibilities of immobilizing isolated enzymes on solid or soft
supports to conduct surface-confined enzymatic reactions in vitro.
In all cases, the immobilized enzymes are exposed to the bulk
aqueous solution in which the substrate molecules are dissolved.
The substrate accessibility to the active site of an enzyme may be
restricted by physical constraints, for example, when the enzymes
are adsorbed in the pores of mesoporous particles or in the inner
part of a hydrogel, or when the active site faces the surface of the
support instead of the bulk solution. One of the main advantages of
immobilizing enzymes on insoluble solid supports is that the products at the end of the reaction are easy to collect, provided they are
still soluble1,2,11. This permits the construction of surface-confined
enzymatic reactions in flow reactor systems (for example, microfluidic chips32,33 or nanochannels34). The immobilization of enzymes
on solid supports often results in a lower catalytic activity than in
bulk solution, because immobilization leads to a decrease in conformational flexibility 35, but frequently in a higher operational stability
than in bulk solution11.
Conceptually, there are different ways of immobilizing enzymes —
or any other types of protein — on solid supports1,11,12,14,36,37. Apart
from simple adsorption (Fig. 1a), often, the support is first modified
with small organic linkers with reactive functional groups (Fig. 1b).
The linkers are exposed to the bulk solution for a direct, covalent
attachment of the enzymes to the surface. Alternatively, the solid
410

support is first coated with an organic layer to which the enzymes
are covalently bound (Fig. 1c–e), again through linker molecules.
Such soft organic coating prevents enzyme inactivation that might
occur in case of direct contact with the solid support (Fig. 1a). The
coating may consist of adsorbed or covalently bound self-assembled
monolayers (Fig. 1c) or bilayers (Fig. 1d) of amphiphilic molecules, globular proteins (bovine serum albumin, avidin)36, or polymers32,38 (Fig. 1e). Another possibility is to adsorb large dendronized
polymer–enzyme conjugates, previously prepared in solution33,39
(Fig. 1f). In some cases, enzymes immobilized on a surface can be
more stable than in bulk solution11. However, it is still unclear how
to quantitatively describe enzymatic reactions with surface-bound
enzymes1,2, as the precise concentration of bound enzymes is difficult to determine, and as the enzymes are fixed on a solid support
(no three-dimensional diffusion) while the substrate molecules diffuse in the entire volume.
One exciting perspective is that different types of enzyme can be
immobilized in a precise and sequential way to design multi-step
cascade reactions (specific examples are shown in Fig. 2)6,8,9,13,38,39.
A fine spatial control may speed up the reaction, reduce unwanted
side reactions, and decrease the accumulation of inhibitory or reactive intermediates6,13. To do so, one particular concept is illustrated
in Fig. 2a. Biotinylated glucose oxidase (GOD) and horseradish
peroxidase (HRP) are bound to biotinylated DNA origami building
blocks with the help of neutravidin to form a dimer nanoreactor 40.
Based on geometrical considerations, the active sites of two
co-immobilized enzymes that catalyse two consecutive reactions
should not be farther away from each other than 0.1–1.0 nm to
make direct substrate chanelling between the two enzymes possible41. However, this prediction appears to contradict experimental results in that it was found that such a close proximity of
two enzymes is not necessary for an increase in the reaction efficiency compared with the free enzymes (Fig. 2b)42. This apparent
discrepancy can be explained by considering that substrate channelling between enzymes positioned farther away from each other
than 1.0 nm is possible if the local density of the two (or more)
enzymes involved in the cascade reaction is over a certain threshold
(‘enzyme cluster-mediated channelling’)41. Placing GOD and HRP
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Figure 2 | Examples of surface-confined enzymatic cascade reactions. a, Localization of biotinylated glucose oxidase (GOD = GOx) and horseradish
peroxidase (HRP) using tubular DNA origami building blocks and neutravidin (NTV). A catalytically active ‘dimer nanoreactor’ containing the two
enzymes was obtained, as determined by analysing the transformation of d-glucose and 3,3’,5,5’-tetramethylbenzidine (TMB) at pH 5.0 in the presence
of O2 into TMB imine (TMB*). The activity was determined as rate of formation of TMB*, whereby for each case, the NTV-containing nanoreactor was
normalized to 1, defined as Vmax. In the ‘reference’ measurements, NTV was omitted, which decreased the amount of bound enzymes40. b, Localization
of GOD (yellow) and HRP (purple) at defined distances on the surface of DNA origami tiles. An increased catalytic activity was observed when the
inter-enzyme distance was 10 nm, as analysed with d-glucose and ABTS2– (2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonate)) and O2 as substrates
at pH 7.2. No enhanced activity was found when the inter-enzyme distance was 65 nm, while at a distance of 20 nm, the increase in activity was only
small42. C1 and C2 refer to tiles without nucleic acid and free enzymes, respectively. c, Localization of GOD (orange) and HRP (green) on silicate surfaces
with the help of a dendronized polymer (blue) and mesoporous silica nanoparticles (grey). GOD was positioned inside the pores of the particles and
HRP was spatially separated on the particles through covalently linking HRP along the polymer chain, followed by simple adsorption of the obtained
polymer–enzyme conjugate. The enzymes remained active for at least 18 d when stored at 4 °C, as analysed with d-glucose, o-phenylenediamine, and
O2 as substrates (expressed as GOD activity of the cascade reaction, that is, as determined without admixture of HRP)45. Diameter of silica nanoparticle
in image is ~60 nm. d, Localization of the three enzymes MenF, MenD, and MenH of the menaquinone biosynthetic pathway on CdSe–ZnS core–shell
quantum dots (QDs). About 16–20 enzyme molecules were bound to each particle. The reaction was more efficient when each particle contained a
mixture of the three enzymes than when each particle contained only one type of enzyme. The activity was highest when MenF was in excess over the
other two enzymes (case iii), as determined with chorismate as substrate at pH 7.0 to yield 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate
(SHCHC) as product46. Figures adapted with permission from: a, ref. 40, RSC; b, ref. 42, American Chemical Society; c, ref. 45, RSC; d, ref. 46,
American Chemical Society.

via DNA origami tiles at a distance of 10 nm from each other leads
to a significant activity increase compared with the free enzymes
and compared with being placed 20, 45, or 65 nm apart (Fig. 2b)42.
This activity increase could be due to an efficient migration (channelling) of the reaction intermediate (H2O2) from the active site of

GOD to the active site of HRP through the hydration layer on the
surface of the two enzymes. Substrate channelling occurs in living
systems too, specifically in membrane-bound multi-enzyme complexes (also called enzyme supercomplexes or metabolons6), for
example, in the case of the eight-enzyme complex responsible for
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Figure 3 | Two examples of the application of surface-confined
enzymatic reactions. a, Enzymatic fuel cell. Left: Illustration of a
membraneless enzymatic fuel cell51,116 in which the fuel is oxidized at
the anode by an immobilized oxidative enzyme (green). The electrons
(e−) released during the oxidation move through the external wire
to the cathode at which O2 is reduced by the immobilized reductive
enzyme (blue). Right: A specific example of an anode that was coated
with mesoporous carbon (average pore diameter of 38 nm and a
surface roughness of several tens of micrometres) to which the enzyme
d-FAD-DGH (deglycosylated flavin adenine dinucleotide-dependent
glucose dehydrogenase, green) was immobilized within a hydrogel
formed from poly(1-vinyl-imidazole) that was crosslinked with
PEGDGE (poly(ethylene glycol) diglycidyl ether) and complexed to
[Os(2,2’-bipyridine)2Cl]+/2+ for efficient electron transfer. d-glucose was
used as fuel, yielding glucono-δ-lactone (oxidized fuel)56. b, Enzymatic
polymerization of aniline on the surface of anionic vesicles catalysed
by a redox enzyme that is localized on the vesicle membrane surface58.
Unilamellar vesicles with a diameter of about 100 nm were prepared
from AOT (sodium bis(2-ethylhexyl)sulfosuccinate) in an aqueous
salt solution of pH 4.3. After HRP and the aniline monomers (mainly
present as anilinium cation) had associated with the vesicle surface, the
aniline oxidation was triggered by adding H2O2. Polymerization of the
obtained aniline radial cation into the emeraldine salt form of polyaniline
(PANI-ES) occurred on the vesicle surface. PANI-ES did not form in the
absence of the vesicles.

the citric acid cycle43. In this particular case, substrate channelling
between the active sites is likely to be due to electrostatic interactions on the surface of the enzymes43. Apart from this sequestration mechanism, covalent tethering, that is, the covalent binding of
412

substrates and intermediates to the enzymes, is an alternative way
of in vivo substrate channelling 44.
The example illustrated in Fig. 2c shows a completely different
way of co-localizing GOD and HRP, but with much lower positional
precision and a much less sophisticated approach than in the case
of the DNA origami systems of Fig. 2a,b. GOD was adsorbed inside
mesoporous silicate particles, and HRP was placed on top of the
particles via a HRP–polymer conjugate to form a two-enzyme system of high storage stability 45.
Another example of an in vitro cascade reaction involves three
enzymes implicated in the menaquinone biosynthetic pathway
(Fig. 2d)46. The enzymes were randomly immobilized on CdSe–ZnS
core–shell quantum dots with a diameter of 3.5 nm. The efficiency of
the cascade reaction depended on (i) the total number of enzymes
per particle, and (ii) the relative ratio of the three enzymes per
particle46. This study demonstrates the importance of co-localizing
the three enzymes as well as the importance of the inter-enzyme
distance. As the enzymes were tightly packed on the quantum dot
surface, it is unlikely that the surface itself had an effect on the
behaviour of the enzymes and only served as a scaffold for bringing the different enzymes in close proximity. Interestingly, however, nanoparticle-confined enzymes may show enhanced activity
compared with freely diffusing enzymes, even if only one type of
enzyme is used (no cascade reaction)35. For example, chymotrypsin
immobilized on modified gold nanoparticles showed enhanced
catalysis depending on the charge of the substrates, indicating the
influence of the microenvironment of the immobilized enzyme
on the reaction47.
Using surface-confined enzymes force cascade reactions to
occur close to the surface of the support, thus enabling applications in which the surface itself plays an active role, as in the case of
enzymatic fuel cells48–53 or electrochemical biosensor devices, both
involving redox enzymes. Examples include in vivo power generators that use glucose in the blood as a fuel54 and sensors for measuring the glucose concentration in blood55. In these devices48–55, a
steady flow of electrons occurs between the supporting electrode
and the immobilized redox enzymes. The reactions must take place
close to the electrode surface, and the active site of the enzymes
must have the correct orientation. The electron exchange between
enzyme and electrode can occur either directly or through a conductive small molecule, polymer, or particle54. To achieve appreciable current densities, nanostructured electrodes with a high surface
area are usually used. Such electrodes can be prepared from conductive carbon-based materials (carbon nanotubes or graphene) or
from conductive polymers.
One recent example of an enzymatic fuel cell comprised an
oxidative enzyme (deglycosylated flavin adenine dinucleotidedependent glucose dehydrogenase, d-FAD-GDH) immobilized
on a nanostructured anode surface (magnesium oxide-templated
mesoporous carbon)56 (Fig. 3a). The adsorption of d-FAD-GDH
on the electrode surface was achieved by adding the enzyme to a
hydrogel coating consisting of an electrically conductive polymer
containing an osmium complex that can undergo a redox reaction57 and a crosslinker poly(ethylene glycol) diglycidyl ether. Using
this configuration, current densities as high as 100 mA cm−2 were
obtained at the anode as a result of the oxidation of 0.5 M glucose
at pH 7.0 (ref. 56).
Another example of a confined enzymatic reaction in vitro is
the polymerization of aniline on the surface of anionic vesicles
(Fig. 3b). HRP and H2O2 react with aniline on the vesicle surface58
to form the emeraldine salt form of polyaniline (PANI-ES). This
is an example that relies on the fact that the peroxidase can oxidize non-natural substrates (aniline). Aniline monomers adsorb
from the bulk aqueous solution onto the vesicle membranes, and
during the course of the reaction, the intermediates and products
bind to the vesicle surface, where the enzyme is also localized58. The
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Figure 4 | Volume-confined enzymatic reactions. a, Reverse (or inverted) micellar solutions or water-in-oil microemulsions27–29,80,117, that is,
submicrometre-sized aqueous droplets that are stabilized in a water-immiscible organic solvent — or an ionic liquid83 — with the help of amphiphilic
molecules (surfactants). In the case of reverse micelles, one type of amphiphile stabilizes the water droplets, while for water-in-oil microemulsions,
a cosurfactant (often a long-chain alcohol) is also used. Typical sizes of the internal aqueous volumes range from 5 nm (6.5 × 10–23 l = 65 yl) to 30 nm
(1.4 × 10–20 l = 14 zl), including the space occupied by the enzymes. For enzymatic cascade reactions with different types of enzyme, different enzymecontaining micellar solutions have to be used. b, Micrometre-sized aqueous droplets that are dispersed in a water-immiscible solvent with the help of a
shell of amphiphilic molecules that form the boundary layer70,118. Water-soluble enzymes are localized in the aqueous volume, which is separated from
the bulk organic solvent. Typical droplet sizes vary between 2 μm (4.2 × 10–15 l = 4.2 fl) and 20 μm (4.2 × 10–12 l = 4.2 pl), usually prepared by microfluidic
devices to achieve monodispersity in droplet size70. For enzymatic cascade reaction in which different types of enzyme are involved, each water droplet
contains the different enzymes in the desired amounts. c, Spherical artificial vesicles (called lipid vesicles68 or liposomes when prepared from biological
bilayer-forming amphiphilic phospholipids; or polymeric vesicles (polymersomes)119–121 when prepared from amphiphilic block copolymers). The internal
size of spherical vesicles (D) may vary from about 30 nm (small, 1.4 × 10–20 l = 14 zl) to 100 nm (large, 5.2 × 10–19 l = 0.52 al) to several hundred micrometres
(giant, 1.4 × 10–8 l = 14 nl, for D = 300 μm), depending on the method of preparation68,69. Although efficient loading of vesicles with water-soluble enzymes
may be a challenge68, once entrapped, the enzymes remain inside the vesicle’s aqueous volume due to their macromolecular sizes, separated from the bulk
aqueous medium by one or several lamellae of amphiphilic molecules. The schematic shows a unilamellar vesicle with a single lamella. The permeability
of the vesicle shells depends on temperature and can be modified by varying the chemical structure of the amphiphiles, by using mixtures of amphiphiles,
or by inserting pore- or channel-forming peptides and proteins90,119,122. d, Protein cages, submicrometre-sized compartments (40–80 nm) with a boundary
that is composed of proteins77,93,95,123, such as virus capsids or prokaryotic microcompartments62–64,96. Here, efficient entrapment of enzymes inside protein
cages is yet to be achieved, unless the enzyme is part of the inner surface of the shell. The permeability of the shell is determined by the shell structure.
e, Polymer capsules124–127 obtained by a layer-by-layer deposition method involving polyelectrolytes and a core structure template that is dissolved and
removed after capsule formation125,127. The typical size range is 4–10 μm. The layer permeability depends on the polyelectrolyte used and the details of the
layer structure. f, Arrays of small reaction vessels obtained through chemical etching of glass fibres (vessel diameters between 3 and 10 μm and depths
between 0.2 and 5 μm)128,129. There is no exchange of matter between the individual, physically separated reaction vessels. The green and blue objects
represent two different types of enzyme with their active sites indicated as indentations. The pink object in c denotes a channel-forming peptide or protein,
the orange objects in d are capsule shell-forming proteins, and the black chains in e represent polyelectrolytes. Aqueous solutions are indicated by light
blue boxes and organic solutions (or ionic liquids), which do not mix with water, are indicated by yellow boxes.

vesicles act as a reaction regulator in that the outcome of the reaction is influenced by the vesicles in a positive way (formation of the
desired PANI-ES)58,59.

Volume-confined enzymatic reactions

These enzymatic reactions are also common in biological systems5,23,60. In eukaryotes, for example, endosomes (typically
100–500 nm in diameter 61) host degradative reactions carried out by
about 40 different hydrolytic enzymes, which in turn are contained
inside smaller lysosome vesicles5. The membrane of endosomes
consists of amphiphilic lipids and various embedded proteins that
separate the inside environment with a pH of ~5, where degradative
enzymes work best, from the cytoplasm, at pH 7.2. Other examples of volume-confined enzymatic reactions in eukaryotes can be
found in mitochondria (~0.5–5.0 μm in diameter) and peroxisomes
(~500 nm in diameter 5,61). A particularly useful and much investigated system is the carboxysome, a confined environment found
in certain types of prokaryote where carbon fixation from CO2 is
carried out 23,60,62–64.
Carboxysomes are icosahedral compartments of 100–200 nm in
diameter separated from the cytoplasm by a membrane consisting
only of proteins, with a thickness of about 2–3 nm (ref. 65). They
contain only two types of enzyme: CsoSCA (carboxysome shell
carbonic anhydrase) and RuBisCO (ribulose-1,5-bisphosphate
carboxylase/oxygenase)65–67 that are specifically localized to optimize a two-step cascade reaction63 — conversion of bicarbonate
(HCO3−) to CO2 and H2O, catalysed by CsoSCA, and subsequent

carboxylation of ribulose-1,5-bisphosphate with the formed CO2,
catalysed by RuBisCO, to yield two molecules of 3-phosphoglycolate,
that is, products in which the C atom of CO2 is incorporated
(corresponding to the first major step in carbon fixation)63. In
Halothiobacillus neapolitanus, for example, each carboxysome contains about 40 copies of CsoSCA65,66, attached to the inner surface of
the protein shell, and about 270 copies of RuBisCO, in the interior
of the compartment 23,63,65,67. This example illustrates that the localization and the number of enzymes in each compartment are key
parameters that need to be taken into account to ensure optimal
reaction efficiency in volume-confined systems.
Figure 4 shows a schematic representation of various types
of confined environment in which enzymes can be localized for
catalysing reactions in vitro. They include reverse micelles (Fig. 4a),
water-in-oil droplets (Fig. 4b), vesicles (Fig. 4c), protein cages
(Fig. 4d), polymer capsules (Fig. 4e), and arrays of small reaction
vessels (Fig. 4f). A characteristic feature of all these compartments
is the high ratio of interfacial (surface) area to volume, which may
vary from 109 m–1 for a 5 nm water pool in a reverse micelle (Fig. 4a)
to 105 m–1 for a 50 μm giant vesicle (Fig. 4c). Therefore, possible
boundary effects arising from interactions with the inner surface of
the compartment become more pronounced the smaller the volume
is. Volume-confined reactions of the type discussed here (Fig. 4) can
occur in three conceptually different ways.
First, the enzymes and all reacting molecules are placed into
the confined volume from the outset. In this case, the enzymatic reactions are expected to start during the preparation of

NATURE NANOTECHNOLOGY | VOL 11 | MAY 2016 | www.nature.com/naturenanotechnology

413

.
d
e
v
r
e
s
e
r
s
t
h
g
i
r
l
l
A
.
d
e
t
i
m
i
L
s
r
e
h
s
i
l
b
u
P
n
a
l
l
i
m
c
a
M
6
1
0
2
©

REVIEW ARTICLE

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2016.54

the compartment systems, for example, during the formation
of vesicles68,69 (Fig. 4c) or during the formation of water-in-oil
droplets70 (Fig. 4b).
Second, substrate molecules are delivered to the enzyme by
merging or transiently fusing compartments loaded with either
component. Merging compartments, as in the case of vesicles71 or
water-in-oil droplets70, leads to an increase in the size of the confined volumes and at the same time to a decrease in the number of
separated volumes. In the case of reverse micelle droplets (Fig. 4a),
fusion and fission occurs continuously and without any significant
change in the average size and number of water pools over time
(provided that the volumes of the colliding compartments are the
same)27,28. The kinetics of the enzymatic reactions in such dynamic
systems is influenced by the collision and fusion kinetics; a robust,
quantitative kinetic model for measuring reaction rates in these systems remains to be developed27,28,72,73.
Third, water-soluble substrates can be delivered to a volumeconfined enzyme across the compartment boundary. This is how
enzymes inside cells and inside their organellar subcompartments
receive their substrates5. The reaction is dependent on the rate of
substrate permeation across the boundary, which is determined by
the chemical structures of the substrate and the boundary. Thus, the
specificity of an enzymatic reaction can be controlled by the activity
of the entrapped enzyme and by the vesicle shell permeability74,75
(Fig. 4c), as is the case of protein capsules76,77 (Fig. 4d).
Sophisticated examples of volume-entrapped enzymatic reactions include a biochemical oscillator confined to water-in-oil
droplets of 2–40 μm diameters78, and a cell-free gene expression
system confined in 3-μm-deep poly(dimethylsiloxane) wells with
a volume of 20 fl (ref. 79). Most of the volume-confined reactions investigated so far are much simpler and have been localized in either reverse micelles, water-in-oil microemulsions, or in
vesicles. Enzymatic reactions in reverse micelles are an interesting case because the number of water molecules within the core
of a reverse micelle is very small. As a result, enzymes in reverse
micelles can behave differently than in bulk aqueous solutions,
although choosing proper conditions for a correct comparison of
the two systems is not trivial28. Several reports indicate that some
enzymes — for example, chymotrypsin80,81 or HRP82,83 — appear to
act more efficiently when confined in reverse micelles than in bulk
solution27,80. However, there still is no clear and general understanding of this enzyme ‘superactivity’. It has been suggested that it may
be due to conformational changes27,80, to the particular local concentrations of enzyme and substrates73,80, or to the thermodynamic
and kinetic properties of the confined water 82 that may lead to an
altered hydration state of the active site of the enzyme83. It is likely
that different effects play a role, depending on the type of enzyme,
the chemical structures of the substrate, and the amphiphiles forming the reverse micelle.
A simple but important geometric consideration arises in the
case of enzymatic reactions inside vesicles. The larger the volume
of the vesicle, the more the enzyme approaches bulk behaviour.
This is simply because the volume-to-surface ratio of the vesicles
increases with increasing volume. Consider a large unilamellar
vesicle (LUV) with a diameter of 100 nm and a bilayer membrane
thickness of 5 nm, as well as a giant unilamellar vesicle (GUV) with
a diameter of 50 μm and a bilayer membrane thickness of 5 nm.
If the LUV is scaled up to a sphere with a diameter of 10 cm, it
will have a sphere shell thickness of 5 mm. Conversely, if the GUV
is scaled up by the same amount, it will also have a sphere shell
thickness of 5 mm but its diameter will be 50 m. In comparison,
if a small monomeric enzyme with a diameter of 5 nm is also
scaled up by the same amount, it will have a size of 5 mm. This
exercise shows that from the point of view of the enzyme, the situation in a GUV is nearly identical to the situation in a bulk solution. Nevertheless, if complex enzymatic cascade reactions with
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different types of enzyme and substrate at low concentrations are
considered, then a volume-confinement as large as a few micrometres can still have significant effects due to stochastic fluctuations in
the volume composition (extrinsic stochasticity), and therefore in
the volume properties (that is, the local concentrations of the different enzymes and substrates). Extrinsic stochasticity may result
in significant differences between individual enzyme-containing
compartments with respect to enzymatic reaction efficiency (that
is, rate of product formation and product distribution). Such stochastic effects are expected to be more substantial the smaller the
vesicles are and the lower the solute concentration is84. Simple calculations show that spherical vesicles with a diameter of 10 μm
(corresponding to an internal volume of 5.2 × 10–13 l) loaded
with an enzyme at a concentration of 10 μM, contain on average
3.2 × 106 enzymes. On the other hand, 100 nm spherical vesicles
(internal volume of about 5.2 × 10–19 l) loaded with the same 10 μM
enzyme solution will on average contain only three enzymes. This
means that under loading conditions that lead to a Poisson distribution of the enzymes among a population of monodispersed
vesicles, stochastic fluctuations are particularly relevant for populations of small vesicles84. It is worthwhile to remark that a Poisson
distribution is theoretically expected for equally sized compartments only when the entrapment of molecules is solely driven by
chance, that is, in the ideal case where solute–solute and solute–
compartment boundary interactions are negligible. However, the
difference becomes clearly more pronounced when different types
of enzyme are loaded within such small vesicles, as both the total
amount of enzyme molecules present in one vesicle and their relative ratio vary. This stochastic effect is expected to have significant
consequences in the case of enzymatic cascade reactions, as there
will be a large vesicle-to-vesicle variation84. For micrometre-sized
volumes, one may expect that stochastic effects due to different
enzyme loadings are less likely, although they have been observed
experimentally in giant lipid vesicle-confined protein expression
experiments involving more than 30 different enzymes84–86. These
experiments indicate that the Poisson distribution based on an
ideal solute behaviour is too simple for accurately describing more
complex systems87.
In spite of experimental difficulties with respect to the entrapment of enzymes in vesicles, a number of potential applications
have been reported. One study is illustrated in Fig. 5a. Unilamellar
phospholipid vesicles with a diameter of about 100 nm containing
the degrading enzyme phosphotriesterase were prepared in vitro for
in vivo application as a nanoreactor system that could circulate in
the bloodstream after appropriate injection88 and hydrolyse neurotoxic organophosphorous compounds. These partially hydrophobic
organophosphorous compounds permeate into the vesicles where
the enzymatic hydrolysis into non-toxic products takes place. The
vesicles protect the enzyme from inactivation by blood components. The hydrolysis products may accumulate inside the vesicles
or leak out into the blood circulation. The residence time of the
vesicles in the blood circulation depends on the vesicle membrane
composition. Clearance of the vesicles by the immune system is
expected to be slowed down by the presence of poly(ethylene glycol) on the vesicle surface89.
In another example, illustrated in Fig. 5b, GOD and catalase
were co-entrapped inside 100-nm-diameter unilamellar phospholipid vesicles in which the membrane contained a porin transport
protein90. The vesicles were covalently bound to chitosan gel beads
and were used as an in vitro reactor for the conversion of d-glucose
into glucono-δ-lactone, followed by the non-enzymatic hydrolysis
into gluconic acid. The migration of d-glucose from the bulk aqueous solution into the vesicles was promoted by the channel protein
OmpF. The catalase protected the activity of the oxidase as it catalysed the degradation of H2O2, a side product of the oxidation reaction that inactivates the oxidase90.
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Figure 5 | Two examples of enzymatic reactions inside vesicles. a, Phospholipid-based vesicles containing an encapsulated enzyme for possible in vivo
applications as detoxifying nanoreactors that circulate in the bloodstream88. Unilamellar vesicles with a diameter of about 100 nm were prepared
from a mixture of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), the PEGylated phospholipid PEG-PE (1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-(poly(ethylene glycol)-2000)), and cholesterol. Cholesterol was included for increasing the stability of the vesicles; PEG
served as a steric stabilizer for preventing rapid clearance by the immune system after intravenous injection. The vesicles contained in their aqueous
interior a phosphotriesterase that catalysed the hydrolysis of paraoxon (a metabolite of parathion that is used as insecticide) into diethylphosphate and
p-nitrophenol. Paraoxon is expected to translocate from the bulk medium into the vesicles’ interior as it is partially hydrophobic and a relatively small
molecule. b, Immobilized phospholipid-based vesicles containing two encapsulated enzymes for in vitro applications as enzymatic nanoreactors for the
oxidation of d-glucose90. Unilamellar vesicles with a diameter of about 100 nm were prepared from a mixture of phosphatidylcholines from egg yolk
(egg PC), DMPE (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine), and cholesterol. The vesicles contained the two enzymes glucose oxidase (GOD)
and catalase and were immobilized on chitosan beads via glutaraldehyde linker molecules. The entrapped GOD catalysed the oxidation of d-glucose to
glucono-δ-lactone and H2O2; H2O2 disproportionation to O2 and H2O was catalysed by the co-entrapped catalase. The transport of d-glucose from the bulk
medium into the vesicles’ interior was facilitated by the incorporation of the channel-forming protein OmpF into the membrane.

Vesicles are attractive systems to study enzymatic reactions
mainly for two reasons: the large variability of their size and the
possibility to design multiple vesicles systems. More specifically,
depending on the preparation procedure, vesicle diameters can
vary between ~30 nm (corresponding to a volume of 1.4 × 10–20 l)
to more than 300 μm (volume = 1.4 × 10–8 l). Moreover, because
vesicles do not spontaneously fuse or exchange their aqueous interiors, it is possible to create multi-vesicular systems in which large
vesicles contain smaller vesicles in their interior. In principle, the
chemical composition of any membrane in the system can also
be changed by design. This large variability allows investigations
of cascade reactions with enzymes that are located in different
internal vesicles mimicking eukaryotic cells and their enzymespecific organelles91.
Potential drawbacks arising from volume-to-volume variations
like in the case of vesicles, for example, two-enzyme-containing
polymersomes (Fig. 6a)92, are also expected for other compartment
systems. In contrast, however, with specially designed protein capsules and mutant enzymes (Figs 6b and 7)77,93, or viral capsid-like
cages94,95, a higher and/or more defined enzyme loading can be
achieved. In these systems, compartment-to-compartment variations in terms of composition (extrinsic stochastic effects) would be

minimal, even though the compartment size is small. An important
consideration concerns how substrate molecules can reach the interior of the capsules from the exterior. Recent studies of proteinaceous prokaryotic microcompartments have shown that selective
substrate permeability across a lipid-free compartment shell occurs
through pore proteins76,96. If these pore proteins could be modified
to make them selective to specific solutes, it would be possible to
combine the intrinsic advantage of proteinaceous capsules created in vivo (a high or defined enzyme loading and little stochastic
effects) with a selective shell permeability to make efficient nanoreactors for in vitro applications. For example, a 27-nm-sized
phosphatase-containing protein capsule in which the substrate
permeability across the capsule shell was controlled by the structure of the shell-forming proteins has been reported (Fig. 6b)77. It
has also been shown that 58-nm-sized protein cages containing
three different types of enzyme — at well-defined amounts and
ratios — can be prepared through an elegant in vivo protein synthesis and assembly approach (Fig. 7)93 that minimizes stochastic variations, a result difficult to achieve by in vitro methods. Such types
of protein capsule can also be used for in vivo applications, in which
compartmentalized enzymatic cascade reactions are designed to
operate inside cells94.
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Figure 6 | Examples of volume-confined enzymatic reactions. a, Polymersome-confined enzymatic cascade reaction for the elimination of superoxide
radical anions (O2•−) inside the polymersomes by co-entrapped Cu/Zn superoxide dismutase (SOD1) and catalase (CAT)92. Top: Schematic of one
single polymersome encapsulating SOD1 and CAT that cooperatively catalyse the conversion of O2•− into dioxygen and water. The superoxide anions,
as well as O2 and H2O permeate the polymersome membrane. The membranes of the polymersome (diameter 120 nm) were composed of either
poly(styrene)40-b-poly-(l-isocyanoalanine(2-thiophen-3-yl-ethyl)amide)50 (PS-PIAT), or poly(styrene)160-b-poly(ethylene glycol)24 (PS-PEG). Each
polymersome was loaded with 58 ± 8 SOD1 and 1,270 ± 200 CAT molecules (PS-PEG), or 60 ± 10 SOD1 and 623 ± 186 CAT molecules (PS-PIAT),
respectively. This exceptionally high entrapment yield indicates at least a partial binding of the enzymes to the block copolymers. Bottom: Experimental
evidence for the functioning of the polymersome-confined SOD1–CAT systems, compared with the free enzymes at the same overall enzyme
concentrations. The formation of O2 was measured during the first 400 s after chemical O2•− production in the bulk solution. Although the free enzymes
were more efficient, the experiments indicate that the polymersome-confined enzymatic cascade reactions also occurred. b, Protein capsule-confined
enzymatic reaction, whereby the kinetic properties of the reaction are determined by the structure of the capsule shell77. Top: Schematic of the preparation
of the protein capsules. The capsule (diameter 27 nm) was assembled in vitro from 180 proteins in the presence of trimethylamine oxide (TMAO) and
Escherichia coli alkaline phosphatase, which carried a C-terminal sequence of 16 negatively charged amino acids (PhoAWT-neg). This C-terminal sequence
was used for the localization of the phosphatase inside the capsid on the basis of electrostatic interactions with positively charged residues on the
capsid interior surface. The capsid shell contained pores with diameters of ~1.8 nm, allowing small molecules but not folded proteins to migrate inside
the capsid. Bottom: The activity of the entrapped PhoAWT-neg was measured for the wild-type (WT) capsid as well as for different capsid mutants (KR,
ED, E) at pH = 8.0 with negatively charged 4-methylumbelliferyl phosphate (4-MUP). The determined apparent Michaelis constant, KM,app, and the
catalytic constant, kcat, that is, the value of the relative rate at high substrate concentration, varied with the electrostatic properties of the capsid shell.
The WT capsid had a negative charge around the pore periphery, but not inside the pore, resulting in a lower kcat value than the free enzyme, but the
KM,app values were about the same. The mutants E and ED had significant negative charge throughout the pores. This led to kcat values of the enzyme
inside the capsids of E and ED that were similar to — or slightly lower than — kcat values of the enzyme inside the WT capsid; and to significantly higher
KM,app values, independent of the salt concentration. For the mutants with positively charged pores (KR), kcat of the entrapped enzyme was higher than
for the enzyme inside the WT capsid; KM,app was about the same. Figures adapted with permission from: a, ref. 92, American Chemical Society; b, ref. 77,
American Chemical Society.

Conclusions and perspective

Although the idea of immobilizing enzymes for in vitro applications
is not new 1,11,97, challenges remain for a stable, efficient, and spatially
controlled localization of active enzymes participating in cascade
reactions on surfaces or within compartments. If one claims that a
co-localization of enzymes involved in cascade reactions has a better
performance than a proper reference system, convincing quantitative experimental evidence is required. This is, however, particularly
challenging, for example, due to the difficulty in determining the
exact amount of confined enzymes, either per surface area or per
volume. It may well be that efficient substrate channelling may not
be possible for in vitro enzymatic cascade reactions with enzymes
that do not operate together in vivo.
Enzymatic fuel cells, devices that transform chemical energy in
the form of organic waste into electrical energy through biochemical
416

transformations, are a promising application for surface-confined
enzymatic cascade reactions98. For such devices, the development of
stable electrode-surface-confined sequential multi-step enzymatic
reactions is one approach for obtaining high current and power
densities. To achieve this goal, the preparation of an optimally nanostructured electrode, for example, a porous electrically conductive
material with a large surface area56, has to be combined with an optimal enzyme immobilization on this particular material, for example, by using DNA as a structural scaffold42,98. Whether enzymatic
fuel cells will ever be available commercially depends on the general
performances of the device and on the fabrication costs. Therefore,
the development of simple, cheap, and reproducible enzyme immobilization methods remains an important goal, in addition to the
large-scale production of cheap and stable enzymes, possibly optimized via in vitro evolution approaches21.
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Figure 7 | Protein capsule-confined enzymatic reaction, whereby the three enzymes of a cascade reaction were encapsulated at a defined ratio.
Top: Schematic representation of the preparation of a bacteriophage P22 capsid (diameter 58 nm) containing the three enzymes CelB (red, a tetrameric
galactosidase), GLUK (blue, a dimeric ADP-dependant β-glucokinase), GALK (green, a monomeric ATP-dependant galactokinase), and a scaffold protein
domain (SP, purple). (1) Genes were constructed for the expression of fusion proteins containing the three enzymes that were linked together through
flexible spacer peptides. The coat protein (CP, grey) was expressed as well. (2) Assembly of the three covalently linked enzymes to satisfy the properties
of the native enzymes as tetramer (CelB) or dimer (GLUK). (3) The capsid formation is facilitated by the interaction of the SP domains and CP subunits,
leading to the encapsulation of the multienzyme gene product. The capsid consisted of 420 CP monomers that assembled with the aid of ~300 SP
monomers. The three enzymes catalyse a three-step cascade reaction (bottom): (i) hydrolysis of lactose to galactose and glucose (catalysed by CelB);
(ii) phosphorylation of galactose in the presence of ATP by GALK to yield galactose-1-phosphate and ADP; (iii) phosphorylation of glucose by GLUK with
the formed ADP to yield glucose-6-phosphate and AMP. The graph shows experimental evidence for the successful co-encapsulation of the three enzymes
by analysing the turnover of lactose to glucose-6-phosphate and galactose-1-phosphate on addition of lactose and ATP. The turnover with all three
enzymes was significantly higher than with CelB and GLUK only. Figure adapted with permission from ref. 93, American Chemical Society.

With respect to applications of volume-confined enzymatic cascade reactions, vesicular compartments offer unique opportunities
in vitro as well as in vivo as compartmentalized enzymatic nanoreactors. Artificial vesicles (formed from natural phospholipids or from
fully synthetic block copolymers), lipidic bilayer-based organelles,
and biological cells have obvious structural similarities. One may
even think of using polymersomes containing entrapped enzymes
as artificial organelles for incorporation into living cells99–101. At the
moment, it is too early to conclude whether such a futuristic idea
will ever lead to successful real applications. Critical research should
be devoted to this goal. One specific challenge in this respect is the
efficient loading of vesicles with enzymes, independent of whether
the vesicles are prepared from amphiphilic block copolymers or
phospholipids. One possible alternative approach could be the use
of protein capsules as enzyme-containing compartment systems,
characterized by a high, or well defined, and non-stochastic enzyme
entrapment. An immediate need here is to develop methods to control the capsule shell permeability.
With respect to biological cells viewed as highly complex,
dynamic, molecularly crowded, and evolvable compartment systems4, in which all chemical transformations are driven by surface- and volume-confined enzymatic reactions, one active and

fascinating field of research deals with the synthesis of cell-like
model systems to study the key principles of biological cells85,102.
This may also lead to the development of reasonable models of the
possible precursors that are thought to have preceded the first cells
at the origin of life (‘protocells’)103.
In general, the majority of the often rather sophisticated systems involving confined enzymes are based on a large number
of previous experiments from various extensive basic research
studies in seemingly independent fields. This includes, but is not
limited to, investigations of: (i) the self-assembly and guided assembly of amphiphiles to form vesicles, micelles, reverse micelles,
or supported bilayers; (ii) the synthesis of fluorescent or fluorogenic molecules and the concomitant improvement of fluorescent
detection systems, which enable the investigation of single-enzyme
kinetics104–106 and quantification at low substrate conversion; and
(iii) kinetics and structural analysis of isolated enzymes. Basic
research has created and will continue to create the ideal foundation for the development of new artificial systems, with important
technological implications.
Received 27 February 2015; accepted 4 March 2016;
published online 5 May 2016

NATURE NANOTECHNOLOGY | VOL 11 | MAY 2016 | www.nature.com/naturenanotechnology

417

.
d
e
v
r
e
s
e
r
s
t
h
g
i
r
l
l
A
.
d
e
t
i
m
i
L
s
r
e
h
s
i
l
b
u
P
n
a
l
l
i
m
c
a
M
6
1
0
2
©

REVIEW ARTICLE
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.
30.
31.
32.
418

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2016.54

Grunwald, P. Biocatalysis: Biochemical Fundamentals and Applications
(Imperial College Press, 2009).
Purich, D. L. Enzyme Kinetics: Catalysis and Control (Elsevier, 2010).
Nagel, Z. D. & Klinman, J. P. A 21st century revisionist’s view at a turning
point in enzymology. Nature Chem. Biol. 5, 543–550 (2009).
Ellis, R. J. Macromolecular crowding: obvious but underappreciated.
Trends Biochem. Sci. 26, 597–604 (2001).
Alberts, B. et al. Molecular Biology of the Cell 6th edn (Garland Science, 2015).
Conrado, R. J., Varner, J. D. & DeLisa, M. P. Engineering the spatial
organization of metabolic enzymes: mimicking nature’s synergy.
Curr. Opin. Biotechnol. 19, 492–499 (2008).
Kunkel, J. & Asuri, P. Function, structure, and stability of enzymes confined in
agarose gels. PLoS ONE 9, e86785 (2014).
Schoffelen, S. & van Hest, J. C. M. Chemical approaches for the construction of
multi-enzyme reaction systems. Curr. Opin. Struct. Biol. 23, 613–621 (2013).
Jia, F., Narasimhan, B. & Mallapragada, S. Materials-based strategies for multienzyme immobilization and co-localization: a review. Biotechnol. Bioeng.
111, 209–222 (2013).
van Oers, M. C. M., Rutjes, F. P. J. T. & van Hest, J. C. M. Cascade reactions in
nanoreactors. Curr. Opin. Biotechnol. 28, 10–16 (2014).
Mateo, C., Palomo, J. M., Fernandez-Lorente, G., Guisan, J. M. &
Fernandez-Lafuente, R. Improvement of enzyme activity, stability and
selectivity via immobilization techniques. Enzyme Microb. Technol.
40, 1451–1463 (2007).
Hanefeld, U., Gardossi, L. & Magner, E. Understanding enzyme
immobilisation. Chem. Soc. Rev. 38, 453–468 (2009).
Zhang, Y.-H. P. Substrate channeling and enzyme complexes for
biotechnological applications. Biotechnol. Adv. 29, 715–725 (2011).
Sheldon, R. A. & van Pelt, S. Enzyme immobilisation in biocatalysis: why, what
and how. Chem. Soc. Rev. 42, 6223–6235 (2013).
Nelson, C. J., Li, L. & Millar, H. A. Quantitative analysis of protein turnover in
plants. Proteomics 14, 579–592 (2014).
Rodrigues, R. C., Berenguer-Murcia, Á. & Fernandez-Lafuente, R. Coupling
chemical modification and immobilization to improve the catalytic
performance of enzymes. Adv. Synth. Catal. 353, 2216–2238 (2011).
Davis, B. G. & Boyer, V. Biocatalysis and enzymes in organic synthesis.
Nat. Prod. Rep. 18, 618–640 (2001).
Kobayashi, S. & Makino, A. Enzymatic polymer synthesis: an opportunity for
green polymer chemistry. Chem. Rev. 109, 5288–5353 (2009).
Busto, E., Gotor-Fernández, V. & Gotor, V. Hydrolases: catalytically
promiscuous enzymes for non-conventional reactions in organic synthesis.
Chem. Soc. Rev. 39, 4504–4523 (2010).
Hollmann, F., Arends, I. W. C. E., Buehler, K., Schallmey, A. &
Bühler, B. Enzyme-mediated oxidations for the chemist. Green Chem.
13, 226–265 (2011).
Reetz, M. F. Biocatalysis in organic chemistry and biotechnology: past,
present, and future. J. Am. Chem. Soc. 135, 12480–12496 (2013).
Kazenwadel, F., Franzreb, M. & Rapp, B. E. Synthetic enzyme supercomplexes:
co-immobilization of enzyme cascades. Anal. Methods 7, 4030–4037 (2015).
Agapakis, C. M., Boyle, P. M. & Silver, P. A. Natural strategies for the
spatial optimization of metabolism in synthetic biology. Nature Chem. Biol.
8, 527–535 (2012).
Ghomashchi, F., Yu, B.-Z., Berg, O., Jain, M. K. & Gelb, M. H. Interfacial
catalysis by phospholipase A2: substrate specificity in vesicles. Biochemistry
30, 7318–7329 (1991).
Sanchez, S. A., Bagatolli, L. A., Gratton, E. & Hazlett, T. L. A two-photon view
of an enzyme at work: Crotalus atrox venom PLA2 interaction with single-lipid
and mixed-lipid giant unilamellar vesicles. Biophys. J. 82, 2232–2243 (2002).
Tabaei, S. R., Rabe, M., Zetterberg, H., Zhdanov, V. P. & Höök, F.
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