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Abstract
Nanotechnology has undergone enormous developments in the last decade and
has raised high expectations in many industrial fields. There is already scientific
certainty that the production and the use of nanomaterials (NMs) leads to their
release into the environment via different pathways. A dramatic increase of NM
fluxes into the environment could be expected, if NMs were released intentionally. This might be the case for example in agriculture, where they are foreseen as
ingredients that enhance the effectiveness and sustainability of plant protection
products and fertilizers. Despite these advances and benefits that may be delivered by nanotechnology, there is a growing concern about the environmental
safety of NMs for the last decade. Several adverse effects attributed to the presence of NMs have been reported for microorganisms, plants, animals and humans. Therefore, to prevent potential harm arising from future (agricultural) NM
applications, there is a need to - proactively – generate tools that allow assessing
their risk in the environment. A first prerequisite for such a risk assessment is
knowledge on the potential NM exposure. With regard to agriculture, this means
knowledge on the current state of research, patents and actual nano-plant protection or fertilizer products on the market. However, a systematic compilation of the
developments in this particular field as well as of actual applications potentially
already on the market was lacking at the beginning of this thesis. Therefore the
literature was compiled and critically reviewed. It could be shown that scientific
publications and patents on NMs for use in plant protection or fertilizer products
have exponentially increased since the millennium shift. However, the dynamic
development in research and its considerable public perception were in contrast
to the currently still very small number of NM-containing products on the market.
In addition, the absolute number of scientific papers and patents were rather low
compared to other more prominent fields, such as energy and electronics. A second prerequisite for environmental risk assessment of NMs is the ability to de-
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scribe the actual exposure using analytical methods. However, due to the enormous complexity of environmental matrices, the detection and quantification of
NMs in such systems is very challenging and needs a complex analytical chain.
This thesis therefore aimed at contributing to novel methods within the analytical
chain in increasing stages of complexity. In a first step, the potential of hyperspectral imaging with enhanced darkfield microscopy (HSI-M) was investigated
for its capabilities to examine the cellular uptake of different metal-based nanoparticles (NPs) into the protozoon Tetrahymena thermophila within a rather simple aqueous test system. HSI-M was chosen as it possesses unique advantages
due to its simple and quick sample preparation and non-invasiveness. It could be
shown that the chemical specificity of the technique is probably limited to metallic
NMs that exhibit localized surface plasmon resonance. However, the technique
was also applicable to particles with an unspecific spectral behaviour, provided
that the spectral background of the matrix was different. HSI-M was also able to
differentiate between different NP types (e.g., between silver NPs and cadmiumselenide quantum dots), depending on their spectral profiles. It could be shown
that HSI-M could in principle be used to quantify and localize NMs taken up into
the cells. However, the results remained on a semi-quantitative level, as the
measured parameter (matched pixels per cell area) could not be related to an
absolute particle mass concentration in the course of the study. In addition, the
currently long analysis times hinder the acquisition of statistically strong datasets.
Apart from aqueous systems such as surface waters, (agricultural) soils also represent a potential compartment that can receive the increasing amounts of different nanomaterials that enter the environment. Carbon nanotubes (CNTs) represent an important class of NMs that are among the most produced and used
worldwide. Analytical detection and quantification of these NMs in soils is very
challenging due to the enormous amount of background carbon. While labile organic compounds as well as carbonates can be easily removed, refractory carbon such as natural and anthropogenic soot still interferes in elemental analysis.
Therefore, a novel method was developed that made use of shape differences
between the analyte and background particles. The difference in shape could be
described by a shape factor ρ that was derived from light scattering measurements from pre-fractionated samples. This allowed to specifically detect multiwalled CNTs in soil samples with detection limits between 1.6 and 4 mg g-1.
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These detection limits were, however, much higher than any currently predicted
environmental concentration of these NMs. The results of the light scattering
measurements with pure multi-walled CNT suspensions could additionally be
confirmed using automated electron microscopy (EM) and image analysis. In a
small initial approach, it could also be shown that in principle, automated EM image analysis has the potential to generate reasonable number based concentrations of pure multi-walled CNT suspensions. This approach may be transferred to
real soil samples in the future, with the advantage of increased sensitivity and
simultaneous acquisition of both particle number and distributions of their dimensions. In addition, if the sample preparation can be further optimized, analysis
times could be fast enough for routine use. Before this can be achieved, however, the level of organic contaminations has to be further reduced and the image
analysis procedure optimized. Most risk assessment studies until now have dealt
with artificial systems (e.g., aqueous cultures). Soil, as one important sink for
NMs has however received less attention in this respect. Therefore, in a combined exposure and effect study, an elaborate pot experiment was conducted
with agriculturally important plants (clover and wheat). The plants were exposed
to titanium dioxide nanoparticles (TiO2 NPs) and multi-walled CNTs which were
homogenously mixed into the soil. While in the companion study the effects of the
NMs on the plants and symbiotic organisms were investigated, here, a battery of
analytical techniques was applied to rigorously confirm the actual exposure concentrations and to describe vertical NM translocation in the soil and plant uptake.
It could be shown that both types of NMs exhibited a rather limited mobility in the
soil. While no significant plant uptake could be observed for TiO2 NPs, some clover plants took up multi-walled CNTs from the soil, independent of the exposure
concentration.
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Zusammenfassung
Die Nanotechnologie hat sich seit der Jahrtausendwende rasant entwickelt und
weckt dadurch grosse Erwartungen, vor allem in der Industrie. Es gilt mittlerweile
als wissenschaftlich erwiesen, dass die Produktion und die Nutzung von Produkten, welche Nanomaterialien (NM) enthalten, dazu führt, dass diese über verschiedene Wege in die Umwelt gelangen. Einen weitaus höheren als den bisher
vorausgesagten Grad der Freisetzung solcher NM kann man allerdings erwarten,
falls solche Materialien absichtlich in die Umwelt ausgebracht werden. Dies könnte beispielsweise in der Landwirtschaft der Fall sein. Dort erhofft man sich durch
den Zusatz von NM eine effektivere und nachhaltigere Nutzung von Pflanzenschutzmitteln und Düngern. Allerdings gibt es neben der Wahrnehmung der Vorteile und (Produkt-)Verbesserungen durch NM in den letzten Jahren auch zunehmend Bedenken, was ihre Umweltverträglichkeit betrifft. Diese Bedenken
werden durch Studien gestützt, die zeigen, dass durch NM negative Effekte bei
Mikroorganismen, Pflanzen, Tieren und Menschen ausgelöst werden können.
Um mögliche Umweltauswirkungen abschätzen zu können ist es notwendig,
rechtzeitig das nötige „Handwerkszeug“ bereitzustellen, welches eine Risikoanalyse solcher NM in der Umwelt erlaubt. Eine erste Voraussetzung für eine solche
Risikoanalyse ist zunächst einmal das Wissen um die potentielle Exposition. Das
heißt konkret: man muss den aktuellen Stand bezüglich Forschung und Entwicklung einerseits, und den aktuellen Stand marktreifer oder auf dem Markt befindlicher Produkte andererseits kennen. Allerdings fehlte zu Beginn dieser Arbeit eine
systematische Zusammenstellung dieser dringend benötigten Fakten. Daher
wurde als Einstieg in das Thema die bestehende Literatur gesichtet und kritisch
betrachtet. Es konnte gezeigt werden, dass die Zahl an wissenschaftlichen Veröffentlichungen und Patenten, die sich mit der Nutzung von NM in Pflanzenschutzmitteln und Düngern befassen, seit der Jahrtausendwende exponentiell
zugenommen hat. Allerdings standen diese dynamischen Entwicklungen inner-
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halb der Forschung sowie die bemerkenswerte öffentliche Wahrnehmung stark
im Kontrast zu der eher kleinen Anzahl an NM-enthaltenden Produkten, die sich
zu diesem Zeitpunkt nachweislich auf dem Markt befanden. Weiterhin war auch
die absolute Anzahl an Veröffentlichungen und Patenten viel niedriger als in anderen Nanotechnologie-Sparten, wie beispielsweise im Energie- und Elektronikbereich. Eine weitere Voraussetzung für eine Umweltrisikobeurteilung von NM ist
die Fähigkeit, die tatsächliche Exposition mittels analytischer Methoden zu quantifizieren. Allerdings ist diese Aufgabe aufgrund der enormen Komplexität von
Umweltproben, wie beispielsweise Boden, eine sehr große Herausforderung, die
eine Kette von verschiedenen analytischen Herangehensweisen benötigt. Daher
ist es ein Ziel dieser Arbeit zu neuen analytischen Methoden innerhalb dieser
Kette in aufsteigender Komplexität beizutragen. In einem ersten Schritt wurde in
einem relativ einfachen wässrigen System die hyperspektrale Bildgebung gekoppelt mit verstärkter Dunkelfeldmikroskopie (HSI-M) auf ihre Fähigkeit hin untersucht, die Aufnahme verschiedener metallischer NM in Zellen von Tetrahymena
thermophila zu untersuchen und zu quantifizieren. Der enorme Vorteil den diese
Technik von vorherein bot, war die einfache und schnelle Probenvorbereitung
sowie die Möglichkeit, das Verhalten der NM nicht-invasiv zu beobachten. Es
zeigte sich, dass die chemische Spezifität der Methode vermutlich auf solche metallische Partikel beschränkt ist, welche eine Oberflächenplasmonresonanz zeigen. Allerdings konnte die Methode auch auf Partikel mit weniger spezifischem
spektralem Verhalten angewendet werden, vorausgesetzt, dass sie sich in ihrem
Spektrum deutlich von der Hintergrundmatrix unterschieden. Ebenfalls abhängig
von ihrem spektralen Verhalten, konnten auch verschiedene Typen von NM voneinander unterschieden werden (z.B. Silbernanopartikel von Cadmium-Selenit
Quantum dots). Grundsätzlich konnte HSI-M gut genutzt werden um Partikel innerhalb der Zellen zu lokalisieren und ihre Aufnahme zu quantifizieren. Allerdings
blieben die Resultate auf einem semi-quantitativen Niveau, da es innerhalb dieser Studie nicht gelang, die notwendige Beziehung zwischen dem gemessenen
Parameter (NM-Pixel pro Zellfläche) hin zu einer absoluten massenbasierten
Konzentration der Partikel herzustellen. Der momentan noch relativ hohe Zeitbedarf pro Messung erschwert zudem die Aufnahme einer statistisch relevanten
Anzahl an Datenpunkten.
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Neben den verschiedenen wässrigen Umweltsystemen, wie z.B. Oberflächengewässern, stellen Böden ebenfalls ein wichtiges Kompartiment dar, in das NM gelangen können. Der Nachweis und die Quantifizierung von Kohlenstoffnanoröhren (CNTs) - einer wichtigen Klasse von NM, die zu den am meisten produzierten
und genutzten Partikeln weltweit zählt - ist eine sehr große Herausforderung in
Böden, da diese Matrix einen vergleichsweise hohen Anteil an Kohlenstoffhintergrund aufweist. Während man labile organische Verbindungen sowie Karbonate
relativ einfach entfernen kann, verbleiben hitzebeständige Kohlenstoffverbindungen wie zum Beispiel natürlicher bzw. anthropogener Ruß im Boden und stören
in der folgenden Elementaranalyse. Daher wurde eine neuartige Methode zur
Detektion entwickelt, die sich den Formunterschied zwischen den CNTs und den
Hintergrundpartikeln zu Nutze macht. Dieser Formunterschied wird durch einen
Formfaktor ρ quantifiziert, der von Lichtstreumessungen an einer vorgängig fraktionierten Probe abgeleitet wird. Dies erlaubte es, CNTs spezifisch in Bodenproben nachzuweisen. Die Detektionsgrenzen lagen hierbei zwischen 1.6 und 4 mg
g-1, was allerdings um ein vielfaches höher ist als jede bisher vorhergesagte
Umweltkonzentration. Die Ergebnisse der Lichtstreumessungen an reinen Suspensionen von mehrwandigen CNTs konnten mithilfe von automatisierter Elektronenmikroskopie (EM) und nachgeschalteter Bildanalyse orthogonal bestätigt
werden. In einem ersten Ansatz konnte zudem auch gezeigt werden, dass die
automatisierte EM zusammen mit der Bildanalyse in der Lage ist, sinnvolle anzahlbasierte Konzentrationen von reinen CNT-Suspensionen zu liefern. Dieser
Ansatz hat das Potenzial in Zukunft auch auf Bodenproben angewendet werden
zu können. Zudem könnte er den Vorteil einer erhöhten Empfindlichkeit bieten
und es erlauben, gleichzeitig Informationen über die Zahl der Partikel sowie über
ihre Dimensionen zu erhalten. Sollte die Probenpräparation noch weiter optimiert
werden können, so könnten die Analysezeiten sogar für einen Routinebetrieb
geeignet sein. Bevor dies allerdings erreicht werden kann, muss die Menge an
auftretenden organischen Kontaminationen dringend reduziert, sowie der Bildverarbeitungsprozess weiter optimiert werden. Die meisten Studien zur Risikobeurteilung von NM haben sich bisher hauptsächlich mit künstlichen Systemen, wie
z.B. Hydrokulturen, befasst. Dem Boden als wichtige Senke für NM wurde dabei
bisher noch zu wenig Bedeutung beigemessen. Daher wurde in einer kombinierten Effekt- und Expositionsstudie ein aufwendiges Topfexperiment mit für die
xi
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Landwirtschaft wichtigen Pflanzenarten (Klee und Weizen) durchgeführt. Die
Pflanzen wurden hierbei in Böden kultiviert, in die jeweils vorgängig Titan-dioxid
Nanopartikel (TiO2-NP) oder mehrwandige CNTs homogen eingearbeitet worden
waren. Während in der Partnerstudie die Effekte der NM auf die Pflanzen sowie
symbiotische Mikroorganismen untersucht wurden, wurde hier eine Reihe von
analytischen Methoden dazu eingesetzt, die tatsächlichen Expositionskonzentrationen zu bestätigen und zudem die Verlagerung der NM im Boden und deren
Aufnahme in Pflanzen zu beschreiben. Es konnte gezeigt werden, dass beide
untersuchte Arten von NM im Boden eher beschränkt mobil waren und es keine
signifikante Aufnahme von TiO2-NP in die Pflanzen gab. Allerdings wurden, unabhängig von der in den Boden eingesetzten Konzentration, mehrwandige CNTs
aus dem Boden in Kleepflanzen aufgenommen.
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Nanoparticles
Ag NP

Silver nanoparticles

Au NP

Gold nanoparticles

(MW, SW)CNT

(Multi-walled, Single-walled) Carbon nanotubes

CuO NP

Copper oxide nanoparticles

QDs

Quantum dots

TiO2 NP

Titanium dioxide nanoparticles

Analytical techniques
aF4

Asymmetric flow field-flow fractionation

BF

Bright field (microscopy)

CTO-375

Chemo-thermal oxidation at 375 °C

EDX

Energy dispersive X-ray spectroscopy

EM

Electron microscopy

FFF

Field-flow fractionation

HSI-M

Hyperspectral imaging microscopy

ICP-OES

Inductively coupled plasma - optical emission spectroscopy

ICP-MS

Inductively coupled plasma - mass spectrometry

MALS

Multi-angle light scattering

MIH

Microwave induced heating

SAM

Spectral angle mapping
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SEM

Scanning electron microscopy

STEM

Scanning transmission electron microscopy

TEM

Transmission electron microscopy

UV-Vis

Ultraviolet-visible spectrophotometry
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Chapter 1 General introduction
1.1

Nanotechnology and nanomaterials

In an etymological approach to unravel the term “nanotechnology” one could
begin with the prefix “nano”, which originates from the Greek word "νáνος“,
meaning “dwarf”. In combination with the likewise Greek suffix “technology”, originating from “τέχνη“, meaning an “art” or the “skill of hand” one can deduce that
“nanotechnology” might be the art of manipulation at a small scale. This is already quite similar to current definitions [1-3] that commonly regard nanotechnology as the ability of manipulating matter at the “nano-scale” (i.e., 1-100 nm), at
which new material properties emerge that are not present in the materials bulk
counterpart and that are then explored in an interdisciplinary venture to improve
applications in various other technological fields. While the novelty and the use –
both scientifically and politically - of novelty claims regarding nanotechnology can
be argued to some extent [4], undoubtedly several milestones heralded the advent of a modern nanotechnology; some visionary, such as Feynman’s famous
talk at CalTech [5] or some technical, such as the invention of scanning tunneling
microscopy [6]. Since then, nanotechnological advances have undergone an
enormous development, which increased its pace dramatically after the year
2000/2001, when the National Nanotechnology Initiative was launched in the
United States [7]. A cumulative investment of 21 billion USD was carried out in
this governmental research initiative, supporting fundamental research as well as
such in the fields of health, energy and defense. The following rapid development
is reflected in the global market for nanotechnology containing products, which
was worth 254 billion US-Dollars (USD) in 2009 and is estimated to reach 3 trillion USD by 2020 [7].
Despite the advances and benefits that nanotechnology may offer, there has also
been a growing concern in the last decade about the safety of the “building-
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blocks” of nanotechnology: nanomaterials (NMs). This public and also scientific
concern is based on the new nanoscale material properties (e.g., enhanced reactivity) and is reflected in the apparent difficulty that regulators and scientists face
in defining such materials. When we talk about nanoscale materials usually -by
physical definition- we mean particulate entities with at least one external dimension between 1-100 nm. However, other operational definitions may be applied,
such as the latest definition by the European Commission [8]. Therein, a NM is
defined as “a natural, incidental or manufactured material containing particles, in
an unbound state or as an aggregate or as an agglomerate and where, for 50 %
or more of the particles in the number size distribution, one or more external dimensions is in the size range 1 nm - 100 nm. In specific cases and where warranted by concerns for the environment, health, safety or competitiveness the
number size distribution threshold of 50 % may be replaced by a threshold between 1 and 50 %. By derogation from the above, fullerenes, graphene flakes
and single wall carbon nanotubes with one or more external dimensions below 1
nm should be considered as nanomaterials.” [8] Other definitions suggest to rely
on new (material specific) properties that emerge after the particles have passed
a certain size threshold [9] or further size-related properties such as the volume
specific surface area [10]. Such a yearning for a “one-size-fits-all”-definition is
mainly driven by the need for legal certainty regarding the regulation of NM containing products which must be, in its essence, based on clear definitions [11].
This is criticized by some, who argue that other parameters than size and surface
area, such as for example shape, may govern detrimental effects, so that a “onesize-fits-all” definition is doomed to fail [12]. As this discussion is still ongoing, this
thesis will allude to the –currently- most accepted definition by the European
Commission [8].
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1.2

Types, properties and use of nanomaterials

Recalling the first sentence in the EU definition of a NM, we notice that a NM can
also be “natural” [8]. This is very important, since it is a common misperception
that NMs are a new phenomenon based on advanced technology. They may occur in soils as “nanominerals” [13], such as e.g., goethite (α-FeO(OH)), and even
- at a first glance - exotic NM such as fullerenes have been found in carbon rich
rock [14], but even more surprisingly also on meteorites [15]. Many more of these
natural occurrences have been compiled by Nowack and Bucheli [16]. Nanomaterials also have been produced long before the advent of modern nanotechnology. Medieval artisans already crafted decorative films (e.g., in pottery) by reducing Copper (Cu) and Silver (Ag) compounds in a controlled environment, resulting in thin films containing spherical Cu and Ag nano-crystals [17]. Hundred
and twenty five years ago, the synthesis of a citrate-stabilized Silver-colloid was
reported and similar “colloidal” or “nano” Silver has been commercially used under the name of “collargol” for medical applications since 1897 [18]. As plenty of
NMs occur naturally, and as many nanostructures have been produced long before modern nanotechnology, some scientists have raised the question, whether
contact to NMs represents a new type of hazardous exposure. In other words:
have organisms been exposed to such materials since the beginning of time
[19]? If this would be true, potential hazards to ecosystems would be less likely
and natural NM counterparts could serve as a blueprint for new but safe NMs
[19]. This discussion is still lively ongoing and probably cannot be answered
simply across-the-board due to the enormous diversity of NMs. Also, what has
changed nowadays is the amount in which NMs are produced and used, as well
as the speed in which new types of NMs are developed. For this reason, in the
following, the term “nanomaterial” or “nanoparticle” will always be used in reference to engineered or manufactured NMs.
The common goal of engineering a new NM is the enhancement of existing technologies or the creation of a completely new technology. This is possible because
of the new material properties that emerge at the nano-scale. Properties that
change once a particle of a material reaches the nano-size include mechanical,
optical, magnetic, electronic, thermal and catalytical ones [20]. The reason for the
difference in properties lies in interatomic interactions and an increased surface21
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to-volume ratio [20]. In products that make use of these properties, NMs can be
used in single-phase form (e.g., powders of a single NM type), multi-phase solids
(e.g., NMs embedded in composite materials, coated NMs) or multi-phase systems (e.g., colloids, heterogeneous dispersions, ferro-fluids) [21]. They can be
agglomerated, i.e. reversibly associated with either the same type of NM
(homoagglomeration) or with other particles (heteroagglomeration) [21]. Irreversible associations of NMs are termed aggregates.
Already now, nano-enhanced consumer products are available on the market in
significant quantities. For example, the public database “project on emerging
nanotechnologies” [22] has listed 1806 products, of which 437 are claimed to
contain Ag, 105 titanium (mostly as titanium dioxide, TiO2), 78 carbon (e.g., as
carbon nanotubes (CNTs)), 39 silicon and 38 zinc oxide (ZnO). However, such
numbers from a public database do not necessarily reflect actual production
quantities. Piccinno et al. [23] provided estimated values for global production
quantities of several NMs (median values). Silicon dioxide was highest with 5500
tons per year, followed by TiO2 (3000), ZnO (550) and CNTs (300). As the development continues, also the production increases. For example the production
capacity for CNTs according to a more recent study [24] was 2300 Tons per year
(confirmed) and 4600 Tons per year (estimated) already in 2011.
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1.3

Release of nanomaterials into the environment

Today, there is scientific certainty that produced and used NMs are also released
to the environment via different pathways [25] (see also Figure 1.1).

Figure 1.1: Routes of NMs to different environmental compartments leading to the exposure of microorganisms, plants, animals and humans. Modified from [16].

The first – and certainly most important – type of release is unintentional and
arises from the mere use of NM containing products. In general, release can occur during production, transport, storage, use and disposal of NMs and NMcontaining products [26]. For example, Kaegi et al. [27] could show that nanoTiO2 was released from exterior façade paints into surface waters. Several studies also demonstrated the release of nano-Ag from textiles [28-30]. Modelling
approaches have been used to estimate resulting NM quantities in different environmental compartments, since these were not analytically accessible. However,
these approaches are limited to only a few NMs for which relevant life-cycle data
are available (for example data on production and release volumes, physicalchemical data as well as information about environmental backgrounds) [25]. For-
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tunately, these include the most relevant types in terms of production volume and
use, such as TiO2 and CNTs. Table 1 summarizes the maximum predicted environmental concentrations (max. PEC) for several (environmental) matrices,
based on a study that recently compiled this data from the available literature
[25]. Currently, it can be assumed that especially sediments may represent a sink
for unintentionally released TiO2 NMs and CNTs.
However, NMs can also be released to the environment intentionally. Application
of sewage sludge/biosolids that contain high concentrations of TiO2 NMs especially due to release from personal care products [31] to soils may increase the
exposure of this environmental compartment by a factor of 100 (Table 1.1).
Table 1.1: Maximum predicted environmental concentrations (Max. PEC) of TiO2 and CNTs
for different (environmental) matrices. Adapted from Gottschalk et al. [25].
Matrix

Nanomaterial

Max. PEC

Surface water

TiO2

10 µg L

CNTs

10 µg L

TiO2

10 µg g

CNTs

10 µg g

TiO2

10 µg kg

CNTs

10 µg kg

TiO2

10 µg kg

CNTs

10 µg kg

TiO2

10 µg kg

CNTs

1 µg kg

Biosolids

Sediments

Soils

Soils treated with sewage sludge

-1

-3

-1

3

-1

-1

-1

4

-1

3

-1

-1

-2

-1

3

-1

-1

Further intentional release occurs, if NMs are used in environmental remediation.
For example, iron nanoparticles (NPs) have been proposed for groundwater remediation [32] and removal of chromium from wastewater [33]. The nano-form of
zero-valent iron (ZVI) is already considered an advancement over conventional
ZVI and is already applied in practice, while potential risks of nano-ZVI still remain unclear [34]. Apart from Iron-based NPs, also polymer-based NPs have
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been tested for soil remediation purposes [35]. However, the most dramatic increase in NM release can be expected, if NMs were used in agriculture, where
the development of approaches to utilize beneficial properties of NMs is increasing since the 2000s. Amongst others, NMs are considered to be useful to enhance agricultural formulations, such as plant protection products or fertilizers
(e.g., see [36-40]). Such enhancements may be achieved for example by utilizing
the high surface area of NMs to reduce run-off losses of active ingredients or to
reduce release kinetics of nutrients. This aspect of nanotechnology is described
and analyzed in more detail in Chapter 2.

1.4

Environmental risk assessment of nanomaterials

Since 2000, there is a growing concern about the environmental safety of NMs [9,
41, 42]. Several adverse effects attributed to the presence of NMs have been
reported for microorganisms (e.g., [43, 44]), plants (e.g., [45, 46]), animals (e.g.,
[47, 48]) and humans (e.g., [49, 50]). The adverse effects are mostly attributed to
the increased surface area of NMs, which enables enhanced reactivity and/or
production of reactive oxygen species (ROS), which is the currently best described indicator for NM toxicity [51]. In addition, NM surface properties, such as
coatings, surface treatments or surface excitation (e.g., by UV radiation) may influence effects of NMs on organisms [51]. This means that, even in aggregated or
agglomerated form, a NM can exert a (toxic) effect, for example by releasing a
toxic chemical compound from its surface.
Therefore, to prevent potential adverse effects arising from future NM applications in general their risk must be evaluated. In particular, this will be important
for NM applications into agricultural ecosystems which build the basis for human
nutrition. Risk (or hazard-) assessment is defined to be a product of “exposure”
and “effect” [52]. Thus, to thoroughly assess the “risk” of NM use in agriculture,
both the actual concentrations of NMs in the system under investigation as well
as their effects on the present organisms have to be known. Taking into account
the many material specific factors that may influence NM toxicity, it is evident that
no generalized risk assessment can be performed and thus that potential risks
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have to be evaluated for each NM separately. To address both exposure and effects, the project “Effects of NANOparticles on beneficial soil MIcrobes and
CROPS” (“NANOMICROPS”) was started within the Swiss National Research
Programme 64 (NRP64) [53]. This thesis constitutes the “exposure” part within
NANOMICROPS, consisting of (i) an assessment of current agricultural NM applications and thus the potential NM exposure (Chapter 2), (ii) the development of
analytical methods to assess the actual NM exposure in a model organism, important for ecosystem functioning (Chapter 3) as well as in agricultural soils
(Chapter 4 and 5) and (iii) description of NM fate in a model agricultural ecosystem (Chapter 6). In a second thesis, conducted by Janine Moll, the biological effects of these NMs were evaluated [54].

1.5

Main nanomaterials investigated in NANOMICROPS

The main criteria for the selection of a NM to be evaluated within NANOMICROPS were its general relevance as well as its potential use in agriculture, for
example as an active ingredient or additive in a pesticide or fertilizer formulation.
Both criteria were fulfilled by TiO2 NPs as well as CNTs, as they are among the
most produced and used NMs worldwide and are evaluated for use in agricultural
applications as well. Within this chapter the two selected materials are introduced
in a general manner, while in the second chapter their potential use in agriculture
is described and discussed in detail.
1.5.1 Titanium dioxide
Elemental titanium belongs to the group of transition metals. It constitutes approx.
0.44% of the earth’s crust, with concentrations in soils ranging from 0.1% to 0.9%
with a mean value of 0.35% [55]. There are three main crystal phases of TiO2:
rutile, anatase and brookite (Figure 1.2) [56]. In essence, all three structures are
based on the interconnection of TiO6 octahedra [56]. In the rutile and brookite
structure type, both edges and corners are shared while in anatase only edgesharing occurs (Figure 1.2) [56, 57]. Through their six corners/edges, the octahedrons are then connected to a 3-dimensional network. Rutile is the stable form,
whereas anatase and brookite are metastable and are readily transformed to ru-
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tile when heated [56, 58]. The temperature range for conversion is between 400
and 1200°C, depending on the raw material and the processing methods. In addition, pure phases of brookite are difficult to obtain [58]. Therefore, currently only
rutile and anatase play a major role in industrial applications. However, new synthesis routes for brookite have been established [57], which might open new applications for this crystal phase, e.g., for the use as an anode in lithium ion batteries [57].

Figure 1.2: The three crystal phases of TiO2, reproduced from [57].

Because of their high refractive index, their persistence and non-toxicity, rutile
and also partly anatase are among the most used white pigments worldwide [56].
TiO2 as a pigment is not only contained in products such as paints, plastics, papers, construction materials or ceramics, but also in food products [59] such as
chewing gums, cookies or sauces. The TiO2 material used in the latter is approved under the name E171, as “food-grade” TiO2 and may - to some extent contain nano-sized fractions [59, 60]. In any case, nanoscale TiO2 is the most
produced NM world-wide [23]. It is not only used as a pigment, but also as a photocatalyst [61, 62] with manifold applications, such as in air [63]/water [64] purification, sterilization [65] and cancer therapy [66].
1.5.2 Carbon nanotubes
Carbon nanotubes are structures of sp2 hybridized carbon which are arranged as
rolled up graphene sheets (Figure 1.3). Diameters of such resulting tubular struc-
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tures are usually below 100 nm, while lengths of several micrometers can be
reached – qualifying CNTs as NMs according to the definition by the European
commission [8]. The first electron-microscopic evidence of such hollow nanometer sized carbon filaments was given already in 1952 by the Russian scientists
Radushkevich and Lukyanovich [24, 67, 68]. However, due to the many restrictions in terms of exchange between the west and the east during the coldwar, this knowledge lay quiet until the first experimental evidence of CNT synthesis was published by Ijima in 1991 [69]. This first paper on CNTs with multiple
walls (Multi-Walled CNTs, MWCNTs) was complemented two years later by the
description of CNTs with a single wall (Single-Walled CNTs, SWCNTs) [70].
These works then were the driving force to initiate widespread CNT research
which increasingly explored the possibilities offered by this new type of material;
resulting in an increase in production capacity since 2006 by a factor of 10 to an
estimated value of 4.5 kilotons, as well as 24,000 annual scientific publications
and 3000 patents in 2011 alone [24].

Figure 1.3: (Single-walled)-Carbon nanotube structure from a rolled up graphene sheet.
Modified from [71].

The main properties that are responsible for this enormous success of CNTs are
their low density, mechanical strength and their electrical as well as thermal conductivity. Their combination of low density and remarkable mechanical strength tensile strengths of up to 300 GPa can be reached - makes them ideal building
blocks for lightweight but sturdy materials [72]. Their high electrical conductivity of
up to 5000 S cm-1 [73] and current carrying capacity of up to 109 A cm-2 [74] have
led to many applications in electronics and energy storage, such as CNT use in
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transistors [75], in flexible thin film transistors for displays [76] or in lithium ion
batteries [77].
Another important property of CNTs that is also of environmental relevance is
their high hydrophobicity and connected sorption capacity. Hydrophobicity can be
of use e.g., in filters for water purification, allowing higher water fluxes and salt
rejection rates [78]. The high sorption capacity of CNTs can also be used to remove organic contaminants from waste water [79]. In the environment, however,
the high sorption capacity might lead for example to associations of CNTs with
organic micropollutants, which in turn result in locally elevated exposure concentrations of these micropollutants to organisms, enhancing their toxicity [80].

1.6

Challenges and analytical approaches for NM characterization
and quantification in complex matrices

1.6.1 General analytical challenges
In environmental matrices natural NMs are already present in large numbers [16]
compared to engineered NMs that - in addition - are often similar in their elemental composition, size and shape. To make an iconic analogy, the task to detect an engineered NM within a natural matrix such as soil can be regarded similar to the task of detecting a specific piece of straw in a haystack. Furthermore,
techniques that allow the observation and characterization of objects at the nanoscale were initially tailored to the needs of mainly material scientists, who study
their objects of interest under clean conditions with a lot of a priori knowledge on
e.g., their elemental composition. Therefore, there are already a number of analytical techniques available to study NMs in very simple and clean matrices. With
regard to environmental matrices such as soils, sediments or sewage sludge,
these techniques however are not directly applicable to analyze NMs, as they
either lack specificity or are simply not per se compatible with complex samples.
This results in a current disparity between expected environmental NM concentrations (Table 1.1.) and actual detection limits that can be achieved, where the
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most specific analytical tools currently have a sensitivity in the milligram per kilogram range at best [81].
Apart from detection and quantification alone, for some scientific questions (e.g.,
fate of the NM in the environment or toxicological mechanisms) additional
knowledge on some of their physical-chemical parameters within the studied environmental system may be required. For example, the uptake of Gold NMs into
cells was depending on size, shape and surface charge [82] and the toxicity of
CNTs to mice was highest when they resembled needle like and stiff structural
features rather than coils [48]. However, NMs may undergo changes in several of
these parameters while subjected to environmental conditions or under analysis.
As shown in Figure 1.4, NMs can interact with various constituents of the soil resulting in changes of their physical-chemical parameters. Depending on the NM,
dissolution of the particles can take place over time, resulting in release of ions
that may exert toxic effects of their own. This can go along with changes in size
and shape or reactions with soil components that change the chemical composition or speciation of the NM. Furthermore, the NM may interact with soil components such as dissolved organic matter that “coats” the particle and may modify
its colloidal stability and thereby its behavior in the soil pore water. These examples illustrate that the physical-chemical “character” of NMs in soil is subjected to
dynamic changes, leading to a discontinuity of NM properties [81].
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Figure 1.4: Scheme, showing the different interactions, changes or modifications NMs may
undergo in soils or soil suspensions respectively, along with physical-chemical analytical
parameters that go along with these changes (red boxes).

1.6.2 Sample preparation and storage
Considering the multitude of NMs and their individually different properties a
“one-size-fits-all” strategy cannot be developed and therefore only a few examples shall be given here.
If the goal is to describe the NM in its environment, the main challenge for sample
preparation is that it needs to be suitable for the analytical technique to be used
while preserving the NM properties to be analyzed. This can be very hard to
achieve, e.g., for NP size and agglomeration state in a complex liquid such as a
soil solution, as mentioned before (Figure 1.4). Especially the NP agglomeration
state is very sensitive to changes in the NP environment (pH, ionic strength etc.),
and changes in this environment necessary for the analytical technique may consequently alter this property.
Thus, ideally sample preparation for a given NM containing sample is minimal.
Hyperspectral imaging microscopy (HSI-M) [83] is a promising technique that
may provide analysis of complex aqueous NM samples with minimal sample manipulation along with minimal time investment from sample collection to the actual
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analysis and is discussed and evaluated in further sections and chapters of this
thesis (see section 1.7.1 and Chapter 3).
If the goal is however, to identify and quantify a NM in a complex sample, it may
not necessarily be mandatory to preserve the structure of the sample. A selective
destruction of the surrounding matrix that leaves the NM intact or any other
means of separating NM and matrix from each other (e.g., separation by density
or charge) could be performed, as outlined in several case studies [81].
For sample storage, again dynamic processes such as agglomeration and subsequent sedimentation have to be taken into account. Depending on the research
question, such processes will have to be mitigated (e.g., by sonication prior to the
measurement or by addition of stabilizing agents) or characterized and described
to the possible extent.
For inorganic particles with a high solubility, such as for example Ag NPs, dissolution must be taken into account, which affects the size of the NPs over time
[84]. For some NPs even the general experimental environment, such as temperature or exposure of samples to sunlight may be of importance. Nanoparticles
with a coating sensitive to UV-radiation may agglomerate after photodegradation
of the coating [85], or ROS produced from nano-TiO2 may alter the NP environment (e.g., by oxidizing organic matter) and thus agglomeration status as well as
toxic effects.
In summary, some a priori knowledge on the NM of interest may be needed before the analysis, and the strategy then tailored to the material under investigation
and the scientific question.
1.6.3 Analytical strategies: The need for sophisticated analytical chains
The first steps of potential analytical chains are in principle comparable to conventional strategies, as the analyte particles first have to be transferred into a
state suitable for the analytical technique to be used (e.g., a liquid or deposited
on a surface). This includes a separation of the particles from the matrix, a reduction of sample complexity, as well as steps that lead to an enrichment of the particles if necessary.
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Thereafter, techniques specific for the different types of desired information can
be applied; for example, light scattering (size), ICP-MS (elemental composition),
electrophoretic mobility (surface charge), electron microscopy (shape) and X-ray
diffraction (crystal structure). Ideally such techniques are coupled on- or offline in
a sequence to simultaneously yield complementary information. This is especially
important, if the sample is not stable enough to be analyzed by different techniques at different time points (e.g., on different days). Also, with the complexity
of NM containing environmental samples in mind, a methodological sequence
that is able to provide multiple lines of evidence for the presence of a specific NM
in a sample is of paramount importance.
In summary, different methods are required in combination to fully characterize
NMs in a given system. Such a –non exhaustive- methodological sequence shall
be briefly described in the following as an example for soils: (i) provided a specific
extraction technique exists, the NPs are transferred into a liquid dispersion, (ii)
the liquid dispersion is fractionated by size, (iii) the fractionation is verified by a
light scattering technique and the size is characterized, and (iv) the presence or
absence of the NPs of interest is proven by a specific measure of individual fractions (e.g., elemental analysis in combination with an (electron microscopic) imaging technique). A similar approach is followed in chapter 4 of this thesis.
Note that in some cases, a single technology can be of use in multiple steps, for
example field flow fractionation can reduce sample complexity, but also give information about particle size. Single-particle ICP-MS has the potential to reveal
size distributions as well as the concentration of each size fraction. Electron microscopy visualizes NM sizes and morphologies, may quantify NPs in an automated fashion (see also chapter 5 of this thesis) and - coupled to elemental analysis such as EDX - also reveal the elemental composition of NMs.
1.6.4 Specific challenges and approaches for the analysis of TiO2 NPs in soils
Titanium is one of the most abundant elements in the earth’s crust. As mentioned
before, elemental concentrations in soils are therefore relatively high, ranging
from 0.1% to 0.9% with a mean value of 0.35% [55]. Titanium minerals are considered inert and therefore resistant to weathering. Similar to the problem de-
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scribed for CNTs, this great abundance and persistence of naturally occurring Ti
in soils results in the challenge of being able to distinguish between natural and
engineered (bulk or nano) Ti in this matrix. Consequently, there are very few reports available aiming at identification of engineered Ti-NPs in environmental
samples [27, 86-88]. This identification however mainly relied on morphological
parameters that could be assessed by comparing the original particles with those
found in the sample by means of electron microscopy. This approach is also used
in Chapter 6 of this thesis.
1.6.5 Specific challenges and approaches for the analysis of CNTs in soils
Probably the biggest challenge for CNT quantification in soils is the high background carbon, present as inorganic carbon (i.e. carbonates) and organic carbon.
Organic carbon in soils can be classified according to its turnover time, i.e. stability both against chemical as well as biological degradation, into labile (years),
intermediate (years to decades) and refractory (hundreds to thousands of years)
carbon [89]. A large fraction is constituted by labile to intermediate compounds,
such as humic acids – large organic structures that are formed after chemical and
biological decomposition of organismic residues -, other organic molecules (carbohydrates, proteins, organic acids etc.) and organismic debris [90]. The inorganic background in form of carbonates as well as the labile and intermediate organic background can be easily removed by acid fumigation [91] and thermal or wetchemical oxidation [92], respectively. These two methods have been combined to
a chemo-thermal oxidation method for the quantification of Black Carbon (BC)
(CTO-375, [92, 93]), which constitutes the remaining refractory organic carbon
fraction. BC is considered a continuum [94], which spans from partly charred
plant material over char and charcoal to graphite and soot particles with no clear
definition of boundaries between the different forms [95].
Sobek and Bucheli expanded CTO-375 to CNT quantification in soils [94]. CNTs
can be very resistant to such chemical and thermal treatments, depending on
properties such as their diameter and defects [94], and were thus found as well in
the refractory BC fraction with varying recoveries (26-93%). In addition to varying
recoveries, the ubiquitous presence of particularly soot in soils in the range of mg
per g hampers CNT quantification by such means. This problem holds true also
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for other recently developed methods that make use of the CNTs thermal stability, such as thermogravimetry coupled to mass spectrometry [96] or programmed
thermal analysis [97].
Another recent development related to thermal properties of CNTs is the detection and quantification of CNTs in complex matrices by microwave induced heating (MIH) [98]. The technique makes use of strong microwave absorption observed for CNTs [99], resulting in intense heat release, light emission, outgassing
and even welding of CNT bundles. The very rapid temperature rise during microwave irradiation is then used for quantification. This method is applied in Chapter
6 of this thesis to detect and quantify CNT uptake by clover plants.
Finally, spectroscopic methods have long been used for CNT characterization.
For example, CNTs produce specific signals in Raman spectroscopy [100] that
can be related to their structural properties. Consequently, Raman spectroscopy
in conjunction with microextraction in ionic liquids has been employed for
SWCNT detection in river water [101]. This method however has not been tested
to date in more complex matrices such as soils.
SWCNTs yield distinct near-infrared fluorescence emission when excited with
wavelengths between 600 and 800 nm. This feature has been used for their
quantification in water and sediments [102]. The method proved to be very sensitive (in the order of ng L-1 and µg kg-1, respectively), however only working for the
single-walled CNT type.
The problem of co-isolation of CNTs and soot, as well as the lack of methods to
detect the multi-walled variants of CNTs specifically in soils were the starting
point for the developments presented in Chapter 4 of this thesis.
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1.7

Main analytical techniques employed in this thesis

1.7.1 Hyperspectral imaging microscopy
Hyperspectral imaging microscopy (HSI-M) is a recent advancement in conventional light microscopy to both visualize and characterize NPs [83, 103] that has
been first introduced by the company Cytoviva®. The HSI part of the technique
was transferred to NP research from airborne remote sensing applications, where
it has been used and well established for several decades [104, 105]. HSI-M is
based on a combination of dark field illumination and visible to near infrared
(VNIR) spectroscopy. The NPs are illuminated in an enhanced dark field by a
collimated light source at oblique angles. Transmitted light is blocked by an aperture and the NPs then appear as bright dots in front of a black background (Figure 1.5). Light that is scattered from these particles is then analyzed on a pixel by
pixel level by a VNIR spectrometer, resulting in a 3d-data cube that consists of a
2d image (e.g., a cell) with full VNIR spectral information in each pixel. The spectral information of e.g., the analyte particles can then be extracted and joined into
a spectral library (SL). To then analyze a sample with an unknown composition, a
hyperspectral image (HSI) is acquired and a spectral mapping algorithm applied
that determines the similarity of the spectral profile in each pixel of the unknown
image and each spectrum in the SL of the analyte particles. Regions or pixels
containing the spectrum of interest are then mapped and highlighted in a color of
choice (Figure 1.5).
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Figure 1.5: Schematic depiction of the HSI-M working principle. (A) Generation of a dark
field image of a NP from scattered light emitted at an oblique angle. (B) Extraction of spectral information from a reference NP and (C) mapping of the reference spectrum in a hyperspectral image of an unknown sample. Objects with a similar spectral profile as the
reference NP are highlighted in red.

The working principle of one of the most common mapping algorithms (spectral
angle mapping (SAM) algorithm) is displayed in Figure 1.6. SAM calculates the
similarity between the spectral profile in each pixel of the sample HSI and the SL
obtained from the reference HSI at each of the wavelength bands. This is done
by first determining a vector in n dimensions that represents the distance from the
origin (dark) to the light intensity recorded in each band of the sample spectrum.
The direction of this vector in n-dimensional space is used to define a unit vector
representing the sample spectrum. The same procedure is performed for the reference spectrum. SAM then determines the angle between the two unit vectors.
The best spectral match occurs when the angle between these vectors is the
smallest.

37

Chapter 1

Figure 1.6: Schematic representation of the spectral angle mapping (SAM) algorithm used
to detect NPs in unknown samples based on reference spectral libraries. Taken from Cytoviva, hyperspectral user manual.

HSI-M possesses several advantages that make the technique very compelling
for NP analysis. Perhaps the most important one is the simplicity of sample preparation. Many common techniques used for NP characterization easily introduce
artefacts through the necessary manipulation and sample preparation [106, 107].
This is because the behavior of NPs is very sensitive to changes in their environment (e.g., pH, ionic strength, ligands that suppress or enhance agglomeration) but also because particles may be altered by high energy radiation such as
X-rays [108] or electron beams [109]. In HSI-M, samples can be directly placed
on glass slides and analyzed without any further pre-treatment.

1.7.2 Asymmetric flow field-flow fractionation (aF4)
Field-Flow Fractionation (FFF) was first introduced by Giddings [110] in 1966. It is
a technique similar to liquid chromatography that enables the separation of macromolecules, polymers and particles by size, making use of their diffusion against
an applied field instead of their interactions with a stationary phase inside a column. Although invented in the 60ies, commercialization of the technique began
not until the early 2000s by the two companies Postnova and Wyatt. Due to the
ease of online or offline coupling with a large number of other detectors or characterization techniques (for a selection see Figure 1.7), numerous applications in
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different disciplines emerged, spanning from protein [111] and polymer [112]
characterization to the measurement of environmental colloids [113] and NPs
[114] as well as engineered NPs [115-117]. In addition, several types of FFF
have been developed that make use of different separation fields (e.g., thermal,
electrical, hydrodynamic and gravitational). Among these, FFF with a hydrodynamic field, i.e. flow-FFF, and especially its asymmetric variant (asymmetric flow
field-flow fractionation, aF4) has gained most popularity in the recent years. In
this thesis a commercial aF4 apparatus manufactured by the company Postnova
[118] was used, so the following descriptions refer to this system.
In aF4, the main difference to conventional liquid chromatography is that the separation takes place in a narrow channel consisting of an impermeable plate on
the top and an ultrafiltration membrane at the bottom, instead of a column (Figure
1.7 and 1.8). This setting is often advertised as being virtually free of a stationary
phase, thus minimizing particle losses that would otherwise occur due to interactions with the column packing material. As this is essentially true per definition,
however, recent works [119, 120] - as well as this thesis - show evidence that,
depending on the NM and the experimental conditions, strong interactions between NMs and the membrane may take place, resulting in particle loss.

Figure 1.7: Schematic showing the simplified general setup of an asymmetric flow fieldflow apparatus and possible connected detectors. Modified from [121].

For particle separation, a hydrodynamic field is generated over the whole channel
length by a so called cross-flow pump (Figure 1.8). This pump actively sucks the
carrier liquid through the ultrafiltration membrane at the bottom of the channel
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(usually with a molecular weight cut-off of 10 kDa) which retains the particles. As
the top plate of the channel is impermeable an asymmetric drag field over the
channel length is created (Figure 1.8).

Figure 1.8: Generation of the asymmetric hydrodynamic field in the channel of the used
aF4 apparatus. Modified from [121].

Before any particles can be separated, they first must be focused in a narrow
zone in the channel. This is achieved by applying a counter-acting flow (focus
flow) against the sample injection flow via a separate port (Figure 1.9). After this
focusing time – which should be selected according to the sample amount (mass,
volume) injected – the focusing flow is gradually turned off and the particles are
separated.
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Figure 1.9: Sample injection and focusing procedure in the used apparatus. Modified from
[121].

Separation of the particles occurs due to their diffusion against the hydrodynamic
field (Figure 1.10) in a laminar flow profile. The particles form a diffusional cloud,
which extends towards the channel center, where the flow velocity of the carrier
is higher than at the channel bottom. For spherical particles and for a constant
hydrodynamic field force, the distance of each particle to the membrane interface
(accumulation wall) directly corresponds to its diffusion constant, according to the
Stokes-Einstein equation:
=

(1.1)

where Dh is the diffusion coefficient, kB the Boltzmann constant, T the temperature, η the viscosity of the medium or carrier solution and rh the hydrodynamic
radius.
It is evident that, by relating to a specific diffusion constant, this equation also
directly relates to a corresponding rh. Thus, for particles with geometries different
from a sphere, rh will be an equivalent radius, relating to a sphere with the same
diffusivity. In addition, the Stokes-Einstein equation also shows that the smaller
the particles are, the higher their diffusion constant will be. Smaller particles will
therefore reach the region of higher flow velocity faster and will thus elute before
larger particles (“normal mode”, Figure 1.10). However, when the particle size
becomes larger compared to the diffusional cloud an inversion occurs, leading to
the faster elution of bigger particles (“steric mode”, Figure 1.10). As a rule of
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thumb, this – so called – steric inversion occurs at particle diameters above 500
nm.

Figure 1.10: Schematic showing the two different elution modes in aF4. Modified from
[121].

The technique offers several advantages that will be applied in this thesis. The
first and certainly most obvious is the reduction of sample complexity and thereby
polydispersity, which is essential for the application of light scattering methods.
And second, it allows a physical separation of different size fractions that can be
further characterized. The latter point may be of special importance when it
comes to defining a material as a NM by means of number based concentrations.
A further advantage is the possibility of coupling aF4 to a series of detectors with
complementary information, which allows extracting a wealth of knowledge about
a sample: associations between particles and other solution constituents [122,
123], dispersion state, length [124] and shape [113, 125] of particles, particle
number concentrations [126] and more, depending on the used detector.
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1.7.3 Multi-angle light scattering (MALS) detection
One such detector that can be coupled to an aF4 system is the multi-angle light
scattering (MALS) detector. MALS coupled to size exclusion chromatography has
been used since the 1990ies for the characterization of (branched) polymers
[127]. From MALS experiments, the molar mass and the size of polymers or particles are determined. In addition, MALS can also deliver information about conformation or shape of the analyzed polymer or particle, respectively. Due to these
possibilities, the application of MALS to CNT containing samples has been considered promising, as CNTs possess a relatively unique high aspect ratio shape
(see Chapter 4). The principles and theory of MALS have been described by Wyatt in great detail [128-130]. Here, a short description of the working principle and
data evaluation will be given.
Basically, light scattering is an interaction of electromagnetic radiation with matter. When an electromagnetic wave illuminates an obstacle, be it a single electron, atom, molecule or particle, electrical charges (electrons and/or protons) are
set into oscillation by the electromagnetic field of the wave [131]. Thereby, these
charges become accelerated and scatter secondary electromagnetic energy in all
directions (Figure 1.11).

Figure 1.11: Simplified scheme of light scattering by an obstacle, according to [131].

Parts of the incident radiation are also transformed during this process into other
forms of energy (e.g., thermal energy). This transformation is called absorption
and is present in every scattering process [131]. As there are many different scat-
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tering processes, which to describe would be beyond the scope of this introduction and also of the MALS technique itself, the discussion in here shall be confined to scattering by particles smaller than the incident radiation wavelength that
are highly diluted in an optically homogenous liquid, i.e. the region between the
Rayleigh and Lorenz-Mie scattering regime.
To do so, we can assume an arbitrary particle, which is conceptually divided into
regions. An incident wave of radiation (i.e. an oscillating field) induces a dipole
moment in each of these regions. The resulting dipoles scatter the incident radiation in all directions. If the scattered radiation is observed at a particular distant
point, for a particle with a size very small compared to the wavelength, the secondary radiation is in phase and the intensity of the scattered radiation is homogenous for all angles [131]. As the particle size increases, the possibility for mutual
enhancement and cancellation of the secondary radiation increases (Figure 1.12)
[131]. This results in a scattering pattern of the intensity of the scattered light,
which is dependent on size, shape and angle of observation. Thus, observing the
result of the interaction of light with a particle, i.e. the modulated intensity of the
initial wave at multiple angles, gives information about the particle size as well as
its shape or conformation. Physical values derived from light scattering experiments are absolute, meaning that they are calculated from fundamental physical
principles, with no need for calibration [132]. These principles will be introduced
in the following.

Figure 1.12: Light scattering by a large particle. 1-3-5 and 2-4-6 are paths of identical
length, whereas 1-3-7 is longer than 2-4-8. This depicts the differences in path length of
light scattered at different parts of a particle, which result in a reduction of scattering intensity due to phase shifts. Figure reproduced from [132].
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The basis for multi-angle light scattering measurements in dilute solutions or dispersions is given by equation 1.2 (Zimm equation) [132]:
( )

=

( )

(1.2)

where θ denotes the angle between incident light beam and scattering direction
(θ=0°→straight forward, see also Figure 1.13), R(θ) the excess Rayleigh ratio, c
the concentration of the sample, K a contrast factor, M the molecular weight of
the sample, and P(θ) the particle scattering function.

Figure 1.13: The main components of a multi-angle light scattering measurement system.

The Rayleigh ratio is the angle dependent intensity of light scattered by a sample.
The additional term excess means that it is the contribution of molecules/particles
to the scattering of the entire solution, thus the difference between scattering intensity of the solution and the pure solvent (eqn. 1.3). The light scattering intensity is thereby measured as a voltage obtained by photodiodes. Equation 1.3 describes the conversion of such a voltage to a Rayleigh ratio:
( )=
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(1.3)

where I(θ) is the scattered light intensity of the solution, I(θ, solvent) the scattered light intensity of the solvent, V the volume of the scattering solution and r
the distance between scattering volume and detector. The instrumental constant f
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is related to the apparatus geometry, structure and refractive index of the measurement cuvette. U is a signal voltage. Division by the laser signal is performed to
compensate changes of the laser (power supply instability, temperature change,
laser aging). The constant f is usually determined once in a solvent with a high
Rayleigh ratio such as toluene, and stays constant for years, without the need for
frequent recalibration [132]. Besides the calibration of f, the detectors placed at
the various angles in the MALS system have to be normalized. As mentioned
before, very small particles scatter the laser beam in an equal intensity in all directions. Thus, each photodiode at each angle should yield the same voltage,
when measuring such a particle. However, this is not the case in reality because
of the following reasons: differences in the build of the photodiodes result in different voltages at identical scattering intensities and each photodiode monitors a
different scattering volume due to the geometry of the setup [132]. Therefore, to
normalize the MALS detector, an isotropic scatterer is measured and each angle
is normalized to the detector at 90°, resulting in different normalization coefficients N(θ) for each angle. This coefficient is then integrated into eqn. 1.3, as
R(θ)=N(θ)f[(U(θ)-U(θ,solvent)/Ulaser]. The normalization coefficient is also usually
very stable, but is solvent dependent, and has thus to be adjusted if the solvent is
changed.
P(θ), the particle scattering function, denotes the change in scattered light intensity in dependence on the angle of observation (θ). Thus it is generally defined as
the intensity of scattered light at angle θ to the intensity of scattered light at angle
0°:
( )=

( )

(1.4)

(+°)

The intensity of the scattered light declines with increasing angles due to phase
shifts of light beams scattered at different points of a large particle. For smaller
particles with a maximum size below λ/20 scattered light beams are in phase,
resulting in isotropic scattering (i.e. scattering intensities are constant over all observed angles, Figure 1.14). Several mathematical expressions (not discussed
here for brevity) have been developed for P(θ) that are valid for certain defined
particle geometries or arbitrary shapes and where the so called radius of gyration
is included and can be extrapolated.
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Figure 1.14: Variation of the scattering intensity in dependence of the angle of observation
for spherical polystyrene beads with a geometric radius of 10 and 50 nm (own measurements).

The radius of gyration rg or – synonymously - the root mean square (RMS) radius
is the main value derived from a MALS experiment [132]:
-. = /

∑ 12 2!

(1.5)

∑ 12

with ri being the distance of the ith mass element of mass mi to the particles center of mass. In other words, it is the sum of all possible radii to the particles gravitational center. Hence, the rg contains structural information. The rg is a value entirely derived from the light scattering measurement and is thus absolute and can
be determined without knowledge on concentration or refractive index increment
[132]. For irregularly shaped particles, such as branched polymers or CNTs, the
rg represents an average value, as these molecules or particles can have various
conformations where each of these possesses its own rg. This also highlights the
necessity to fractionate a sample of such particles before the light scattering experiment into - close to - monodisperse slices, as for example provided by aF4
fractionation.
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1.8

Objectives and contents of the thesis within the NRP64 and
the project NANOMICROPS

The idea of using nanotechnology in agriculture and especially in plant protection
products and fertilizers is novel and under development since the early 2000s. As
such applications would increase NM flows into agricultural ecosystems dramatically and negative effects of NMs on various organisms have been reported,
there is a need to proactively generate tools that allow a thorough risk assessment of such NMs.
Overall, this thesis therefore aimed to contribute:
-

to the knowledge on the current state of developments of nanotechnology
in plant protection and fertilization and therefore on the potential exposure
of agricultural ecosystems to NMs in the future by assessing the current
situation regarding development and use of NMs in plant protection products and fertilizers.

-

to novel analytical methods that allow to describe the actual exposure of
agricultural ecosystems to NMs in the future.

-

to the initial knowledge on the fate of such NMs in a mesocosm study with
natural soil.

The chapters of this thesis are organized as follows:
Chapter 2 contains a critical assessment of the current state in research and industry regarding the development and use of NMs in plant protection and fertilization. The focus was set on these specific two applications as they would pose the
most significant source of intentional NM input into agricultural ecosystems. The
historical development of the field was analysed as well as types of materials and
forms in which they appear in agricultural formulations. In addition, research
needs are highlighted and the current state regarding the legislation is discussed.
Chapter 3 describes how HSI-M could be used to quantify NMs in a complex
model system, namely cell cultures of the protozoan Tetrahymena thermophila.
Protozoa play an important role in aqueous ecosystems but also in soils, where
they take key roles in the carbon and nitrogen cycle [133], making them invalua-

48

General introduction

ble for ecosystem functioning. Thus, investigating NM uptake behavior of these
organisms is of great interest. Analytically, the influence of extracellular substances as matrix constituents is evaluated as well as the specificity of the spectra acquired from reference samples. Parameters that influence this specificity
are highlighted. Finally, semiquantification of NM uptake into protozoan cells was
performed over two time points using HSI-M and the results are discussed.
Chapter 4 describes a novel method to detect CNTs in soot and soil samples
based on shape. The method makes use of aF4 to reduce sample complexity
and MALS to describe the analytes in terms of shape. The method was developed in increasingly complex matrices, i.e. from suspensions of pure materials
(CNTs and soot) to real soil samples. Different method validation and quality control measures were taken and are evaluated. Ultimately, the usefulness of the
method with regard to possible analytical chains as well as predicted environmental concentrations is critically discussed.
In chapter 5, the preliminary results of an attempt to obtain number based concentrations of pure CNT suspensions from automated electron microscopy image
analysis are presented. In addition, first images of CNTs extracted from soil suspensions are shown.
In chapter 6, the fate of TiO2 NPs and CNTs is monitored in a model mesocosm
experiment with clover and wheat plants, where biological as wells ecosystem
effects of the employed NMs were assessed. The method for CNT detection described in chapter 4 of this thesis is employed to detect CNTs in different soil
depths. In addition, the novel microwave induced heating method [98] is applied
to detect and quantify CNT fractions in the plants. This experiment has been
conducted within the frame work of NANOMICROPS and the NRP64 in collaboration with Janine Moll.
The last chapter summarizes the findings of the previous chapters and points to
additional methodological improvements as well as experimental approaches regarding various aspects of TiO2 NP and CNT analysis in environmental samples.
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Chapter 2 Nanomaterials in plant protection and fertilization: current state,
foreseen applications and research priorities
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Reprinted with permission from: Journal Of Agricultural And Food Chemistry
2012, 60, 9781-9792. Copyright 2012 American Chemical Society.
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Abstract
Scientific publications and patents on nanomaterials (NMs) used in plant protection or fertilizer products have exponentially increased since the millennium shift.
While the United States and Germany have published the highest number of patents, Asian countries released most scientific articles. About 40% of all contributions deal with carbon-based NMs, followed by titanium dioxide, silver, silica, and
alumina. Nanomaterials come in many diverse forms (surprisingly often >> 100
nm), from solid doped particles to (often non-persistent) polymer and oil-water
based structures. Nanomaterials serve equally as additives (mostly for controlled
release), or active constituents. Product efficiencies possibly increased by NMs
should be balanced against enhanced environmental NM input fluxes. The dynamic development in research and its considerable public perception are in contrast with the currently still very small number of NM-containing products on the
market. Nano-risk assessment and -legislation are largely at their infancies.
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2.1

Introduction

Materials, whether of natural or manufactured origin that possess one or more
external dimension in the range of 1-100 nm are defined as nanomaterials (NMs)
[8] and are increasingly used in a wide range of technical applications and consumer products due to the unique physicochemical properties emerging at the
nano-scale. Key applications of NMs can already be found for example in the areas of electronics, energy, textiles, pharmaceutics, cosmetics and biomedicine.
This trend is fueled by many hopes and promises, such as improved performance
and new functionalities accompanied by a significant reduction in the use of resources and the generation of waste. Thus, NMs are generally believed to increase profitability and sustainability [134].
As a constantly growing world population is in demand for higher agricultural
yields, and as important resources such as phosphorous and potassium are limited, more effective strategies to optimize agricultural practices are urgently
needed. Hence, attempts to do so with the help of nanotechnology and NMs are
increasing [36-38, 40, 135-137]. The application of NMs in agriculture aims to
reduce applied amounts of plant protection products (PPP), minimize nutrient
losses in fertilization, and increase yields through an optimized nutrient management [36-40, 137-139]. Several factors that influence the efficiency of PPP and
fertilizers could be addressed using NMs. For example, active substances can be
lost during application through drift, run-off, evaporation, photolysis and hydrolysis and degradation by microorganisms. As additives, NMs with a high surface
area and appropriate sorption properties may minimize losses by reducing run-off
and decreasing release kinetics. Specifically designed particles could furthermore
protect active ingredients from photodegradation or enhance uptake into the
leaves and other parts of the plant. Nanomaterials may also substitute hazardous
organic (co-)solvents, present in some PPP, and facilitate their dispersion, e.g.,
on plant surfaces. As active ingredients, NMs could reduce application rates
through their enhanced reactivity.
Despite these expected positive impacts in various fields, some NMs definitely
have properties that classify them as potentially hazardous [140]. Therefore, a lot
of attention is currently paid on the potential risks arising from these materials
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[141], which has already led to a number of studies that examine their mechanisms of unintentional emission and toxicity [26, 142, 143].
However, the use of NMs in agriculture – and specifically in plant protection and
fertilization – may pose unforeseeable risks, in particular because these applications comprise an intentional input of NMs to the environment. This may lead to
higher input fluxes than predicted to date (Table 2.1) [144]. Consequently, human
and environmental exposure due to NM residues in crops and soil might increase
accordingly, with exposure routes including possible bioaccumulation of NMs in
the environment [145, 146], and in the food chain [147, 148]. Agriculture is aiming
at a sustainable management of natural resources which is globally imperatively
needed as set out by the EU Millennium Development Goals [149]. Therefore, the
application of NMs must be critically evaluated to guarantee their safe use for
agriculture.
With nanotechnology related markets growing at an enormous speed, there is an
urgent need to regulate products with nano content. This need for regulation is,
however, in general – but also specifically for agriculture – adversely accompanied by a lack of knowledge on the current state. In addition, the unique properties of NMs alone already pose many difficulties to the regulatory bodies, beginning with the statutory definition of a NM [150]. Regulatory issues in this context
were up to now only reviewed regarding NMs in food production in general [151].
Agricultural NM applications and their potential advantages are often mentioned
in the literature. Although several authors briefly addressed diverse prospective
agricultural NM applications, without being specifically focused and comprehensive on PPP and fertilizers [36, 39, 40] (for a compilation of reviews related to the
field, see Table S2.1), a systematic compilation of NMs in plant protection and
fertilization, including a list of existing patents, is currently lacking.
In this review, we therefore like to align the increasingly common perception of
NM use and benefit for crop protection and cultivation with actual scientific facts
and figures. To achieve this goal, we will first give an overview on the developments concerning nano-PPP and fertilizers since the beginning of the 21st century and of the current state in the Nano-Agro-Business. In the following, we will
systematically discuss different nano-materials and their properties that are envi-
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sioned to improve agricultural formulations, based on the scientific literature and
published patents. To conclude, we identify specific research gaps related to the
risk assessment of NMs in agriculture, and address relevant aspects of nanolegislation.

2.2

Methodology

For this compilation, the following databases and literature sources were used: (i)
scientific databases: Web of Knowledge, Google Scholar, (ii) Patent databases:
World Intellectual Property Organization (WIPO, EU), Free Patents Online
(EU+US), Web of Knowledge, and (iii) grey literature obtained from various
sources. Literature used for this evaluation was selected when it referred specifically to the development, testing and application of nano-plant protection and fertilizer products. Remediation applications were excluded, as they were out of the
scope of this review. In total, we selected a total of 36 publications and 33 patents (listed systematically in Table S2.2 & S2.3) that were published until beginning of February 2012. In the following chapters, these 69 articles will be looked
at from different angles.
Furthermore, concerning input of NMs into soils, we calculated application rates
and fluxes resulting from such applications (Table 2.1). For the calculations, we
assumed an application volume of 300 L ha-1, 20 cm plow depth, an average soil
bulk density of 1.4 g cm-3 , and one application per year.
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Table 2.1: Modeled fluxes of different NMs and application rates of PPP or fertilizers,
selected from scientific literature and patents.

NM

Modeled flux into soil

Ref.

Application rate and

Ref.

calculated flux from

Flux ratio

3

2

PPP/Fertilizer

TiO2

4

Realistic scenario:
-1

[153]

-1

-1

1607-5357 µg kg y

High exposure scenario:

7.5 g ha ≈

-1

-1

-1

334-1116

[155]

0.56

[157]

2232

[158]

54

[159]

55-215

-1

2.7 µg kg y

4.8 µg kg y

-1

-1

0.28-1.28 µg kg y

5

[156]

-1

Max. 30 kg ha

-1

-1

≈ 10714 µg kg y

(US, EU and CH)

[153]

Realistic scenario:
-1

[154]
-1

0.4 µg kg y

-1

Ag NP

-1

4.5-15 kg ha ≈

4

-1

15 g ha ≈
-1

-1

-1

5.4 µg kg y

0.02 µg kg y

High exposure scenario:
-1

-1

0.1 µg kg y

-1

-1

8.3-22.7 ng kg y

5

[156]

(US, EU and CH)

CNT

Realistic scenario:
-1

[153]

4

-1

3-12 g ha ≈
-1

-1

-1

1.1-4.3 µg kg y

0.01 µg kg y

High exposure scenario:
-1

-1

0.02 µg kg y

-1

-1

0.56-1.92 ng kg y

5

[156]

(US, EU and CH)
1

Limited to those NMs for which data due to usage in the anthroposphere was available.

2

Assuming an application volume of 300 L ha , 20 cm plow depth, a soil bulk density of

-1

-3

1.4 g cm [152] and an application once per year.
3

Calculated as Flux from PPP/Fertilizer divided by the value of the highest modeled flux.

4

Based on an annual substance flow analysis from products to soil in Switzerland.
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5

Based on a probabilistic material flow analysis from a life cycle perspective of engineered NM

containing products.

2.3

Evolution of research and development activities for NMs in
agriculture

Historically, the notion that NMs could be of use in agricultural systems is a fairly
new one and under development now for approximately a dozen years (Figure
2.1). Apparently, the US National Nanotechnology Initiative (US NNI) in the early
2000s [160] coincided with the onset of this new technology. The US NNI also
invested in possible applications of NMs in agriculture by supporting such research in the US department of agriculture (USDA), yet in 2005 with 0.5% of the
total NNI funds only, [161] and remaining at this level till 2012 [162]. The European Union (EU) funded nanoresearch as well since the beginning of this millennium with the FP6 (2002-2006) and FP7 (since 2008), however with no specific link
to agriculture. In the field of NMs and agriculture, the annual output of NM-related
scientific publications is still drastically lower than in other fields: from 2000 to
2011 a general search using “(nanoparticle* or nanomaterial*) and (agricult* or
agronom*)” yields 483 hits in web of knowledge, whereas “(nanoparticle* or nanomaterial*) with the category refinement “material science and engineering”
yields 275.338 hits (search performed on 16.5.2012). Furthermore, there is a
huge discrepancy between the still relatively small amount of published peer reviewed papers and patents on agricultural NMs, and the public discussion and
grey literature. Lagging behind scientific publications approximately 2-3 years, an
exponential increase in open-source publication activity in this field started
around 2006 (Figure 2.1). Google delivers 786 hits on the term “nanomaterials
and agriculture” in the year 2000. In 2011, hits reached a number of 281.000. In
more detail, the activities concerning “nanomaterials and pesticides” also increased exponentially (Figure 2.1), reaching 188.000 hits in 2011. Publications in
the field of NMs and fertilizers, however, are less prominently discussed, with
77.100 hits in 2011 (searches performed on 20.11.2011).
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Figure 2.1: Temporal development of publication activity referring to NMs in agriculture
since 1990: as a rough search in the web of knowledge (WoK, right axis, blue squares), as
publications and patents specifically selected (right axis, red dots) and searches on
google (left axis, empty symbols). Searches were performed on 20.11.2011.

In 2004, the article “Down on the Farm” was released by the Action Group on
Erosion, Technology and Concentration (ETC group) [161], which may constitute
a turning point for the topic in public discussion and has been cited rather frequently (search on google: “down on the farm ETC group”: 1250 Hits, search performed on 18.11.2011). It tackled a diverse list of topics, spanning from nanoencapsulated pesticides to nano-sensors for pathogen detection and many more.
Yet on the NM-pesticide topic, the focus was clearly on micro (or nano)encapsulated pesticides, referring to already commercialized products of Syngenta (Primo/Banner MAXX with diameters down to 100 nm and ZEON) and some
patents by BASF [163] and others. The main statements in this article were that
NM applications in food production and agricultural industry are just emerging –
therefore being overlooked even by nano-technologists – but may exceed the
impacts of farm mechanization and the “green revolution”. In 2005, an article
concerning “applications of knowledge in development” was released by the Task
Force on Science, Technology, and Innovation within the UN-Millennium Project
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[164]. This article stated that nanotechnology in agriculture would be especially
interesting to developing countries, bearing the potential to reduce hunger, malnutrition and child mortality. Thus, it may not be a coincidence that emerging
economies with a large agricultural sector and population, such as China and
India, are having a greater interest in using NMs in agriculture as demonstrated
by a relatively high output of publications (Figure 2.2). In this article, China, India
and Korea are declared as the frontrunners in nanotechnology in the developing
world, which seems to be reflected in Figure 2.2. Looking at institutions that contributed to publications in the field, it is surprising that both agriculture and nanospecific research institutes contributed only approximately 17 % to the publications, whereas the majority originates from chemistry departments (19%). However, when it comes to the number of patented technologies, the leading countries are those of the Western World such as the United States and Germany.
Most patents are held by companies (56%) that are mainly represented by smaller enterprises (Figure S2.1). However, BASF is holding 27% of all company patents and 15% of the total. Universities (29%) and individuals (15%) share the
remainder. These are some indications that there is an increasing endeavor and
progress, especially from industry, in the development of agricultural nanoformulations in the last years (Figure 2.1, also see Figure S2.1 and Table S2.3).
This is, however, not yet reflected by data on commercialized products (Table
S2.4), which is still very scarcely available and often not conclusive, regarding
their actual NM content and speciation. Actually, almost no “nano” PPP seem to
be currently on the market, unless there are some that are not declared.
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Figure 2.2: Countries active in research and development of nano-plant protection and
fertilizer applications.

2.4

Classes of NMs and their intended purpose in agriculture

Generally, the elementary composition of NMs in PPP or fertilizers (Figure 2.3)
can be based on carbon (i.e., carbon nanotubes (CNT), liposomes, organic polymers etc.), metals or metal oxides (i.e., silver (Ag), zinc oxide (ZnO)), metalloids
(silica), and nonmetals (sulfur (S)). The frequency of their application followed the
order: lipids/polymers/emulsions > titanium dioxide (TiO2) > silver> silica (Figure
2.3). Note that the order changed to lipids/polymers/emulsions > TiO2 > ZnO and
copper oxide (CuO), taking into account the patents only. Nanomaterials can be
present in formulations as solid particles or as non-solid structures (Figure 2.4).
The latter can be lipid or polymer (natural or synthetic) based structures or oilwater (O/W) emulsions. The size of such structures in both patented and published formulations varied mostly between 100-300 and 300-2000 nm (Figure
S2.2). In patents, this size range was even extended over 2 µm in a few cases.
Size fractions below 100 nm could be found in 37% of the patents and 54% of the
publications. This fraction is lower, however, if provided nominal sizes (size not
confirmed in the actual formulation) were excluded. Hence, a considerable fraction of the formulations indicated to be ”nano” do contain size fractions extending
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beyond the “nano-range” (i.e, >100 nm; [8]). With 74% of all papers, PPP prevailed over fertilizer products (Figure 2.5A). Overall, 35% of the PPP were
planned to be used as fungicides, 33% as insecticides and 27% even were considered for multiple categories (Figure 2.5B). In 41% of the PPP, NMs were the
active constituent (Figure 2.5C). This was especially the case for Ag and S NM
applications, where the NM itself was used as a fungicide [158, 165-172]. Further
examples can be found in the case of silica [173, 174] and alumina [175], which
were

tested

as

insecticides.

Another

example

is

the

BASF

patent

WO/2011/067186 [176] based on nano-copper salts acting as a fungicide. However, in 57% of the PPP, NMs were additives (Figure 2.5C) that acted as controlled release carriers (Figure 2.5D, 56%), protective (15%) or dispersing agents
(11%) and photocatalysts (11%). Apart from this, also milling of conventional
crystalline solid pesticides to a sub-micron range was performed, improving biological efficiency [177]. Alternatively, emulsions can be spray dried to nanopowders and then be re-dispersed [178]. With the exception of nano-S, which
was covered by one publication only [172], in the following, individual NMs will be
discussed in the order of their frequency of application (Figure 2.3).

Figure 2.3: Number of different NMs used in plant protection and fertilizer publications and
patents.
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2.4.1 Non-solid NMs
Today’s discussion on NMs in general mostly refers to NMs of a solid particulate
nature. In agriculture (and maybe elsewhere as well), however, the most prominent fraction of NMs is non-solid, comprising nanoscale structures that may for
example encapsulate an active ingredient in a PPP (Figure 2.3, 2.4). Active substances are often poorly soluble in water and at room temperature even solid or
crystalline, and therefore brought into solution with organic (co-)solvents. To
avoid the use of the latter, one method of choice is the use of O/W-based emulsions [157, 179-182] (Figure 2.4) that enhance the solubility and thereby the loading capacity of the formulation for the active substance. Furthermore, this may
also enhance coverage of the hydrophobic leaf surface and penetration of the
active substance through the cuticula. However, nano-emulsions are meta-stable
systems, which are prone to crystallization, agglomeration and sedimentation.
Stabilization is often achieved by sufficient amounts of suitable surfactants and
additional protective colloids [183]. One example of a successful application of
this technique is the BASF Patent WO2011138701 [184]. Therein monoglycerides, i.e., hydrolyzation products from natural fats, are used as an amphiphile to
form liquid crystal- and microemulsion-structures (Figure 2.4) that are able to incorporate up to 30-40% of water in the oil phase. The elements of such nanostructured O/W emulsions are thought to act as if they were the bulk substance.
Structures created this way are quiet labile, as for example addition of ethanol
can instantly destroy them. Furthermore, nanostructured monoglycerides also
occur naturally in the gastro-intestinal tract, after action of the pancreatic lipase
enzyme that hydrolyses triglycerides to monoglycerides [185].
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Figure 2.4: Physical appearance of NMs in the analyzed publications and patents, classification adapted and adjusted from [38, 151, 186].

It is also possible to create amorphous solid organic NMs by spray drying an O/W
emulsion into a redispersable powder, as shown by Elek et al. [178]. After redispersion, they found amorphous nanoparticles of Novaluron in an O/W emulsion.
The nano-formulation of novaluron could, however, not surpass the activity of a
commercial non-nano emulsion.
Examples of polymers used include nanospheres of polybutylcyanoacrylate [187],
polyethylenglycol [188] or polyvinylpyrrolidon [189]. Such materials are often
used because they are already known from medical applications. However, substances approved for medical applications may involve higher risks than such
approved for use in food.
Other non-solid structures that can be used in this context are liposomes (Figure
2.4). Liposomes are spherical bilayer vesicles formed by dispersion of polar lipids
in aqueous solvents. Liposomes have similarities to the structure of biological
membranes, hence they are highly biocompatible and therefore usually biode-
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gradable [190, 191]. A special form of lipid based NMs are cochleates (Figure
2.4), in which a lipid layer sheet is rolled up in a spiral fashion [192]. Another example for promising biocompatible substances considered for agricultural use are
chitin derivatives [193, 194]. Chitin is the most abundant natural amino polysaccharide [195] and is, together with its derivative chitosan, a very prospective molecule for encapsulation techniques. These nanocapsules (Figure 2.4) have very
interesting possible applications, for example in cosmetics, food and nutrition,
pollutant capture from wastewater, drug delivery and many more [195] and therefore seem worth further research. From an environmental point of view, they
seem of no concern. Chitosan is a major component of the cell walls of common
soil fungi and is produced by deacetylation of chitin. Chitosanase is known since
the mid seventies to be widespread among microbes [196].
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Figure 2.5: Purposes of agricultural NM applications (A), types of PPP containing NMs (B),
general functions of NMs in PPP (C), and tasks of NM additives in PPP (D)

A company that attempts commercialization of such NMs is Vive Crop (formerly
Vive Nano Inc., [194]). With an actual budget of 16 million USD, they cooperate
with major companies, incorporating their active ingredients into chitosan or polyacrylic acid nano-formulations. However, until now, they state that none of their
products has hit the market, but they are optimistic to reach a breakthrough in
2013 [197]. One of the few examples of already commercialized formulations in
this context is Banner MAXX® [198] of Syngenta, belonging to the class of emul-
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sions. In “Down on the farm” it was stated that this formulation contains “extremely small particles of about 100 nm”. Again, concerning the abovementioned structural specialty of emulsion-nanostructures, it may be misleading to use the term
“particles” in this context. Moreover, Banner MAXX® uses a biodegradable agent
(tetrahydrofurfuryl alcohol) to dissolve the active ingredient.
2.4.2 Solid NMs
2.4.2.1 Titanium dioxide (TiO2)
Since its commercial production in the beginning of the twentieth century, TiO2 in
its bulk form has been widely used as a pigment, especially in paints [199]. In this
context it is already used in agriculture to exert a marker effect during spraying of
agricultural chemicals in amounts of 10 to 25 % of weight [200]. In 1972, Fujishima and Honda discovered the phenomenon of photocatalytic splitting of water on
a TiO2 electrode under ultraviolet light [201]. Since then, a lot of research has
been done to explore the potential of this material in its nano form especially in
the categories “energy” and “environment”. Concerning the latter, the main property of TiO2 that has been exploited is its photocatalytic activity. It is generally
regarded as a highly efficient environmentally benign photocatalyst [199]. Main
applications therefore also include degradation of pesticides or pollutants in soil
remediation [202, 203].
However, one disadvantage of TiO2 NMs is that they are mostly active in the
presence of UV-light, due to their large band gap of approximately 3.2 eV [204].
This has implications for their use in agriculture, because the majority of sunlight
consists of visible light and only to ~5% of UV light [204]. Modifying TiO2 NMs
with different metals or other elements is a widely used technique to alleviate this
problem and enhance photocatalytic activity by shifting the band gap response of
TiO2 NMs to the visible region [199, 204]. Materials that are used for this purpose
are for example semiconductors with a more narrow band, metal or non-metal
ions and others [204]. In this context, a bactericidal activity of TiO2 due to lightinduced oxidizing reactions has been shown in Escherichia coli [205] and has in
that respect also been investigated for use in fungicide applications [206]. Lu et
al. [206] reported the use of Cerium (Ce) -doped TiO2 NM as an active substance
to control the downy blight disease occurring on litchi plants (Litchi chinensis) and
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powdery mildew on cucumber (Cucumis sativus L.). In lab experiments, they
could show that the antifungal effectiveness of their NM was dependent on the
available light source, decreasing in the order black light (315-380 nm)>sun
light>indoor light. The results of their field experiments showed that the effectiveness of 1.0% Ce3+- doped TiO2 was able to exceed that of the commercially
available Degussa P25.
In addition, the photocatalytic activity of (modified) TiO2 NMs can be used to reduce half-lives of pesticides, while ideally maintaining their effectiveness. This
could be demonstrated by Guan et al., who reported two types of photodegradable insecticides [155, 207]. In both cases, TiO2 was used as a photocatalyst to
enhance degradation of the used pesticide Imidacloprid and Avermectin respectively. The effectiveness of the nano-Imidacloprid formulation was then tested
against adults of a storage pest beetle (Martianus dermestoides) and found to be
more effective than the conventional non-nano Imidacloprid (LC50 9.86 vs. 13.45
at an application rate of 25 mg L-1). Compared to other formulations, this application would cause the lowest of all calculated TiO2 fluxes into soil (Table 2.1).
Similar results could be obtained using tungsten-doped TiO2 NMs in the Avermectin formulation. Following up on the Imidacloprid-study, the formulation was
tested in the field [208], where shorter Imidacloprid half lives in soil were observed for the nano-Imidacloprid formulation compared to the non-nanoImidacloprid.
However, TiO2 NMs can also be used in the opposite way, protecting a system
from photodegradation. This is achieved by employing the less photocatalytically
active rutile as the crystal form and coating the particles with different functional
moieties. Many active substances in PPP are sensitive to sunlight and therefore
prone to photocatalytic degradation. Shielding the active substance from radiation
is therefore believed to lower application rates of the PPP. An example for this is
the BASF patent WO/2009/153231 [154]. As a coating, an aluminum-oxide
(Al2O3) layer linked to a silicon containing polymer (Dimethicone) is proposed.
This particle, commonly known as TiO2-M262 (Sachtleben Chemie/Kemira) is
also used in sunscreens. The protected active substance was Metaflumizone at
10 g ha-1. The residual activity of the PPP was monitored for up to 10 days and
found to be 21% (Controls), 57% (common polymeric UV-protection agent) and

67

Chapter 2

64% (the latter mixed with the coated nano-TiO2). This would mean an increase
in efficiency due to the addition of TiO2 NMs of only 7%. In the experiments described in the patent, TiO2 concentrations of 15 to 50 g L-1 with application rates
of 300 L ha-1 were employed. Thus, 4.5 to 15 kg of titanium dioxide would be applied to 1 ha. This would imply a flux of 1607 to 5357 µg kg-1 per application,
which is four thousand fold higher, than the annual flux estimated by Gottschalk
et al. [156] (Table 2.1).
Moreover, not only active substances in PPP are worth being shielded: EvonikDegussa developed a “superspreading” agent containing TiO2 as a photoprotective constituent to shield plant leaf surfaces from UV-light [209]. This treatment
then is intending to reduce sunburn damage in the plants and thereby loss of
yield.
Apart from light based modes of action, TiO2 can also be used as a dispersing
agent, as demonstrated in a patent by Rhône-Poulenc [157]. Therein, up to 100 g
L-1 TiO2 in a size range between 100 nm and 1 µm is employed as a fine powder
with a hydrophilic surface. Further described advantages of the use of TiO2 NMs
in agricultural products are the enhanced growth of spinach after incubation with
nano-anatase TiO2, reported in several works [210-214]. The improved growth
was related to a reduction of N2 to NH3 in the spinach leaves.
2.4.2.2 Silver (Ag) NMs
Unique optical and physical properties have led to the use of Ag NMs in catalysis,
construction of highly sensitive and selective detectors, optical (bio-)labeling,
conductivity elements in electronics, sensing, and many more [215, 216]. The
antibacterial properties of Ag and even nano-Ag, however, have been known for
centuries [18, 217]. Products containing nanoscale Ag particles have been commercially available for over 100 years and were used in applications as diverse
as pigments, photographics, wound treatment, conductive/antistatic composites,
catalysts, and as a biocide [18]. Several studies revealed that Ag NMs may exhibit the same antimicrobial properties associated with ionic Ag, which lead to an
increased use of Ag NMs for disinfection purposes in a wide spectrum of consumer products such as fabrics, plastics, papers, and washing machines [216].
Above all, Ag ions are believed to have a low toxicity to animal cells [217].
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Concerning PPP and fertilizer applications, Ag NMs are solely investigated as
fungicides. For example, Jo et al. [165] tested Ag NMs against two plantpathogenic fungi, Bipolaris sorokiniana, which infests important agricultural crops
such as Hordeum vulgare and Zea mays, and Magnaporthe grisea, a ricepathogen. They discriminated between Ag Ions and Ag NMs by comparing AgNO3 to Ag NMs. The determined EC50 values for the different applications were
up to a factor of five lower for AgNO3 than for Ag NMs regardless of the pathogen
species. The effective concentrations of Ag NMs were approximately in the same
range as in the study of Kim et al. (2008) [158]. They tested the effectiveness of
Ag NMs against powdery mildew occurring on roses (Sphaerotheca pannosa var.
rosae) in the field [158] and observed a decline in mildew infestation of 95% a
week after the application of 15 g Ag NM ha-1. According to ref [218] application
rates of conventional fungicides against powdery mildew range from 105 g to 6
kg per ha. This shows that compared to other conventional fungicides, Ag NMs
could be applied in lower amounts, achieving the same effect. However, the flux
arising from such an Ag NM application is still 54-fold higher, than modeled for a
high exposure scenario (Table 2.1), and even 245-fold higher than the maximum
flux per year, as modeled by [156].
Alavi and Dehpour [168] could also show a higher efficiency of a commercial Ag
NM-product (Nanocid L2000) compared to a conventional fungicide. However, Ag
– in concentrations occurring in sewage sludge – has the potential to severely
affect microbial biomass in soils [219]. Silver NMs are releasing Ag ions in the
process of aging [220], thus it is generally questionable from an environmental
point of view to introduce even more particles (Table 2.1), and consequently Ag
ions, into soils.
2.4.2.3 Silica (SiO2) NMs
Silica NMs have diverse applications, such as dye doped fluorescent probes in
nano-bio-imaging [221, 222] and in drug delivery [223]. They are highly hydrophilic and possess a good potential for surface modifications [222]. The main
mode of action in agricultural formulations is taken over from pharmaceutical applications, where mesoporous silica NMs are used as controlled release carriers
in drug delivery [224]. Mesoporous silica NMs are solid materials, which consist
of a honeycomb-like porous structure with hundreds of empty channels (meso-

69

Chapter 2

pores) that are able to be loaded with relatively large amounts of active substances. The unique properties, such as high surface area (>900 m2 g-1), large
pore volume (>0.9 cm3 g-1), tunable pore size with a narrow distribution (2-10
nm), and good chemical and thermal stability of these materials make them potentially suitable for various controlled release applications [223]. Li et al. [225]
synthesized such mesoporous silica NMs as controlled release carriers for the
insecticide Avermectin. With a larger shell thickness the particles could also act
as UV-shields. Increasing the shell thickness in a range of 5–45 nm also led to a
more sustained release of the PPP. Also, these carriers had a high loading ability
for the active substance (approximately 60.0% w/w). However, the efficiency of
this formulation against target organisms was not tested.
In the case of slow release formulations, silica-composite NMs have been proposed. For example, the University of central Florida patented a Silica-Copper
nano-composite formulation [226]. Therein, CuO NMs were loaded onto a silica
nanogel, which is claimed to be formed by “interconnection” of single silica NMs,
to release Cu in a sustained manner and to improve the stickiness to the plant
surface. After two alternating spray applications and drying periods, 41 to 75 % of
the nano-composite were still on the leaf surface, whereas only 1 to 5% remained
of a conventional formulation.
Apart from controlled release, silica NMs have also been proposed as active ingredients against insect pests. Since many insects, such as Sitophilus species
that infest agricultural products during storage, have become resistant to a variety
of active ingredients, which also remain as residues on the protected crops,
Debnath et al. proposed the application of surface functionalized silica-NMs as an
insecticide [174] to overcome the problem of resistance development to conventional insecticides. This idea mainly stems from the fact that the insecticidal use
of inert dusts has a long history, from mammals and birds taking “dust baths” up
to civilized nations as well as isolated tribes [227]. The main mode of action of
such NMs against insects is believed to lie in blockage of the trachea or impairment of the digestive tract. Another possible way is the disruption of the lipidwater barrier that protects insects from desiccation [227]. In the study of Debnath
et al. [174], regardless of the mechanism in action, silica NMs achieved up to
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69% mortality of Sitophilus adults, whereas the bulk form only reached 23%, indicating the presence of a nano-specific effect.
2.4.2.4 Aluminum (Al) NMs
Aluminum NMs foreseen in agriculture mostly belong to the mineral class of Alsilicates, as for example kaolin, which occur naturally in soils. Liang and Liu [228]
describe one of the – currently – few nano-fertilizer applications using a polyacrylic acid-co-acrylamide -kaolin nano-composite powder as a slow release carrier
for urea. However, the resulting formulation was not compared to a conventional
urea fertilizer, so no statements on the benefits of use can be made. Another Alsilicate slow release formulation is described in the Patent US20080194406, filed
by the company Natural Nano Inc [229]. Therein, nanoscale tubular structures
are derived from Al-silicates such as halloysite and serve to a sustained release
of fertilizers as well as PPP. Unfortunately, also in this case, no additional comparisons or studies on the efficiency are presented.
Apart from Al-silicates, Stadler et al. [175] proposed the use of “nanostructured
alumina” as insecticides. These Al NMs were based on Al2O3, a versatile ceramic
oxide that has been used in a wide range of applications in electrical, engineering
and biomedical areas [230]. Two species that infest agricultural products during
storage were used as model organisms, similar to the studies of Debnath et al.
[174]: Sitophilus oryzae (L.) and Rhyzopertha dominica (F.). Both species experienced significant mortality after 3 days of continuous exposure to treated wheat.
Nine days after treatment, the LD50 observed ranged from 127 to 235 mg kg−1
[175]. However, mortality due to the Al NMs was only “comparable” to common
insecticidal dusts.
2.4.2.5 Zinc oxide (ZnO)
Zinc oxide is a wide band gap piezoelectric semiconductor with many possible
different morphologies such as rods, wires, sheets and also hollow microspheres
[231]. Zinc oxide NMs have also been found to have superior UV blocking properties compared to their bulk substitute. This is one of the reasons why ZnO is often
used in the preparation of sunscreen lotions [232]. Its UV-blocking properties are
also one of the main modes of action in agricultural formulations. In patents of
BASF

(Patent

WO/2009/153231

[154])
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WO/2007/014826 [209]), ZnO is proposed as an alternative UV protection agent
to the surface coated TiO2 NMs. Zinc oxide has also been investigated as an active ingredient for PPP: Goswami et al. [172] used ZnO NMs as “dust” insecticides, similar to the study of Debnath et al. [174], but found them to be less active
against Sitophilus oryzae than the above described nano-silica (33-65 % mortality), indicating a material dependency of the effect.
Zinc oxide in its bulk form is also often incorporated into macronutrient fertilizers.
However, the effectiveness of such fertilizers in providing plants with Zn in a Zn
deficient soil is mostly governed by the solubility of the Zn source in the soil. As –
in theory – solubility of particles is depending on particle size, Milani et al. [233]
very recently investigated Zn solubility and dissolution kinetics of ZnO NMs and
ZnO bulk particles coated onto selected granular macronutrient fertilizers. Surprisingly, the kinetics of Zn dissolution was not affected by the size of the ZnO
particles applied for coating, possibly because solubility was controlled by formation of the same compounds irrespective of the size of the original ZnO particles used for coating.
2.4.2.6 Copper (Cu) NMs
Copper has a long history as a fungicide, especially in vineyards and organic
farming, where it is still used. The Cu ion (redox Cu2+ and Cu1+) is responsible
for the toxicity affecting the activity of several enzymes, thereby preventing germination of fungal spores. However, this application suffers from the high
amounts of Cu that have to be applied (in the range of 500 to 1500 g ha-1). In the
BASF patent WO/2011/067186 [176] nano-scale amorphous (i.e., non-crystalline)
Cu-salt particles are mixed with a polymer to secondary particle sizes between 1200 nm. In one example, such a mixture contained 6.5 g L-1 Cu as Cu-acetate,
sodium acetate and polycarboxylate with particle sizes at 20 nm. One common
non-nano Cu-formulation is Cuprozin® (Spiess Urania Chemicals) that contains
300 g L-1 Cu as Cu-hydroxide. Compared to this formulation, at the same application dose of 150 ppm Cu, the nano-formulation could achieve an increase in efficiency of 8% against a phytopathogenic fungus on vines. The use of such a
nano-formulation could thus reduce the amount of Cu introduced into agroecosystems.
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2.4.2.7 Multiwalled carbon nanotubes (MWCNTs)
Multiwalled carbon nanotubes are NMs composed of multiple layers of extensive
sp2 carbon atoms arranged in fused benzene rings (graphene). Their structure
leads to exceptional electrical, chemical and physical properties, which are in turn
utilized in various applications [234] where unique structural, super conductivity,
and mechanic properties as well as outstanding thermal and chemical stability
are necessary. They have also been proposed as a potential sorbents to remove
organic contaminants due to their relatively high sorption capacity [235].
The first to report positive effects of MWCNT on crops was the group of Khodakovskaya et al. in 2009 [159]. Using an exposure concentration of 10 to 40 µg
mL-1, they observed increased germination rates in tomato seeds. The whole
procedure has very recently been patented in WO/2011/059507 [236]. The main
mode of action is believed to lie in a mechanical penetration of the seed coat,
thus enhancing water uptake and promoting seed germination. This publication
has received a lot of attention in the public (search term “carbon nanotubes tomato seeds”, 10.800 hits on 07.05.2012), and its findings were partially inflated into
the grotesque, with open-source article titles such as “CNTs are super-fertilizers”,
“CNT make great tomatoes”, “Want to growth über-Tomatoes really fast? Use
CNTs as fertilizer” etc.
A similar experiment, but addressing growth rate, was conducted recently by
Tripathi et al. [237] using water soluble-CNTs (wsCNTs) as promoters of water
uptake. A concentration of the wsCNT of up to 6.0 µg mL-1 was already sufficient
to enhance the growth rate of common gram (Cicer arietinum) plants. Also, they
provided evidence by optical, fluorescence, SEM and TEM microscopy that these
wsCNT were taken up by plants. Uptake was explained by comparing the outer
diameter of wsCNT (10–30 nm) with that of the xylem (a few microns). Thereby,
they presumed that the wsCNT may get introduced inside the lumen of tracheal
elements. Due to the size difference between these two, wsCNT could be incorporated within the xylem according to the concept of the formation of a ‘‘large
capillary’’. These wsCNTs can act then to form several new capillaries which increase the water uptake potential of the plant in addition to the natural flow [237].
They claim that this could be especially useful to enhance water transport and
prevent water loss in agriculture. However, such CNT applications would also
cause dramatically increased fluxes into the soil, compared to current estimations
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from unintentional release (Table 2.1). Organic contaminants have a high affinity
to carbonaceous sorbents [238] such as CNT, and several studies postulate that
CNT loaded with them could mediate a “carrier effect” [239] that may in turn lead
to an increase in exposure to environmental micropollutants [240]. Therefore,
such applications should be evaluated with great care.

2.5

Research priorities for a safe use of NMs in PPP and fertilization

Intentional and enhanced input of NMs into agricultural ecosystems (Table 2.1) is
an intrinsic prerequisite for “nano-improvement” of PPP and fertilizers, yet many
questions regarding the fate of these materials in the environment still have to be
urgently answered. Despite the fact that soil is the most important environmental
compartment for agricultural production, very few studies investigated the behavior (e.g., mobility and stability) and the effects of NMs in natural soils under environmental conditions. For example, size, charge and agglomeration rate of Al
NMs allowed prediction of their mobility in soil [241]. Titanium dioxide NMs easily
passed columns with coarse soils and solutions of low ionic strength, but were
significantly retained in soils with higher clay contents and salinities [242]. Carbon
nanotubes were effectively retained by the soil matrix irrespective of the chemistry [243], but may still undergo preferential flow under real conditions and were
shown to be mobile in porous media when associated with natural organic matter
[244].
Only a few efforts have been made to date to assess NM effects on ecosystem
services provided, e.g., by beneficial soil microorganisms. Silver NMs for example were able to decrease mycorrhizal colonization of Helianthus annuus [245],
TiO2 and ZnO NMs negatively affected soil microbial communities [246], and sublethal concentrations of quantum dots stimulated genes associated with nitrogen
cycling for example in Azotobacter vinelandii [247]. Understanding the parameters governing NM mobility and effects on organisms in soils is essential for both
risk assessment and design of sustainable agricultural NM applications.
From soils, NMs may be taken up by plants. The current state of research has
been reviewed by Rico et al. [248] and was found to be yet in its beginning. Con-
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tradicting results were found, and the differences might depend on several factors, such as species dependent effects, plant age and developing stage, NM
concentration, surface area, and many more. For example, an uptake of <5 nm
TiO2 NMs that were conjugated with alizarin red by Arabidobsis thaliana was reported by Kurepa et al. [249]. The NMs were distributed and accumulated in subcellular regions. In contrast, no uptake of TiO2 NMs in maize plants (Zea mays)
was found by Asli and Neumann [250]. Nanoparticles used in the latter study
were uncoated P25 (Degussa, Germany), and one may assume that a specific
coating might facilitate uptake, for example by interaction with the mucilage surrounding the root. Regarding effects of NMs on agricultural crops, also only few
studies under environmental conditions exist. For example, TiO2 NMs negatively
affected the growth of wheat and soil enzyme activities in a lysimeter study [251].
Suitable analytical methods are lacking to quantify NM concentrations in water,
soil, and air. This hampers risk assessment, where precise data on predicted environmental concentrations of relevant NMs is essential to define exposure.
Some efforts have been made to solve this gap by modeling environmental concentrations [26, 156]. Several analytical techniques have been recently reviewed
by von der Kammer et al. [81]. General analytical difficulties include extraction
and separation/purification from the soil matrix and interfering constituents, as
well as low analyte concentrations. Analysis of metallic NMs is especially difficult,
as many of them, such as TiO2, have naturally occurring counterparts. However,
promising techniques include hyphenated approaches, such as field-flow fractionation (FFF) coupled to ICP-MS, as well as X-Ray based techniques. For carbonaceous NMs such as CNTs, further development of chemo-thermal oxidation
[93, 94] and thermogravimetry-mass spectrometry [96] merits additional efforts.
In a classical risk assessment of organic compounds used as PPP, the PBT (persistence, bioaccumulation, toxicity) properties are evaluated. The evaluation of
organic compounds is based on specific endpoints and parameters obtained from
laboratory or field experiments. Persistence is evaluated considering the dissipation of 50% of the initial concentration, a decision on bioaccumulative properties
of a compound is based on the octanol-water partition coefficient (Kow) and to
evaluate the toxicity criterion, the aquatic toxicity test results determining the intrinsic toxicity of the compounds are examined.
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It is questionable if these procedures hold true for NMs, since for example Kow is
not a suitable parameter to describe bioaccumulation for NMs. Also in some cases, the determination of the intrinsic toxicity is difficult, especially for compounds
which strongly agglomerate, so that test designs have to be adapted to the properties of the various NMs. One parameter that could serve this purpose, however,
is the reactivity of the NMs, which is likely to be requested from regulatory bodies
in the future [252]. This parameter could be rapidly determined and emphasize a
need for regulatory action. For example, non-solid NMs such as emulsions or
polymers have been classified as low redox-or catalytically active, whereas solid
metallic NMs such as uncoated TiO2 have been classified as highly active. However, these classifications still need a refinement, as the determining methods are
not yet standardized.

2.6

Nano-regulation and on-going activities

The fast development of manufactured NMs and their presence on some markets
make it necessary to evaluate their environmental and health impacts. Due to
safety concerns about some NMs, and the problem of inappropriate generalization owing to the huge range of nanotechnological applications, it is urgently necessary to address this gap in the regulation of NMs. It should be filled by using
the findings of the ongoing projects in toxicity testing, decision making on material
characterization and testing protocols, and exposure and data management of
the Working Party on Manufactured Nanomaterials of the Organization for Economic Cooperation and Development, the European Committee for Standardization, and the International Organization for Standardization. Furthermore, an additional work programme has been launched as part of the European framework
program FP7 NMP (Nanosciences, nanotechnologies, materials & new production technologies) [253], named NANoReg. This intended proposal is aiming to
establish collaboration among authorities of the European governments with regard to the knowledge required for appropriate risk management. The goal of
this project is to provide legislators with a set of tools for risk assessment and
decision making for the short to medium term, by gathering data and performing
pilot risk assessment, including exposure monitoring and control, for a selected
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number of NMs used in products. A second objective is to bring together the activities of national authorities responsible for worker protection, public health and
environment and create the basis for common approaches, mutually acceptable
datasets and risk management. At the current state, there has been an approach
for declaration of nano-pesticides in the US by the Environmental Protection
Agency (EPA). In Europe, the European Chemicals Agency is currently reviewing
the guidance documents to help registrants register nanoforms under REACH. It
aims at sharing experiences with stakeholders on the type of information currently submitted by registrants on NMs. Recently, the European Parliament decided
on a new definition of a NM [8] and included this in a replacement of the Biocidal
Products Directive 98/8/EC [254]. The updated directive states that there is a
“scientific uncertainty” about the safety of NMs. Hence, a nano-form of an active
substance will not be included in the approval procedure, if not explicitly mentioned. To fill the gap before the current legislation can be adapted to the needs
of NM regulation, a precautionary matrix has been published in Switzerland helping industry in self-controlling the possible impact of NMs during the production
process, taking into account environmental and health aspects [252].
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2.8

Supporting information

Figure S2.1: Patents of nano-Plant Protection Products and fertilizer applications distribute
as visualized between companies, academia and individuals.

Figure S2.2: Particle sizes of nano-Plant Protection Product and fertilizer applications. Particle sizes that were reported without verification in the respective formulation were indicated as “nominal sizes”.
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Table S2.1: Reviews published on nanomaterials and agriculture and related fields (in order of appearance, non-exhaustive).

Title

Focus

Differs from current review by…

Reference

Nanosilica – from medicine to pest

Broad, all kind of applications, reviews nanosili-

Covering one type of NM only, reviews published

[139]

control

ca as a nanobiopesticide

literature only (no patents)

Nanotechnology applications in pollu-

Reviews mainly applications in sensors and in

Focused on remediation (not covering PPP and ferti-

tion sensing and degradation in agri-

photocatalysis of pesticides

lizer applications), reviews published literature only

culture: a review

[203]

(no patents)

Review of health safety aspects of

Overview on the current state of risk assess-

Not specifically focused on PPP and fertilizer applica-

nanotechnologies in food production

ment (RA) and on scientific issues that need to

tions

[151]

be addressed for improved RA of NMs in food
production
Nanotechnology for parasitic plant

Reviews “nanocapsules” as herbicides and

Covering one type of NM only (“Nanocapsules”), only

control

“smart delivery systems” such as viruses

herbicides, one patent cited

Agrifood nanotechnology: a tiny revo-

Very broad overview over potential agricultural

Does not cover risks, reviews published literature

lution in food and agriculture

NM applications

only (no patents)

Nano-particles - A recent approach to

Shortly reviews insecticide applications of NMs

Only covers insecticides and very few materials,

insect pest control

[38]

[255]

[137]

does not cover potential risks

Mycogenic metal nanoparticles: pro-

Large section on NM synthesis in fungi. Also

Does very briefly cover PPP and fertilizers, reviews

gress and applications

mentions applications of NMs in medicine

published literature only (no patents)

Potential applications of nanotechnol-

Reviews a broad variety of applications, such as

Not focused on PPP and fertilizers, reviews pub-

ogy in the agro-food sector

food packaging, pathogen detection, delivery

lished literature only (no patents)

[256]

[39]

system as food additives
Nanoparticulate material delivery to

Focused on transport and effects of NMs in

Focus clearly on reviewing uptake and effect studies,

plants

plants, short excursion on NMs in PPP and ferti-

reviews published literature only (no patents)
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[136]
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lizer applications
Nanotechnology in agricultural diseas-

Very broad

Does not cover risks, reviews published literature

es and food safety

[37]

only (no patents)

Perspectives for nano-biotechnology

Very broad, covers some PPP and fertilizer ap-

Does not cover patents and legislation as well as

enabled protection and nutrition of

plications, but also delivery of genetic material,

risk/risk assessment

plants

nanosensors, remediation

A brief review of the occurrence, use,

Focused on food processing, packaging and

Does not cover PPP/Fertilizer applications, does not

and safety of food-related nanomateri-

storage. Provides a ranking approach for quality

cover patents

als

assessment of nano-tox studies

Interaction of Nanoparticles with Edi-

Reviews NP-plant interactions and toxicity stud-

Reviews published literature only (no patents), not

ble Plants and Their Possible Implica-

ies

focused on PPP/Fertilizers

Short and broad insight into NMs in agriculture

Does not cover risks, reviews published literature

in general

only (no patents), not focused on PPP/Fertilizer ap-

[40]

[257]

[248]

tions in the Food Chain
Nanotechnology in agriculture

[36]

plications
Role of nanotechnology in agriculture

Large section on conventional and biological

Not covering other applications of PPP or fertilization;

with special reference to management

insect pest control, NMs for pesticide applica-

reviews published literature only (no patents)

of insect pests

tions and as antimicrobial agents for plant pathogens
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Table S2.2: Nanomaterials in Plant Protection Product and fertilizer formulations:scientific literature.

Refer-

Nanomaterial

ence

Reported particle

Applica-

size [nm]

tion

Function of nanomaterial

Country

Institution

Year

[155]

TiO2

30 (nom.)

Pesticide

Additive (Photocatalyst)

China

University

2008

[207]

TiO2

30 (nom.)

Pesticide

Additive (Photocatalyst)

China

University

2011

[228]

Al-Nanoclay

40-100

Fertilizer

Additive (Controlled release)

China

University

2007

[175]

Al-oxide

n/a

Pesticide

Active ingredient

USA

University

2010

[165]

Ag-NP

20-30 (nom.)

Pesticide

Active ingredient

USA

University

2009

[158]

Ag-NP

1.5 (nom.)

Pesticide

Active ingredient

Korea

Company

2008

[166]

Ag-NP

4-8 (nom.)

Pesticide

Active ingredient

Korea

University

2009

[167]

Ag-NP

1-5 (nom.)

Pesticide

Active ingredient

Korea

Company

2006

[237]

CNT

10-30 (OD), 4-6 (ID)

Fertilizer

Active ingredient

India

University

2011

[173]

SiO2

n/a

Pesticide

Active ingredient

Germany

University

2007

[225]

SiO2

140-180

Pesticide

Additive (Controlled release)

China

University

2006

[259]

SiO2

80

Pesticide

Additive (Controlled release)

China

University

2006

[172]

Al,Zn,Ti,Si,S

40-1106

Pesticide

Active ingredient

India

University

2010

[211]

TiO2

5 (nom.)

Fertilizer

Active ingredient

China

University

2007

[168]

Ag-NP

Not provided

Pesticide

Active ingredient

Iran

University/Research

2010

center
[260]

Polymer/Bifenthrin

60-200

Pesticide

Active ingredient

USA

University

2008

[261]

Polymer

200-250

Pesticide

Additive (Carrier, Biodelivery)

France

University/Company

2000

[174]

SiO2

15-20 (nom.)

Pesticide

Active ingredient

India

University

2010
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[178]

O/W Emulsion / No-

200

Pesticide

Active ingredient

Israel

University

2010

valuron
[170]

Ag-NP

n/a

Pesticide

Active ingredient

Korea

n/a

2011

[169]

Ag-NP

n/a

Pesticide

Active ingredient

Korea

University

2010

[206]

TiO2

n/a

Pesticide

Active ingredient

China

University

2006

[187]

Polymer

69-127

Pesticide

Additive (Controlled release)

China

University

2009

[262]

Cu, Fe, Zn

n/a

Pesticide

Active ingredient

Russia

n/a

2009

[179]

Nano-Emulsion

31 (nom.)

Pesticide

Active ingredient

India

University

2011

[263]

Nano-Emulsion

20-200

Pesticide

Additive (Controlled release, stabi-

China

University

2009

lizer)
[159]

CNT

Not provided

Fertilizer

Active ingredient

USA

University

2009

[264]

Al-nano clay

<100

Fertilizer

Additive (Controlled release)

Sri Lanka

University

2011

[188]

Polymer

<240

Pesticide

Additive(Controlled release)

China

University

2009

[265]

Fe

<50

Pesticide

Additive (Carrier, Biodelivery)

Spain

University

2008

[266]

Polymer

50-1000/2000

Pesticide

Additive (Carrier)

USA

University

2002

[267]

Al-nano clay

30-110

Fertilizer

Active ingredient

China

University

2006

[268]

CNT

30 (nom.)

Fertilizer

Active ingredient

India

University

2011

[193]

Polymer

78

Fertilizer

Additive (Controlled release)

Brazil

University

2010

[269]

Al-nano clay

n.d.

Fertilizer

Additive( Controlled release)

Malaysia

University

2002

[270]

Polymer

80 ±30

Pesticide

Additive (Controlled release)

Bulgaria

University

2011
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Table S2.3: Nanomaterials in Plant Protection Product and fertilizer formulations: patents.

Reference

[163]

Patent No.

WO/2003/039249

Nanomaterial

Polymer

Reported parti-

Applica-

Function of nano-

Country

Applicant

Year

cle size [nm]

tion

material

50-2000

Pesticide

Additive (Dispersing

Germany

BASF

2003

France

Rhône-Poulenc

1998

Germany

BASF

2009

Active ingredient

Korea

Choi et al.

2003

Additive (Carrier)

Great

NM Tech Nano-

2008

Britain

materials Ltd.

agent)

[157]

DE69126275T2

TiO2

200-300

Pesticide

Additive (Dispersing
agent)

[154]

WO/2009/153231

TiO2, ZnO,CeO2

1-100

Pesticide

Additive (UVProtection)

[271]

WO/2003/059070

TiO2

3-200

Pesticide/
Fertilizer

[272]

[226]

WO/2008/135093

WO/2010/068275

TiO2, ZnO
CuO

10-5000

Pesticide

1-3 (CuO),7

Pesticide

Active ingredient

USA

University

2010

(SiNP)
[176]

WO/2011/067186

Cu

1-200

Pesticide

Active ingredient

Germany

BASF

2011

[273]

WO/2010/083319

Cu

Not provided

Pesticide

Active ingredient

USA

DOW Agroscien-

2010

ce
[236]

WO/2011/059507

CNT

Not provided

Fertilizer

Active ingredient

USA

Khodakovskaya

2011

et al.
[274]

WO/2011/031487

CdSe-Quantum dots

2-10

Pesticide

Additive (Biodelivery)

USA

University

2011

[180]

WO/2010/051607

Nano-Emulsion

<400

Pesticide

Additive

Brazil

Oxiteno SA.

2010

[229]

US20080194406

Al-nano clay

Not provided

Pesticide

Additive (Controlled

USA

NaturalNano, Inc.

2008
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release)
[182]

WO/2008/032328

Nano-Emulsion

<300

Pesticide

Additive (Dispersing

Israel

University

2008

agent)
[171]

US20090075818

Ag-NP

4.5

Pesticide

Active ingredient

Iran

Raman Nia, J.

2009

[181]

US20100041629

Nano-Emulsion

10-300

Pesticide

Additive (Dispersing

Germany

Giessler-Blank et

2010

agent)
[194]

WO/2010/035118

Polymer

<100

Pesticide

Additive (Controlled

al.
USA

Vive Nano, Inc.

2010

release)
[275]

CN1433697

Polymer/Pyrethrines

n/a

Pesticide

Active ingredient

China

University

2003

[276]

US2011000411

Si-clay

1µm-2mm (with

Fertilizer

Additive (Controlled

USA

Polymate Ltd.

2011

Germany

Rent a scientist

2010

~50 nm Pores)
[277]

DE102009030121

Ag, Au, Cu, Zn

release)

1-100

Fertilizer

Active ingredient

GmbH
[278]

WO/2006/049379

SiO2-Ag

0.5-30

Pesticide

Active ingredient

Korea

Bio Dreams, Co.

2006

Ltd.
[209]

WO/2007/014826

TiO2, ZnO

<200

UV-

/aggregates

Protection

Active ingredient

Germany

Evonik-Degussa

2007

Additive (Dispersing

China

University

2004

China

University

2004

USA

Rhodia, Inc.

2002

India

Bijam Bioscience,

2008

of plants
[279]

CN1491551

Polymer/Ivermectin

<100

Pesticide

agent)
[280]

CN1491558

Polymer/Acetamiprid

<100

Pesticide

Additive (Dispersing
agent)

[281]

WO/2002/082900

Polymer

<1000

Pesticide

Additive (Controlled
release)

[282]

WO/2008/056234

SiO2

<2000

Fertilizer

Additive (Controlled
release)
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[283]

US8017061

Polymer

1000-2000

Pesticide

Additive (Controlled

Germany

University

2011

USA

Monsanto

2006

Germany

BASF

2011

Germany

University

2005

USA

Dendritic Nano-

2011

release)
[189]

US7070795

Polymer

100nm-200µm

Pesticide

Additive (Controlled
release)

[284]

US7994227

Polymer

<500

Pesticide

Additive (Controlled
release)

[285]

[286]

WO/2005/115143

WO/2011/053605

Polymer

Polymer

10-4000

n/a

Pestici-

Additive (Controlled

de/Fertilizer

release)

Pesticide

Additive (Controlled
release)

[192]

US7494526

Cochleates (Lipid

<1000

Fertilizer

vesicles)
[184]

WO2011138701

Nano-Emulsion

Additive (Controlled

technologiesInc.
USA

Yavitz, E.

2005

Germany

BASF

2011

Malaysia

University

2011

release, Biodelivery)
50-800

Pesticide

Additive (Controlled
release)

[287]

WO2011010910

Nano-Emulsion

<100

Pesticide
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Table S2.4: Nanomaterials in Plant Protection Product and fertilizer formulations: products

Product

(Potential) Nanomaterial

Reported particle size

Application

Manufacturer

[nm]
Primo MAXX

(Nano-)Emulsion

n/a

Pesticide

Syngenta

Banner MAXX

(Nano-)Emulsion

n/a

Pesticide

Syngenta

Karate ZEON

Capsules with λ-cyhalotrin

>100

Pesticide

Syngenta

Demand CS

Capsules with pyrethroid (λ-cyhalotrin)

>100 (>1000 [288])

Pesticide

Syngenta

ECOFLEX

Aliphatic copolyester, "nanofibre" as a

n/a

Pesticide

BASF

pheromone dispenser
Aerosil 200

SiO2

12

Various purposes

Syngenta

Trico

TiO2 23.2%, Sheepgrease

n/a

Pesticide

Omya AG

FEROX

Zero-valent iron nanopowder

10-100

Example of a Nanomaterial

ARS Technologies, Inc.

for soil remediation
SoilSet

SiO2

n/a

Example of a Nanomaterial
for soil management
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Abstract
Hyperspectral imaging with enhanced darkfield microscopy (HSI-M) possesses
unique advantages in its simplicity and noninvasiveness. In consideration of the
urgent need for profound knowledge on the behavior and effects of engineered
nanoparticles (NPs), here we determined the capability of HSI-M for examining
cellular uptake of different metal-based NPs, including nanosized metals (silver
and gold, both citrate stabilized), metal oxides (copper oxide and titanium dioxide), and CdSe/ZnS core/shell quantum dots at subtoxic concentrations. Specifically, we demonstrated that HSI-M can be used to detect and semi-quantify these
NPs in the ciliated protozoan Tetrahymena thermophila as a model aquatic organism. Detection and semi-quantification was achieved based on spectral libraries for the NPs suspended in extracellular substances secreted by this singlecelled organism, accounting for matrix effects. HSI-M was able to differentiate
different NP types, provided that spectral profiles were significantly different from
each other. This difference in turn depended on NP type, size, agglomeration
status and position relative to the focal plane. As an exception from the NPs analyzed in this study, titanium dioxide NPs showed spectral similarities compared to
cell material of unexposed control cells, leading to false positives. High biological
variability resulted in highly variable uptake of NPs in cells of the same sample as
well as between different exposures. We therefore encourage the development of
techniques able to reduce the –currently- long analysis times that still hamper the
acquisition of statistically strong datasets. Overall this study demonstrates the
potential and challenges of HSI-M in monitoring cellular uptake of synthetic NPs.
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3.1

Introduction

Due to increasing use of engineered nanoparticles (NPs) in consumer products,
one of the major pathways of nanomaterial release to the environment is considered to be through wastewater systems [289]. NPs entering the environment via
urban effluents is a potential threat to ecosystems. Thus, for complete environmental risk assessment it is important to be able to detect and quantify NPs in
biological samples, including aquatic organisms.
To date the most frequently employed methods for imaging of non-fluorescent
NPs are electron microscopy-based techniques coupled to X-ray spectroscopy.
While electron microscopy has significantly higher resolution than light microscopy, its disadvantages include expensive instrumentation and sample preparation
which in addition to being laborious could also introduce artifacts in the specimens [81]. In recent years, alternative methods for imaging of non-fluorescent
NPs have been developed and increasingly used, including methods based on
detection of light scattering by the particles [290] as well as hyperspectral imaging with enhanced darkfield microscopy (HSI-M) [83]. HSI-M with its high intensity
darkfield offers approximately 150 times higher illumination of particles than conventional optical methods, allowing NPs to appear bright and to record full visible
and near-infrared (VNIR) spectra for each image pixel. Spectral profiles of NPs
can be used with software-based spectral classification methods to detect the
NPs in hyperspectral images (HSIs) of biological samples. Depending on the
spectral profiles of NPs, HSI-M offers the possibility of localizing different types of
NPs in heterogeneous samples. Additionally, sample preparation is fast and
easy, reducing the number of potential artifacts that are easily introduced in other
microscopy techniques.
Recently, Badireddy et al. [103] demonstrated the use of HSI-M for detection,
characterization, and analysis of different types of engineered NPs in pure and
complex water samples such as simulated-wetland ecosystem water and
wastewater. In the current study HSI-M was used for the detection and subcellular localization of silver (Ag), gold (Au), titanium dioxide (TiO2), copper oxide
(CuO) NPs and quantum dots (QDs) in a unicellular freshwater organism - ciliated protozoan Tetrahymena thermophila. Ciliated protozoa, being widely distributed and ecologically significant, can be good indicators of harmful effects of engi-
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neered NPs in ecosystems. Due to the grazing ability, protozoa can accumulate
considerable amounts of NPs even at low environmental NP concentrations
which could consequently become bioavailable for the organisms at higher
trophic levels. Moreover, protozoan grazing on engineered NP could affect the
planktonic systems through decreased trophic transfer efficiencies and reduced
regeneration of nutrients: studies have shown that exposure to QDs [146] and
TiO2 [291] impaired the bacterial digestion by T. thermophila. However, in general
T. thermophila has been found to be more tolerant to toxicants, including engineered NPs, compared to other fresh water organisms. For instance, the toxic
concentrations (EC50, effective concentration leading to 50% loss in cell viability)
of Ag NPs in aquatic organisms range from 0.01 mg L-1 for crustaceans to
10 mg L-1 for fish but up to 100 mg L-1 in protozoa [292, 293]. Similar trends in
sensitivities of aquatic species have been reported for CuO NPs [292, 294]. Relatively high tolerance for toxicants allows potential application of the protozoans as
accumulating and removing NPs from the environment and also as suitable models for studying the uptake and clearance of NPs in the cells.
The aim of this study was to demonstrate the potential of HSI-M for semiquantitative analysis of NP uptake in the cells. We used protozoa as model cells
for exploring the advantages and limitations of HSI-M in cellular uptake studies of
engineered NPs. We asked whether coating the reference NPs with protozoan
extracellular substances (ES) would change the detection rate of these NPs in
the sample cells, how NP scattering and size/agglomeration characteristics influence their detection rate and what is the capability of HSI-M in distinguishing NPs
of different materials internalized in the cell. In addition, we propose potential applications of HSI-M in elucidation of the mechanisms of biological effects of NPs
when used in combination with biological assays.
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3.2

Experimental

3.2.1 Nanoparticles
Ag and Au NPs – each in two sizes (10 and 20 nm) – were purchased from Sigma-Aldrich (Buchs, Switzerland): Ag NPs were purchased as 0.02 mg mL-1 suspensions in aqueous buffer containing sodium citrate as a stabilizer and Au NPs
in reactant free 0.1 mM phosphate buffered saline (PBS) buffer. CdSe/ZnS
core/shell QDs with terminal carboxyl groups (Qdot® 655 ITK™ Carboxyl Quantum Dots, 8 µM solution in 50 mM borate buffer, pH 9.0) were purchased from
Life Technologies Europe B.V., Carlsbad, USA. CuO (Nanostructured and amorphous materials Inc., Huston, TX, USA) and TiO2 (Degussa P25, Evonik Industries, Essen, Germany) NPs were purchased in powder form and stock suspensions were prepared in MilliQ water at a concentration of 10 g L-1, sonicated in
ultrasonication bath for 30 min and stored at 4°C in the dark. Prior to the experiments the stock suspensions of CuO and TiO2 NPs were diluted in 10 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich, Buchs,
Switzerland) at a pH of 7.0. The average hydrodynamic diameter and zetapotential of NPs in HEPES buffer were measured using a Zetasizer Nano ZS
(Malvern Instruments, Renens, Switzerland). The characteristics of the NPs used
in the current study are shown in Table 3.1.
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Table 3.1: Characteristics of nanoparticles.
Nanoparticle

a

Size,

Mass conc.,

nm

mg L

-1

Particle

b

number/L

b

Hydrodynamic
diameter, nm

ζ-potential,

Hamaker

mV

constant,

a

A121
-20

(X10 J)
Au

10

Au

25

20

Ag

10

~3×10

15
14

15.8±0.5

-33.6±0.8

27

25

~3.5×10

27.5±0.3

-39.2±0.3

27

10

15

19.6±0.8

-39.6±0.1

28.2

~2×10

14

Ag

20

10

~2.3×10

25.7±0.4

-46.1±4.7

28.2

TiO2

20

10

NA

1840±170

-12.2±0.1

6

CuO

30-50

10

NA

778±101

-30.0±0.9

0.54

CuO

30-50

50

NA

704±3.5

-15.6±2.2

0.54

QDs

10

2.9

-21.5±6.0

7.78

d

a

e

20

f

12.8±0.5

c

g
g
h

b

Data provided by the manufacturer. Measured with Zetasizer, stock suspensions of NPs dilut-

ed with 10 mM HEPES buffer, pH 7.0. Values are means of 3 measurement ± standard deviation. Measurements were performed using samples freshly prepared from stock dispersions.
c

d

e

From Petosa et al., 2010 [295] if not stated otherwise. mg of total Cd/L. nM, data provided by
f

g

the manufacturer. Corresponds to the AFlFFF peak maximum. From Jeong and Kim, 2014
h

[296]. From Morrow et al., 2006 [297]. NA – data not available

3.2.2 Protozoan culture
Protozoan culture (Tetrahymena thermophila strain BIII) was cultivated in a proteose peptone based medium, supplemented with 250 µg mL-1 of each penicillin G and streptomycin, and 1.25 µg mL-1 amphotericin B (all from Sigma-Aldrich)
following the procedure described previously [294]. At exponential growth phase
(5×105 cells mL-1) protozoa were harvested by centrifugation (850g, 5 min, 4°C)
and washed twice with 10 mM HEPES buffer, pH 7.0. Cell numbers were determined using a Coulter Multisizer III particle counter (Beckman-Coulter, Switzerland).
3.2.3 Exposure of protozoa to NPs and preparation of the cells for microscopy
All the exposures of the cells to NPs were done in 10 mM HEPES buffer, pH 7.0
at 25°C in the dark. Protozoan culture at twice the final cell concentration
(5×105 cells mL-1) was mixed in 1:1 ratio with NP suspension or HEPES buffer
for unexposed controls. The concentrations of NPs used in the uptake experi-
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ments are shown in Table 3.1. In addition, Au NPs were also used at 10 mg L-1
and TiO2 NPs at 100 mg L-1. These concentrations of NPs were chosen because
in this concentration range protozoa accumulated sufficient amounts of NPs for
detection by optical microscopy while still remaining at sub-lethal level to the test
organisms. Au, CuO and TiO2 NPs were used at two different concentrations in
exposure experiments to explore concentration dependent uptake of different
types of NPs. Co-exposure to Ag NPs and QDs was done using concentrations of
5 mg L-1 and 5 nM (0.725 mg of total Cd L-1), respectively, to avoid synergic toxic
effect of NPs. T. thermophila was incubated with or without NPs either for 2 or
24 h, then harvested by centrifugation at 850g for 5 min at 4° C and resuspended
in 10 mM HEPES (pH=7.0). The cells were fixed in 4% paraformaldehyde for
15 min at room temperature, the fixative was removed by centrifugation and the
cells were resuspended in HEPES buffer. 5 µL of cell suspension was pipetted on
a glass slide, mixed with 5 µL of Mowiol® 4-88 (Polysciences Europe GmbH, Eppelheim, Germany), covered with a glass slip, allowed to harden at room temperature for 24 h and kept at 4° C until imaging.
3.2.4 Preparation of reference samples
Two types of reference samples were used in the current study: (i) 5 µL of each
of the studied NP suspension was pipetted on a glass slide, mixed with 5 µL of
Mowiol® 4-88, covered with a glass slip, allowed to harden at room temperature
for 24 h and kept at 4° C until imaging; (ii) T. thermophila was incubated in
10 mM HEPES, pH 7.0, for 2 h to allow synthesis of extracellular substances
(ES) [298], the cells were separated from ES fraction by centrifugation at 850g for
5 min, 4° C, 100 µL of ES was mixed with 100 µL of NP suspension and incubated at 25°C in the dark for 22 h. 5 µL of ES incubated NP suspension was used
for microscope sample preparation as described above. Embedding the reference NPs in Mowiol was necessary to ensure identical imaging conditions with
the samples and because of an inherent limitation of HSI-M in imaging non-fixed
liquid samples, where Brownian and diffusive movement of the particles render
HSI image acquisition impossible. However, most of the reference particles were
discernible as individuals when fixed in Mowiol (Figure S3.1).
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3.2.5 Hyperspectral imaging
Samples were analyzed using an enhanced darkfield transmission optical microscope (Olympus BX43) equipped with dual mode fluorescence (DMF) and a HSI
spectrophotometer (CytoViva Inc, Auburn, USA). The DMF module allowed observing the sample while switching between fluorescence and non-fluorescence
modes. The HSI spectrophotometer was used for recording spectra with a low
signal to noise ratio in visible and near-infrared (VNIR) wavelengths (400 –
1000 nm) at a high spectral resolution of 2.5 nm. These scans resulted in 3dstructured data cubes, which consisted of a 2d-image with a full spectrum in each
pixel with a size of 90 × 90 nm. These data cubes are referred to as hyperspectral images (HSIs) throughout this paper. For the semi-quantification analysis, 10
single cell images were collected randomly for each type of NP exposure (sample
HSIs).
3.2.6 Image processing and analysis
HSI analysis was done using Environment for Visualizing Images (ENVI) 4.8
software (Exelis Visual Information Solutions, Inc., USA) that contained special
image analysis features added by CytoViva, including normalization for lamp
spectrum, adjacent band averaging and particle filter analysis. A detailed description of all executed steps for HSI acquisition can be found in the supporting information (SI). All HSI analysis results in this study were obtained after executing
the steps described therein. Briefly, and in general (see Figure 3.1 for schematic
process illustration), before HSI analysis of the specimen, a spectral library (SL)
is created from the NPs alone, consisting of representative spectral profiles.
Then, an HSI is recorded from the specimen (e.g. the protozoan cell) and a spectral classification algorithm (spectral angle mapper, SAM) is applied on the specimen HSI using the SL created beforehand to map spectral similarities in the HSI.
The result of this mapping process is either an image in which the matching pixels are highlighted, or a quantitative measure with a percentage of mapped pixels
per image. HSI results were additionally normalized to cell area by manual
measurement in ImageJ (NIH, USA).
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Figure 3.1: A scheme of hyperspectral image (HSI) acquisition and analysis of NP-exposed
protozoan cells. NPs - nanoparticles; SL - spectral library; SAM - spectral angle mapper.

3.2.7 Statistical analysis
Statistical analysis was performed using analysis of variance (ANOVA). Calculations were made using the software R (R version 3.01, the R foundation for statistical computing) integrated in RStudio (version 0.97.551). For each treatment, 10
cells were analyzed (n=10), except for the Au NP treatments that were repeated
twice (n=20). For pairwise comparison of different parameters (e.g. 2h vs. 24h)
an F-test was used.
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3.3

Results and discussion

3.3.1 Influence of protozoan extracellular substances (ES) on visible and near
infrared (VNIR) spectral profiles of nanoparticles and the characteristics
thereof
In the current study Au and Ag NPs of two primary sizes (10 and 20 nm), TiO2
and CuO NPs as well as QDs were employed (Table 3.1). Both Au and Ag NP
suspensions were stable in HEPES buffer as indicated by their high negative ζpotentials while their hydrodynamic diameters were approximately 5 to 10 nm
larger than their primary sizes provided by the manufacturer. Conversely,
HEPES-suspended TiO2 and CuO NPs showed high levels of aggregation and
the respective hydrodynamic diameters were in the range of micrometers (Table
3.1). Different agglomeration patterns of metallic and oxide NPs can be explained
by their ζ-potential and Hamaker constant values. Protozoa are known to excrete
extracellular substances [293, 299, 300]. It has been shown that ES excreted by
T. thermophila are composed mainly of carbohydrates and nucleic acids [298] but
also of more than 30 different proteins, mostly proteases [293, 300]. In our experiments we tested the influence of ES on the VNIR spectral profiles of the NPs. To
this end, we extracted SLs from NPs in HEPES as well as NPs incubated with
protozoan ES (for detailed steps, see SI). Based on observations with the naked
eye, no apparent agglomeration or precipitation of NPs was detected during incubation with ES, i. e. visually the color and appearance of the dispersions did
not differ from that of the NP dispersions without ES, whereas HSI-M images and
spectra were partially different.
Reference spectra were collected from the NP suspensions which were prepared
by directly suspending the NPs in aqueous media (Figure 3.2, black lines) or after
incubating NPs with protozoan ES (Figure 3.2, red lines). The spectra of Ag and
Au NPs both showed primary size-dependence with peak maxima of 10 nm-sized
particles at lower wavelengths than 20 nm-sized NPs (Figure 3.2A, B, C, D). This
is in accordance with available literature for Ag NP [301], where the spectral peak
for smaller particulate Ag (2-11 nm) was around 500-550 nm.
When NPs were incubated with protozoan ES the reflectance spectra of all NPs
except for TiO2 showed a shift compared to the spectra of NPs in aqueous media
(Figure 3.2). The spectra of Ag and CuO NPs red-shifted after incubation with
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ES. Red-shifting of the Ag resonance peak has been associated with particle aggregation in case of Ag NPs [302] and changes in the surface properties of Ag
NPs [303], indicating possible agglomeration of NPs facilitated by ES or NPs becoming coated with the biomolecules excreted by protozoa. Incubation with protozoan ES has been shown to increase the hydrodynamic diameter of QDs [304].
Interestingly, an opposite effect occurred in the case of Au NPs, with the spectra
blue-shifted for both 10 and 20 nm-sized particles. Larger blue-shifts occurred in
the case of 20 nm than the 10 nm-sized Au NPs. Blue-shifting could suggest that
ES promoted the suspendability of individual Au NPs to decrease their average
size distribution [305]. Such blue-shift in VNIR scattering spectra has been reported upon Ag NP binding with actin which facilitated the breakdown of Ag NP
aggregates [306]. Slight blue shift in localized surface plasmon resonance (SPR)
peak of Ag NPs has also been associated with SPR masking by the NP surface
bound organic ligands [303]. Shifts in opposite directions were induced in VNIR
spectra by ES, i.e. blue-shift in case of Au NPs and red-shift in case of Ag and
CuO NPs, indicating the complex roles of ES on NP aggregation and stabilization, which depend on both the chemical compositions of the ES as well as the
physicochemical properties of the NPs [307, 308]. In the case of Ag NP, ES incubation also induced changes in the peak morphology, with a reduction of the
peak shoulder in the 500 nm region, which was more pronounced in the 20 nm
sized particles possibly due to NP-ES complex formation [309].
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Figure 3.2: Spectral signatures of reference NPs (see Table 3.1). Black lines represent the
averaged spectra of the reference NPs in aqueous suspensions and red lines are the averaged spectra of NPs incubated in protozoan ES.

3.3.2 Spectral angle mapping of nanoparticles in protozoa
In the current study freshwater ciliate T. thermophila was used as a model organism for examining the uptake of NPs by HSI-M. As a phagocytizing organism T.
thermophila is known to ingest NPs into its food vacuoles [294, 304, 310]. In our
experiments, incubation with Au, Ag, CuO and TiO2 NPs up to 24 h had no effect
on protozoan viability compared to control cells with the exception of TiO2 NPs
which caused some mortality (15%) after 24 h exposure to 10 mg TiO2 L-1 but not
after 2 h exposure (Figure S3.2). The relatively low level of 15% lethality after 24h
exposure of protozoa to 10 mg L-1 TiO2 could be caused by the retention of TiO2
in the cells and the resulting oxidative stress related toxicity as has been reported
in the literature [311]. During the 2h exposure protozoan food vacuoles became
filled with aggregates of NPs as seen in brightfield (BF; Figure S3.3) and in HSIM (Figure 3.3) images. Internalization of NPs was confirmed by observing different focal planes (3-5); NP aggregates were sharp and in focus together with the
surrounding cell wall only in the middle 1-2 planes (Figure S3.4) and thus in the
center of the organism. This approach has also been used in other recent studies
[312].
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Internalized NPs were detected by SAM analysis on the respective HSIs. Initially,
SAM analysis was performed using comparatively SLs from NPs in aqueous suspensions and SLs obtained from NPs incubated in protozoan ES. The results
showed that, specifically in the case of protozoa exposed to 20 nm Ag NPs, using
SLs from NPs incubated in ES as references SAM analysis yielded higher number of matched pixels in the cells (Figure S3.5). It can thus be assumed that the
spectral libraries collected from the 20 nm reference Ag NP incubated with ES
were more representative of the particles internalized in the cells. Although the
influence of spectral shift upon NP incubation with protozoan ES had a significant
influence on SAM analysis of the NP content in the cells only in case of 20 nm Ag
NPs (Table S3.1), similar tendencies were noted with other NPs. Therefore, in
the following, only HSI results obtained from SLs of NPs with ES are shown and
discussed.
Figure 3.3 shows localized spectral profiles of the NPs inside the protozoan cells
detected by SAM analysis. In general, NPs and their agglomerates that showed
too high/too low intensities were not detected by HSI-M (10 nm Au NPs for example, Figure 3.3C). This phenomenon was size dependent and thus prominent
in samples where particle size was multi-modal. In such, larger agglomerates
scattered at very high intensities, whereas smaller ones showed very low scattering. In addition, highly defocussed particles showed lower intensities and increased noise. At intensities that exceed the dynamic range of the detector, peak
deformation occurs, leading to non-recognition of these pixels during SAM analysis. At very low intensities, NP pixels might have not been recognized by SAM
due to decreased signal to noise ratio. Increased detection rate of NPs could be
obtained by generation of “high definition range”-analogue HSIs at multiple increasing/decreasing exposures and subsequent allocation of the different matching results. However such technical development was beyond the scope of the
current study.
In the studied system, all spectra except for TiO2 were highly specific for the studied material, as no false positives were detected in unexposed control cells. In
case of TiO2 SAM analysis of control cells led to false positives, detecting NP
spectral profiles in the cells (Figure S3.6). Also in some cases (see darkfield image of 10 mg L-1 TiO2, Figure 3.3G), cells obviously contained TiO2 NP, as was
evident also from the BF images (Figure S3.3) but were not recognized by SAM
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as such. Thus, cell material may not provide enough contrast for specific detection of TiO2 using HSI-M.

Figure 3.3: Representative hyperspectral images of Tetrahymena thermophila exposed to
NPs for 2 h. (A, B, C, D) Protozoa incubated with 10 nm Ag NPs, 20 nm Ag NPs, 10 nm Au
-1

NPs and 20 nm Au NPs, respectively, at 10 mg L . (E, F, G, H) Protozoa exposed to 10 mg
-1

-1

-1

-1

L and 50 mg L CuO NPs and 10 mg L and 100 mg L TiO2 NPs, respectively. Red dots
on the dark field images represent spectral angle mapper (SAM)-localized spectral profiles
of the respective NPs. All images were acquired using 100× objective, scale bar = 10 µm.

3.3.3 Nanoparticle differentiation capabilities of HSI-M
To further explore the detection and NP differentiation capabilities of HSI-M, we
conducted an experiment where protozoa were exposed to a mixture of two types
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of NPs. For this, we chose fluorescent CdSe/ZnS core/shell QDs to be able to
verify HSI-M results with fluorescence imaging and 10 nm-sized Ag NPs. QDs
and Ag NPs were chosen for co-exposure because their VNIR spectral peaks
were at a considerably different wavelength (547 and 660 nm, respectively; Figures 3.2A and S3.7) which represented an ideal case for simultaneous detection
of the two signals. The scattering spectrum of QDs corresponded well to the
spectrum of the same type of QDs reported in the literature with the peak maximum at 660 nm [103]. To avoid a synergic toxic effect of the NP mixture, the cells
were exposed to lower concentrations of each NP than in the single NP exposure
experiments (5 mg L-1 of Ag NPs and 5 nM QDs). Figure 3.4 shows a representative image of a cell, where QDs were detected inside the cell by fluorescence imaging (Figure 3.4A). HSI analysis was performed on the same cell, revealing QD
signatures at the same areas (Figure 3.4B). Ag NP spectral signatures were detected by SAM at different locations in the same cell (Figure 3.4C). However,
scattering intensities of the two particles were very different due to higher agglomeration of the QDs compared to the AgNP. To account for these differences,
the spectral angle used for SAM analysis was modified separately for each NP
type. In case of QDs a wider spectral angle (0.6) compared to Ag NP (0.2) was
used for detection.
SAM analysis of the mixed NP exposure samples showed that optimization of the
spectral angle allowed increased detection of NPs in biological samples. In addition, HSI-M enabled differentiation of different types of NPs in cells in cases
where the spectral profiles of the NPs were clearly distinguishable from each other. To illustrate this we performed SAM analysis on HSIs of Ag-incubated cells
using spectral libraries (SLs) of Au NP reference particles and Au-incubated cells
using SLs of Ag NP reference particles (Figure S3.8). When NP reference spectra were different enough (in case of Ag 10 nm and Au 20 nm, Figure 3.2), no
false positives were observed, whereas very similar NP spectra (e.g., 20nm-sized
Ag and Au NPs, Figure 2) resulted in the detection of false positive matched pixels in the sample cells (Figure S3.8). Thus, depending on the NP type, size, homo-/heteroagglomeration status and position relative to the focal plane, HSI-M
appears to have the capacity to provide specific chemical data on selected NPs
in biological systems.
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Figure 3.4: Single-cell analysis of a mixed exposure experiment of Tetrahymena ther-1

mophila to fluorescent CdSe/ZnS core/shell QDs (5 nM) and Ag NPs (5 mg L ). (A) Fluorescence image of NP exposed cell and (B) hyperspectral image (HSI) of the same cell with
spectral angle mapper (SAM) matching result for QD spectral profiles at a spectral angle of
0.6 radians. (C) HSI of the cell with SAM matching result for Ag NP spectral profiles at a
spectral angle of 0.2 radians. Red dots on dark field images (B and C) represent localized
spectral profiles of NPs and are highlighted with an arrow. Red fluorescence of QDs in (A)
is visible in the same regions recognized by HSI in (B).

3.3.4 Semiquantitative characterization of nanoparticle uptake and clearance by
T. thermophila as measured by HSI-M
Protozoa generally contained highly variable amounts of NPs/NP agglomerates
even in the same sample with some cells having food vacuoles filled with NPs
and the other cells containing insignificant amounts of NPs (Figure S3.9). However, with imaging techniques such as HSI-M and BF imaging it was possible to
assess the cellular uptake rate of NPs semi-quantitatively. The more NPs were
taken up, the more NPs were detected by the two methods independently (see SI
for detailed description of BF microscopy analysis and Figure S3.10 for correlation between the two methods).
In BF, NP agglomerates appeared as dark areas in the cells, and thus could be
believed to correlate with the amount of NP taken up or cleared during exposure.
However, in BF microscopy resolution is restricted to ~0.2 µm which allows imaging and analysis of only the agglomerates of NPs. HSI-M in turn holds the potential of additionally capturing spatially resolved single NPs and very small agglomerates by its enhanced darkfield as well as providing information on the composition of the NPs by spectral analysis.
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Overall, the measured percentage of matched pixels per cell area (Figure 3.5)
showed a high variability with relative standard deviation (RSD) varying between
29 and 227%. One of the likely reasons for this is biological variability in terms of
NP uptake by protozoa. In most cases, the 2-h samples showed a lower RSD
compared to the 24-h ones. This is explainable by the fact that after 24-h exposure the protozoa contained less NPs than after 2-h exposure, including some
cells which were completely devoid of NPs after 24 h leading to the matching value of zero. Also, the cellular content of 20 nm-sized Ag NPs showed lower RSDs
(represented by whiskers in Figure 3.5A) compared to that of 10nm Ag NPs. This
could be related to the higher dissolution rate of the latter due to smaller size and
larger surface areas for interacting with cellular molecular contents as 10 nm Au
NPs at the same concentration were present in the cells in much higher amounts
(Figure 3.5B).
In general, when analyzed over the whole dataset ANOVA revealed that NP type,
concentration, size and exposure time had a significant influence on HSI-M results (Table S3.1). In all cases, when compared overall, NP contents in the cells
after 24 h were significantly lower (P<0.001) compared to 2-h exposures. Protozoa are known to graze unselectively on a range of nano-and micro-sized particles in the surrounding medium and internalize particles up to a few micrometers
[313]. The clearance of the cells after 24-h incubation with NPs could be caused
by the effective grazing ability and fast turnover of food vacuoles in protozoans,
which leads to formation of stable NP-biomolecule agglomerates excreted from
food vacuoles and too large to be re-ingested, a phenomenon clearly visible in
BF images (Figure S3.9) and also reported in our study with T. thermophila and
QDs [304]. Uptake rates of Au NPs were independent of primary particle size with
no statistical difference in uptake of 10 and 20 nm Au NP (P>0.05). Likewise,
there was no significant difference (P>0.05) in 2-h uptake of 10 and 20 nm Ag
NPs but after 24 h the 20 nm Ag NP exposed cells contained significantly higher
amounts of NPs than the cells exposed to 10 nm Ag NPs (P<0.05), likely due to
their differential dissolution [314]. A general, however, not statistically significant,
trend of 10 nm-sized Ag and Au particles being taken up during 2 h exposure at a
greater extent than 20 nm particles was noted (Figure 3.5A, B, C). This is likely a
result of the faster diffusion and approximately ten-fold higher particle number of
the 10 nm than the 20 nm Ag and Au NPs at equal mass concentrations (Ta-
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ble 3.1). Both CuO and TiO2 NPs showed a tendency of concentration dependent
uptake (10 vs. 50 mg L-1 and 10 vs. 100 mg L-1, respectively, Figure 3.5D, E).
However, after 24 h the intracellular content of CuO NPs was not significantly
different for 10 and 50 mg L-1 exposure. NP clearance at 24 h was the lowest in
case of exposure to Au NP at 25 mg L-1 and TiO2 at 100 mg L-1 (Figure 3.5C, E).
In general, NPs that are known not to dissolve (Au, TiO2) showed a highly significant (P<0.001) elevated uptake at the same exposure concentrations compared
to NPs with higher dissolution rates (Ag and CuO), which could indicate a possible inhibitory effect of dissolved copper and silver ions to protozoan grazing activity.
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Figure 3.5: Boxplots showing semiquantification results of internalized NPs by Tetrahymena thermophila after incubation for 2 and 24 h, presented as % matched pixels per cell
area. Semiquantification was done using reference spectra obtained from extracellular
substances (ES) incubated NPs. Horizontal lines denote mean values and black dots are
outliers. Whiskers signify standard deviations (n=10).
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3.4

Application potential of HSI-M and outlook

In this study we have demonstrated the application of HSI-M for intracellular detection and identification of different metal-based NPs, including differentiation of
two types of NPs internalized in the cell simultaneously. Furthermore, we showed
that the enhanced darkfield imaging based technique could successfully be applied for semi-quantification of cellular uptake of NPs, facilitated by highly specific
spectral profiles of NPs. In addition, when combined with other biological assays,
e.g. toxicity or oxidative stress measurements, HSI-M could contribute to elucidating the mechanisms of biological effects of NPs by providing the information
on subcellular localization of NPs, their aggregation pattern and effects of ES on
NP suspendability/agglomeration (see SI for Correlations of Nanoparticle Uptake
as Quantified with HSI-M with Sub-toxic Effects of Nanoparticles and Figure
S3.11). The importance of the extracellular substances was clearly demonstrated
in this study – utilizing reference spectra obtained from ES coated NPs considerably improved the quality of hyperspectral analysis of intracellular NPs most likely
due to the similar interactions taking place inside the cell. Semi-quantification of
uptake of NPs was significantly influenced by the type, size and concentration of
NPs as well as the time of exposing T. thermophila to NPs. In addition, the physiology and phagocytosis rate of the protozoa varied between cells in the same
sample as well as between different exposures representing a highly variable
biological sample. In case of such systems, low sample throughput and long
analysis time still hamper the acquisition of statistically strong datasets. Further
work is encouraged to automate certain steps of the analysis, e.g. image acquisition and data treatment.
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3.6

Supporting information

3.6.1 Experimental
3.6.1.1 Detailed description of image processing and analysis with hyperspectral
imaging microscopy (HSI-M)

a. Acquisition of reference and sample HSIs
Firstly, two different HSIs of the pure NPs under scrutiny were recorded (reference HSIs): one with the pure NPs and one where the NPs were pre-incubated
with protozoan extracellular substances (ES). Then, for the semi-quantification
analysis, 10 single cell images were collected randomly for each type of NP exposure (sample HSIs). All HSIs in one batch were recorded at the same exposure
time. However, different exposure times were needed depending on the type of
the NPs.
b. Spectral smoothing
To reduce noise and smooth the shape of spectral curves, the CytoViva-feature
“adjacent band averaging” was used. Sample and reference HSIs were smoothed
at the same smoothing width of 5 nm.
c. Spectral correction
A lamp spectrum was recorded over a glass slide under the same conditions as
the sample slides (same glass slide type with Mowiol® 4-88 layer covered with a
glass slip) to perform a spectral correction of the obtained HSIs for the uneven
spectral response of the microscope optics, using the CytoViva Analysis feature
„Normalize for Lamp Spectrum“ inside ENVI.
d. Extraction of representative spectral libraries (SL) from the reference sample
The CytoViva-feature Particle Filter Analysis (PFA) was used to obtain representative SL of NPs from the reference HSIs. This analysis was possible when
the reference sample was homogeneous and consisted of single spherical particles as was the case for Ag, Au and TiO2 NPs used in this study. Briefly, PFA
allows detection of particles or circularly-shaped objects in an image. The following parameters were applied to achieve best quality of the obtained spectra: minimum signal intensity 1,000, maximum signal intensity 4,050 and a size threshold
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of 9 connected pixels. After this, the different spectra of particles selected by PFA
were averaged per particle to create the final SL. The average spectral profiles,
which constituted a SL for a given NP, of each type of NP suspension were obtained based on 536, 431, and 361 single averaged NP spectra for Ag, Au and
TiO2 NPs, respectively. This library was then used for further spectral angle mapper (SAM) analysis. In the specific cases of CuO NPs and QDs it was not possible to apply PFA, because the reference NPs did not meet the above mentioned
conditions. Therefore, for these two types of NPs, 20 spectral profiles of different
particles from the reference material were collected manually and integrated into
an SL. In general, for every SL acquisition, selected endmembers were checked
not to contain spectra with (i) too low intensity (background noise), (ii) too high
intensity (peak shape deformation) and (iii) low number of connected pixels with
inhomogeneous spectral profiles.
e. Application of a spectral classification method to localize and semi-quantify
NPs in sample image
The SL obtained by PFA was then used with a classification algorithm (SAM) to
estimate the relative abundance of NPs per cell. SAM calculates the similarity
between the spectral profile in each pixel of the sample HSI and the SL obtained
from the reference HSI at each of the n wavelength bands. This is done by first
determining a vector in n dimensions that represents the distance from the origin
(dark) to the light intensity recorded in each band of the sample spectrum. The
direction of this vector in n-dimensional space is used to define a unit vector representing the sample spectrum. The same procedure is performed for the reference spectrum. SAM then determines the angle between the two unit vectors.
The best spectral match occurs when the angle between these vectors is the
smallest. The most restrictive match was achieved when the angle between reference and sample spectra was ≤ 0.1 radians. Once the sample HSI was loaded
for SAM analysis a spectral subset was used in order to eliminate possible interference due to background noise. For each type of the NPs a specific spectral
subset was used (10-nm sized Ag NPs: 450 to 700 nm; 20-nm sized Ag NPs: 580
to 800 nm; 10-nm sized Au NPs: 550 to 800 nm; 20-nm sized Au NPs: 600 to
800 nm; TiO2 NPs: 400 to 800 nm; CuO NPs: 600 to 1,000 nm and QDs: 620 to
720 nm), depending on their main peak regions (Figure 2). In the final step of
SAM a classification image was created and overlaid onto the original sample
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HSI. Thereby, pixels that were classified to contain a spectral profile similar to the
reference SL were located and highlighted in the sample HSI. In general, as the
reference SL contained multiple endmembers (see Figure 1), the final classification pixels in the image were composed of multiple colors, correlating with each
endmember. These were then combined by simply merging the different colors to
a single color, leading to a single matching result. For quality assurance, every
reference SL was used on HSIs of control cells that were not incubated with NPs.
No false positives were detected, except for TiO2 NPs.

3.6.1.2 Brightfield imaging

As a complementary method to HSI-M for uptake monitoring, samples were also
analyzed using a Leitz Laborlux S brightfield (BF) microscope equipped with a
Leica DFC290 camera at 100x magnification. This was possible, as NPs formed
agglomerates in the protozoans during incubation that were visible with this type
of microscopy (see Figure S3 for exemplary BF images). One-cell images were
saved as grayscale images and then analyzed in ImageJ (rsb.info.nih.gov/ij/) using the following steps: (i) thresholding, (ii) inverting image, (iii) particle analysis.
For all BF images, the same settings were applied. NP agglomerates appeared
as dark areas in the protozoa. The results were presented as agglomerateequivalent area per cell.

3.6.1.3 Viability assay

T. thermophila in 10 mM HEPES buffer, pH 7.0, was exposed to NPs at indicated
concentrations for 2 or 24 h in 5-mL tubes (Falcon) in a volume of 1 mL at cell
concentration of 5×105 cells mL-1. For detection of dead and membrane damaged cells SYTOX® Green Nucleic Acid Stain (Life Technologies Europe B.V.,
Carlsberg, USA) was added to NP-exposed cells at a concentration of 1 µM and
incubated at room temperature for 10 min. The fluorescence of the DNA bound
stain was measured with flow cytometry. Protozoan suspension not exposed to
NPs was used as a negative control and protozoa exposed to 5 mg L-1 of Ag2SO4

110

Potential of Hyperspectral Imaging Microscopy for semi-quantitative analysis of nanoparticle uptake by protozoa

(100% lethal concentration) and 1 mg Cu/L of CuSO4 (50% lethal concentration)
as a positive control [294, 315].

3.6.1.4 Oxidative stress assays

T. thermophila was exposed to NPs as in the viability assay (see above). For detection of intracellular ROS and lipid oxidation CellROX® Green Reagent and
BODIPY® 581⁄591 C11 (Life Technologies Europe B.V., Carlsberg, USA), respectively, were added to NP exposed cells at a concentration of 5 µM and incubated at room temperature for 20 min. The fluorescence of the oxidized stain was
quantified by flow cytometry. Protozoan suspension not exposed to NPs was
used as a negative control and protozoa exposed to 100 µM cumene hydroperoxide (Life Technologies Europe B.V., Carlsberg, USA) as a positive control.

3.6.1.5 Flow cytometry

Accuri C6 Flow Cytometer® was used for fluorescence and light scattering
measurements in T. thermophila. In all cases 488 nm laser was used for excitation and data of all the fluorescent markers used in this study were analyzed using the FL1 channel (emission at 530±15 nm).

111

Chapter 3

Figure S3.1: Hyperspectral images of reference NPs (see Table 3.1) incubated in protozoan
extracellular substances (ES). The images were acquired using 100x objective with a zoom
in of 6x.

Figure S3.2: Cytotoxicity induced by metal and metal oxide NPs in Tetrahymena thermophila, quantified by measuring the fluorescence of the nonviable cell marker Sytox Green. All

112

Potential of Hyperspectral Imaging Microscopy for semi-quantitative analysis of nanoparticle uptake by protozoa

the values were normalized to the fluorescence of positive control (protozoa exposed to
100% lethal concentration of Ag2SO4). Nanoparticles were considered to cause lethality in
protozoa when the % of dead cells was above the respective value in control (unexposed)
cells (above 5 % at 2 h and 5.5 % at 24 h). Thus, some cytotoxicity was observed only for
-1

10 mg L TiO2 NPs after 24-h exposure.

Figure S3.3: Bright field images of Tetrahymena thermophila exposed to NPs for 2 h (top
row) and 24 h (bottom row).

Figure S3.4: Darkfield images of a Tetrahymena thermophila cell exposed to 20 nm Ag na-1

noparticles at 10 mg L for 2 h. The images were taken at consecutive focal planes along
Z-axis. Scale bar = 20 µm.

Figure S3.5: Hyperspectral images of Tetrahymena thermophila exposed to 20 nm Ag NPs
for 2 h. Red areas indicate matched pixels when spectral angle mapping (SAM) analysis
was performed on the same cell using spectral libraries (SLs) from Ag NPs in aqueous
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suspensions (A) and SLs obtained from Ag NPs incubated in protozoan extracellular substances (B). Scale bar = 10 µm.

Table S3.1: Significance of reference NP incubation with extracellular substances, NP concentration and size as well as
exposure time on the HSI analysis results (expressed as %
matched pixels per cell area).
%Matched pixels

Ag

Au

TiO2

CuO

Extracellular

***

n.s.

n.s.

n.s.

Concentration

-

***

***

***

Size

*

**

-

-

Exposure time

***

***

n.s.

***

subs-

tances

Significance
***

levels:

n.s. – not

significant,

*

**

P<0.05,

P<0.01,

P<0.001

Used model: yijkl=µ+αi+βj+γk+δe+εijkl
With yijkl: dependent variable (%matched pixels), µ: overall mean,
-1

αi: extracellular substances y/n, βj: concentration (mg L ), γk: size
(nm), δe: exposure time (h), εijkl: random error
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Figure S3.6: Hyperspectral image (HSI) of a non-exposed (control) Tetrahymena thermophila cell analyzed by spectral angle mapping (SAM) with a spectral library (SL) of TiO2.
Areas erroneously recognized as TiO2 are highlighted in red and with an arrow. Scale bar =
10 µm.

Figure S3.7: Spectral signature of CdSe/ZnS core/shell quantum dots.
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Figure S3.8: Exemplary spectral angle mapping (SAM) analysis performed on hyperspectral images of (A) 10 nm Ag-incubated cells using spectral libraries( SLs) of 10 nm Ag NP
(A1) and 20 nm Au NP (A2) reference particles and (B) 20 nm Au-incubated cells using SLs
of 20 nm Au NP (B1) and 20 nm Ag NP (B2) reference particles. Pixels matched to the respective reference library are indicated in red. False positives only occurred in case of B2,
where the spectra under scrutiny were very similar. Scale bar = 10 µm.
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Figure S3.9: Bright field images of Tetrahymena thermophila exposed to Ag NPs (A, B) and
Au NPs (C, D) for 2 h (A, C) and 24 h (B, D). Images were taken with a 40X objective.
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Figure S3.10: Comparison of hyperspectral imaging of internalized metal NPs (% matched
pixels/cell area) with bright field image analysis (agglomerate area/cell area) for semiquantification of internalized nanoparticles. Data from the 2- and 24-h uptake experiments
with Au and Ag NPs were collectively correlated; see Table 3.1 for concentrations of NPs
and Figure 5 for uptake data expressed as % matched pixels per cell area. a.u. – arbitrary
units.

3.6.1.6 Correlations of Nanoparticle Uptake as Quantified with HSI-M with Sublethal Effects of Nanoparticles

As stated earlier, in the current study NP uptake experiments were conducted at
sub-lethal concentrations to T. thermophila (Figure S2). However, in some exposure conditions NPs induced increased intracellular ROS and/or lipid peroxidation
in protozoa as measured by the fluorescence of CellROX® Green and BODIPY®581⁄591 C11, respectively. We compared the rate of NP uptake by T. thermophila with the ROS and lipid peroxidation induced by the NPs. Specifically, we
focused comparatively on inert Au NPs and particles which are known to dissolve
at a more extended rate, i.e., Ag NPs [316]. ROS generation and oxidative stress
are considered the best-accepted paradigm to assess and compare the toxicity of

118

Potential of Hyperspectral Imaging Microscopy for semi-quantitative analysis of nanoparticle uptake by protozoa

NPs [317]. ROS generation by metal-based NPs can be triggered directly, promoted by particle properties at the nanoscale, or indirectly by dissolved, toxic
metal ions from NPs. NPs can produce ROS at the nano-bio interface or inside
the cells, where acidic phagosomes or lysosomes may promote the dissolution of
NPs [317]. As lipid molecules constitute approximately 30–80% of biological
membranes by mass [318], peroxidation of lipids in response to ROS is a very
likely scenario and a good biomarker of cellular oxidative stress. Thus, considering the range of possible pathways for ROS generation and consequent reactions
in the cell, we expected the correlations between NP uptake and biological effects to depend on the NP type and dissolution properties. When we compared
the uptake versus ROS formation and lipid peroxidation induced by Au and Ag
NPs, in general, the correlations in case of Ag were better than these of Au NPs
(Figure S11). Ag NPs as more soluble particles could induce ROS proportionally
with the uptake into food vacuoles by releasing Ag ions from NPs in close proximity of biomolecules and membranes [319, 320]. Conversely, the uptake pattern of
Au NPs did not correlate well with the ROS generating potential of the particles.
The high values of fold change in fluorescence of CellROX Green when used in
the presence of 20nm Au NPs (Figure S11A) could partly be caused by the contribution of surface plasmon resonance (SPR) of Au NPs to the fluorescence signal due to the overlapping wavelengths of absorbance/SPR of Au NPs (450/524
nm) and excitation/ emission of CellROX Green (485/520 nm). Interestingly, after
2 h of exposure, much higher Au NP uptake rate (expressed as percentage of
matched pixels per cell area) compared to Ag NP (9 times higher in case of
10 nm particles and 3 times higher in case of 20 nm NPs) resulted in the same
level of lipid peroxidation (Figure S11 C, D), indicating deviation from good correlations between uptake and sub-lethal effects for the more inert NPs compared to
more dissolvable and bioreactive NPs.
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Figure S3.11: Scatter plots illustrating the relationship between the potential of Au and Ag
nanoparticles at 10 mg L

-1

to induce intracellular ROS and lipid peroxidation in Tetrahy-

mena thermophila and the cellular uptake levels of these NPs as determined by HSI. The
data labels in the graphs denote the size of the respective NP/exposure time. a.u. –
arbitrary units.
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Abstract
Analytical detection and quantification of multi-walled carbon nanotubes
(MWCNTs) in complex matrices such as soils is very challenging. In an initial approach to this task, we identify MWCNTs by making use of their different (e.g.,
rod-like) shape compared to other (native) soil particles and in particular soot,
which is ubiquitously present in soils. A shape factor ρ, determined using asymmetrical flow field-flow fractionation coupled to multi-angle light scattering (aF4MALS), was used to discriminate MWCNTs of different aspect ratios, as well as
mixtures of soot and MWCNTs, in pure suspensions. MALS results were additionally confirmed using automated electron microscopy image analysis. We then
analyzed different soil types which consistently showed ρ-values that differed
from pure MWCNTs. To test the performance of the method for MWCNT detection in such complex matrices, we conducted standard additions of a MWCNT as
well as soot to an agricultural soil. Extracts from these MWCNT-spiked soils
showed increased ρ-values compared to soot-spiked or native soil. The method
detection limit for the MWCNT was 1.6 to 4.0 mg g-1 soil and lies within the range
of commonly used black carbon quantification methods, but is much higher than
any currently predicted environmental concentration. Additionally, the method is
currently limited by a relatively narrow dynamic range of ρ. Despite these limitations, our results suggest that aF4-MALS provides specific shape information that
may be linked to an actual MWCNT presence in soils. Further method improvement potential is outlined along different steps of the workflow.
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4.1

Introduction

Since Iijima first described tube-like structures of sp2-hybridized carbon [69] - now
known as carbon nanotubes (CNTs) - this new material type has undergone an
enormous development, which is reflected by a production volume that already
exceeds several thousand tons per year [24]. CNTs are increasingly used in consumer products [24, 321] that include, e.g., lightweight composites in cars and
aircrafts, antifouling paints, batteries and water filters. As the prices of multiwalled carbon nanotubes (MWCNTs) are still orders of magnitude lower than for
the single-wall types (SWCNTs) [24], they prevail in terms of production volumes.
During their life cycle, these materials could potentially be released into the environment via different routes [26, 234, 322]. They might even be intentionally applied in agriculture, as several beneficial effects of CNTs on plants were postulated, such as enhanced water uptake, seed germination, and cell growth [237,
323]. Such direct applications would induce much higher fluxes into soils than
predicted to date [324]. In contrast, some studies suggest that CNTs negatively
affect soil microbial communities as well as plants [248, 325, 326], after being
released into the environment. This highlights the need to efficiently assess the
environmental distribution of CNTs. However, detection and quantification methods for CNTs in soils and sediments are still not well established. One of the
main challenges in CNT quantification in soils and sediments is the ubiquitous
presence of black carbon (BC) particles. These originate from wildfires or incomplete combustion of fossil fuels [95], and have chemical and physical properties
similar to CNTs. First attempts to quantify CNTs in soils were made by Sobek
and Bucheli in 2009 [94], using standard additions and a chemothermal oxidation
method (CTO-375). Unfortunately, this method alone is not able to differentiate
between soot-BC and CNT-BC. Alternative methods, such as thermal/optical
transmittance/reflectance [97] or thermogravimetry (coupled to mass spectrometry [96]), make use of the lower thermal stability of some SWCNT compared to
soot. However, the thermal stability may vary depending on the length and the
thickness of the CNTs, and even be comparable to soot [94], resulting in potential
co-isolation. Also, quantification of CNTs may be influenced by matrix effects in
more complex samples, such as urban dust and sediments [96, 97]. Further
promising techniques include extraction of CNTs with suitable surfactants and
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near-infrared fluorescence (NIRF) [102], or microwave-induced heating [98].
However, the former is only applicable to SWCNT, and the latter lacks specificity.
Given the limitations of these different methods, it is evident that quantification of
CNTs in real-world samples will probably require applying a suite of complementary methods in one single workflow. A parameter that is very special for CNTs is
shape: CNTs are rod-like to randomly coiled structures with high aspect ratios,
whereas soot particles consist of spherical primary particles [92] aggregated to
fractal-like structures [327]. A technique that has already been employed for
shape description of environmental colloids [113] is asymmetric flow field-flow
fractionation (aF4) coupled to multi-angle light scattering (MALS). Asymmetric
flow field-flow fractionation in combination with UV-Vis or electron microscopy
(EM) has previously been used to separate CNTs in suspension [328-330], and
coupled with MALS for measuring their length and dispersion state [331, 332].
Thus, aF4-MALS may be able to detect changes in the overall shape of a natural
sample once CNTs are present.
Here, we describe the development of an aF4-MALS method to differentiate between a MWCNT and soot in synthetic mixtures of these materials. We used automated EM in combination with image analysis tools to confirm the aF4-MALS
results, and tested the robustness and performance of aF4-MALS to identify a
MWCNT in natural soil samples spiked with this analyte. The potential and limitations of this approach are discussed in terms of methodological figures of merit,
and its applicability to actual environmental samples.
4.1.1 Theory
The principles and theory of aF4 and MALS have been presented in detail elsewhere [128, 333]. Here we will briefly describe the main concepts of MALS, because our data is mainly based on this technique. All MALS measurements are
commonly evaluated using equation (4.1):
3(4)
56

= M P(θ)

(4.1)

where R(θ) is the Rayleigh ratio, c the concentration of the sample, K a contrast
factor, M the molecular weight of the sample, θ the scattering angle, and P(θ) the
particle scattering function. The latter describes the angular dependence of the
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scattered light and is dependent on the size and shape of the particles. Based on
the MALS data and equation (4.1), the radius of gyration (rg) can be extrapolated
as the slope of the function

3(4)
56

vs. sin= (θ/2) at zero angle. The radius of gyra-

tion can be interpreted as the weighted average of all possible radii of a particle
from its center of mass. Therefore, rg is susceptible to changes in particle shape.
The hydrodynamic radius (rh) is approximated for non-spherical particles as the
radius of a sphere with the same diffusion behavior. It can be obtained either
from aF4 retention time calibrated with latex spheres with a known size or by
online dynamic light scattering (DLS) measurements. The ratio of these two radii
gives a shape factor
AB

ϱ=A

C

(4.2)

that is a direct measure for particle shape [334]. Homogenous spheres show a ρ
of 0.775 [113], and values >0.775 indicate a deviation from a spherical particle
shape. In addition, ρ is proportional to a particle’s aspect ratio [334], thus for high
aspect ratio–particles, such as MWCNTs, high values for ρ can be expected.

4.2

Materials and methods

4.2.1 Chemicals and analytes
Ammonium nitrate (NH4NO3, ≥99%), sodium azide (NaN3, ≥99.5%) and sodium
deoxycholate (SDC, ≥98%) were purchased from Sigma-Aldrich (Buchs, Switzerland). Nanosphere™ size standards were purchased from Thermo Scientific
(Fremont, CA). Carrier solutions for aF4 were prepared in Milli-Q water (Millipore,
Zug, Switzerland). Before use, all carrier solutions were filtered through 0.1 µm
Durapore filters (Millipore). Long pristine (MW1), long carboxylized (MW2), short
pristine (MW3) and short carboxylized (MW4) MWCNTs were purchased from
Cheap Tubes Inc. (Brattleboro, VT). All MWCNTs were declared to be of 90–95%
purity and to have an elemental carbon content of >96%. The MWCNTs were
used as received without further purification. However, characterization of the
very same batch of MWCNTs has been carried out over several years in our
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group [94, 335, 336], and detailed data are provided in the electronic supporting
information (Table S4.1). Here, we additionally imaged the suspensions of the
MWCNTs using scanning electron microscopy (SEM) (see Figure S4.1). Forklift
Diesel soot (Standard Reference Material (SRM) 2975, National Institute of
Standards and Technology (NIST), Gaithersburg, MD) with spherical primary particles in the range of 35 nm [92] served as a BC standard. For reasons of simplicity, we here refer to this material as “soot”.
4.2.2 Soils and sediments
A series of well-characterized soils and sediments served as natural samples for
our method, i.e., a loamy sand agricultural soil from Germany (LUFA Standard
soil 2.2., Landwirtschaftliche Untersuchungs- und Forschungsanstalt, Speyer,
Germany), a clay (vertisol) soil from Australia, several soils from the Swiss Soil
Monitoring Network (NABO) and a marine sediment from Baltimore Harbor, USA
(NIST SRM 1941b). The clay soil as well as the sediment were part of an earlier
BC inter-laboratory ring trial, and thus well characterized [337]. The NABO soils
had been analyzed for BC content by Agarwal and Bucheli [93]. For detailed parameters and description of the used soils see Table S4.2.
4.2.3 Analyte suspensions and sample extracts
4.2.3.1 Pure supensions and corresponding mixtures of MW1 and soot
For aF4-MALS measurements, MWCNTs and soot were dispersed in 2%
SDC/0.05% NaN3 solution at a nominal concentration of 50 mg L-1 and sonicated
for 3x10 min in a 720W high-power sonication bath (Bandelin, Berlin, Germany)
with intermediate shaking. Sodium azide was added to both samples and aF4
carrier solution to prevent bacterial growth. Subsequently, the dispersion was
centrifuged at 17’500g for 10 min (Sorvall Superspeed, DuPont Instruments,
Newton, CT) to remove agglomerates. The overlaying half of the volume then
served as a working suspension. This methodology has been shown before to
yield very stable and well dispersed suspensions [102]. Suspensions were free of
aggregates (see Fig. S1 for SEM images of the suspensions) and very stable,
with ζ-potentials around -50 mV. Residual MWCNT and soot concentrations in
the supernatants were determined by UV-Vis (at λ=289nm), calibrated with different concentrations (1-15 µg mL-1) of the analytes in non-centrifuged dispersions.
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Appropriate volumes of MW1 and soot suspensions were then mixed to yield
mass ratios of 0.8:1, 1:1, 1.3:1, 2:1 and 4:1 (corresponding to MW1 mass fractions of 44.5, 50.0, 56.5, 66.7 and 80%).
4.2.3.2 Extractions of soils and sediments
Prior to use, each soil was dried at 105°C until constant weight, sieved (<2 mm
mesh gauge) and ground using a ball mill (Retsch MM400, Haan, Germany).
Then, 30 mg were extracted in 10 mL 2% SDC/0.05% NaN3 solution as described above for pure suspensions. Each sample was extracted in 3 replicates.
4.2.3.3 Standard additions of MW1 and soot to soil extracts
For simulation of 100% analyte extraction efficiency and determination of a nominal method detection limit (MDL), standard additions of MW1 and soot of 5, 13,
25 and 50 µg mL-1 (corresponding to 1.6, 4.0, 8.4 and 16.4 mg g-1 of soil, respectively) were performed to extracts of the Lufa 2.2 agricultural soil. These soil extracts were obtained by extraction of 120 mg of unspiked soil with 40 mL 2%
SDC/0.05% NaN3 as described above for pure suspensions, including the centrifugation step. One 20-mL aliquot was then spiked with the respective
MW1/soot powder to a concentration of 100 µg mL-1, sonicated as described before, and then diluted into the unspiked aliquot, to maintain the original matrix. At
this stage, another centrifugation step was omitted to ensure that the nominal
analyte concentrations were still met. Therefore, in these samples, agglomerates
were still present.
4.2.3.4 Standard additions of MW1 and soot to soil
Both MW1 and soot were also spiked directly to the Lufa 2.2. agricultural soil at
concentrations identical to those of the extracts described before (1.6, 4.0, 8.4
and 16.4 mg g-1 of soil) to determine an effective MDL. Spiking was performed by
mixing the respective mass of the analyte into the soil with a spatula and carefully
disintegrating visible agglomerates/chunks. The spiked soil was then placed into
a Turbula powder mixer (Turbula System Schatz, Willy A. Bachofen AG, Switzerland) for 24h. From the resulting samples, 30 mg were extracted in 10 mL 2%
SDC/0.05% NaN3 solution according to the method described above for pure
suspensions and unspiked soils, including all steps. Each sample was extracted
in 3 replicates and then joined to form a collective sample.
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4.2.3.5 Separation (aF4) and online detection (UV-Vis, MALS)
For aF4, we used a commercial apparatus (AF2000, Postnova Analytics GmbH,
Landsberg, Germany). This instrument was connected online to a UV-Vis diode
array detector (PN3241, Postnova Analytics), a 21-angle MALS detector
(PN3621, Postnova Analytics), and a Malvern Zetasizer (Infors, Bottmingen,
Switzerland). The aF4 channel was trapezoidal-shaped, 350 µm thick (defined by
a spacer), 29.8 cm long (inlet to outlet), and had a 2 cm maximum width. All runs
were done with a 10-5 M NH4NO3/0.02% NaN3 mobile phase (pH 6.5), which has
previously been shown to be suitable for CNT fractionation in aF4[332]. Particle
recoveries over aF4 were tested with several commonly used membranes (see
Table S4.3), and were highly variable for both CNTs and soot. Since the objective
of this paper is a differentiation of particles based on shape, we selected regenerated cellulose membranes (RC; 10kDa). This membrane type was the only one
that provided equal recoveries (~50%) for both types of particles. Operating conditions of the aF4 were optimized to separate both size standards, as well as the
samples with the same method. Membranes were changed at the latest after 20
to 25 injections. All injections were performed in triplicate with an autosampler
(PN5300, Postnova Analytics). Further fractionation conditions were as follows:
injection volume adjusted to 5 µg absolute analyte mass (280-410 µL, pure suspensions) or 500 µL (natural samples and standard addition experiments), detector flow 0.5 ml min-1, cross flow 1 ml min-1 with a power gradient of 0.2, injection
flow 0.2 ml min-1, injection time 10 min and fractionation time 40 min. At the end
of the fractionation process, a 7-min rinse step without cross-flow but full detector
flow was applied, to minimize the risk of cross-contamination between injections.
4.2.3.6 Fraction collection, automated electron microscopy and image analysis
Suspensions of pure MW1, soot, and mixtures thereof were fractionated after aF4
using a fraction collector (PN8050, Postnova Analytics). For their analysis by
SEM, 375 µL of the collected fractions were filled into a conical Eppendorf tube
with a carbon-coated TEM grid on a plastic stopper. This setup resulted in a water column of 5 mm height above the TEM grid. The particles were deposited on
the TEM grids by centrifugation (1h at 16’000 g) using a swinging bucket rotor.
Images were recorded on a SEM (Nova Nano-SEM 230, FEI, USA) with a transmission electron detector. The bright field signal was used for image formation. In
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total, 40 (soot), 30 (MW1) and 20 (mixture) images were automatically recorded
at a fixed magnification (20’000) using INCA suite 4.15 (Oxford Instruments, Oxford, UK). All images were automatically processed in Fiji (background removal
and thresholding) to obtain binary images and then skeletonized using the ‘Skeletonize 2D/3D’ and ‘Analyze Skeleton 2D/3D’ plugins [338-340]. The “longestshortest” branch was then used as the skeleton length. Distributions of this skeleton length from the pure materials then served to calculate percentages of MW1
and soot in mixed suspensions by applying the following linear model [341]:
XEFG = α ∙ XJKLMN + β ∙ XQRRS + ε

(4.3)

where X is the skeleton length distribution of the respective material (see index),
α and β the relative contribution of the corresponding material to the total number
based amount of particles, and ε accounts for the difference between modeled
and observed distributions and for random errors.
4.2.3.7 MALS data analysis
Data analysis was always performed on the last of three replicate injections (if not
stated otherwise), to ensure data acquisition at stable run conditions. MALS data
were analyzed with NovaMALS 1.0.0.9. (Postnova Analytics). Since the actual
geometry of the particles (MWCNT and soot) was unknown, a 5th grade polynomial Debye fit for P(θ) that implies an arbitrary shape[113] was used for rg calculations (for examples, see Figure S4.2). The rh was determined by calibrating the
retention time (UV-Vis) with two different mixtures of Nanosphere™ size standards (10, 50, 100, 175 nm and 30, 75, 150, 200 nm, Figure S4.3). The resulting
calibrated values for rh were in good agreement with values from online DLS
measurements (7-19% deviation). According to equation (2), ρ was then calculated over the aF4 retention time from rg and rh values, and represented in a fractogram. For further evaluation, a shape factor difference
∆ρF =

WX,Y WZB,Y
WZB,Y

(4)

was calculated for each point of the retention time i, where ρc,i is the shape factor
of a given analyte concentration and ρbg,i is the shape factor of the native background (e.g., soot, soil) at the same time point. Values for ∆ρF were then averaged over 50% of the MALS 92° peak width for each concentration.
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4.2.3.8 Quality control, method validation and statistics
A correct normalization of the light scattering detector was assured by repeated
measurements of size standards, and subsequent verification of obtained rg values. Blank measurements were run regularly to assure artefact free analyses.
Additionally, alternate injections of MW1 and soot on the same membrane were
performed to ensure that no carry-over effects occurred.
The recovery from aF4 runs was determined as follows:
]

R(%) = ] ∙ 100
"

(4.5)

where S and S0 are the peak areas without void peak of the detector signal (UV,
λ=289 nm/MALS 92°), obtained with and without cross-flow, respectively. Additionally, we compared MALS 92° peak areas of samples that were spiked to soil
with those that were spiked to soil extracts (simulated 100% extraction efficiency)
to indirectly calculate analyte extraction efficiencies. Reproducibility of ρ over retention time was determined by three independent measurements and monitored
by repeated measurements of known samples (e.g., the Lufa 2.2 soil extract).
To determine the instrumental limit of detection (LOD), we measured ρ distributions of decreasing MW1 amounts (from 5 down to 0.05 µg, constant injection
volume) in pure suspensions. Here, we define the LOD to be the lowest injected
MW1 mass, until which the distribution of ρ remains stable.
Method detection limits were calculated for the matrices soot and soil. Three different cases were evaluated (for the description of the samples see sections before): (i) mixtures of MW1 and soot (MDLsoot), (ii) standard additions of MW1 to
soil extracts (nominal MDLsoil) and (iii) standard additions of MW1 to soil (effective
MDLsoil). For the first one, a t-test was applied on the the ρ-values obtained over
50% of the MALS 92° peak width to compare each mixture (one replicate, n=1)
with pure soot. For the second and third, the area under each ρ-distribution (three
independent measurements, n=3) was calculated as “area under curve”, evaluated using one-way analysis of variance (ANOVA) and finally compared by pairwise comparison with a Bonferroni test. To compare these results with a more
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conventional way of determining MDL, we used the well-established concept by
Keith et al. [342], according to which the MDL is defined as three standard deviations of a blank sample (3σ), the detection criterion being (St-Sb) > 3σ (with St
representing the average signal for the sample and Sb the average signal for the
blank). All statistical analyses were done with the software R (version 3.01, the R
Foundation for Statistical Computing) integrated in RStudio (version 0.97.551,
RStudio, Boston, MA).

4.3

Results and discussion

4.3.1 General features of aF4-MALS fractograms and consequences for their
interpretation
During all measurements, rg values decreased with increasing time in the beginning of the aF4 fractograms (Figure S4.2). This was caused by void/steric elution
of particles (≤160 nm rg) that were not retained after focusing. After this
void/steric elution, particles always showed increasing rg values with increasing
time (normal mode) throughout the remaining elution. Because calibrated rh values referred to normal mode elution (see also Figure S4.3), meaningful ρ-values
could only be obtained beyond this inversion point. This also explains the high ρ
values in the beginning of the fractograms (Figure 4.1) which were therefore disregarded. Toward the end of the peak (e.g., after 40 to 45 min, Figure S4.2), rg
values sometimes showed a slower increase compared to rh, which led to a
steep decrease of ρ, depending on the particle or respective mixture. This was
due to a more pronounced curvature of

3(4)
56

at larger particle sizes that could not

be fitted correctly anymore using the Debye algorithm. Consequently, for further
data evaluation, we chose 50% of the MALS 92° peak width (full width at half
maximum), where both effects were negligible.
An injected mass of 0.5 µg pure MW1 was the lowest amount until which the ρ
distribution remained stable (Figure S4.4), and was therefore defined as LOD.
While the MALS 92° signal-to-noise ratio (S/N) was still above 10 (Figure S4.4),
we generally preferred ρ over the more conventional S/N ratio at a given (shape
dependent) MALS angle as a measure of detection limit, because it provides the
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more integral analyte signal information. Moreover, we chose injection amounts
>2.5 µg as a starting point for all subsequent experiments to measure in a range
well above the LOD.

Figure 4.1: (A) Fractograms obtained by aF4-MALS with shape factor ρ (filled circles) for
equal mass injections (5 µg) of different types of pure MWCNT suspensions: MW1 (pristine, medium aspect ratio (1500), ●), MW2 (-COOH, high aspect ratio (3750), ●), MW3 (pristine, low aspect ratio (200), ●) and MW4 (-COOH, low aspect ratio (200), ●). Vertical lines
indicate the transition points between void/steric and normal mode elution and solid lines
show the 92° MALS signal for each type of MWCNT in the respective color. The shaded
area corresponds to particle sizes too large for appropriate fitting using the Debye algorithm. (B) Average shape factor ρ obtained from 50% of the MALS 92° peak width vs. nominal aspect ratio of the different MWCNTs. Bars represent the standard deviation of the ρvalues over the selected retention time window.

4.3.2 aF4-MALS analysis of MWCNTs and MW1-soot mixtures
To assess the relation between ρ and nominal aspect ratios, we measured various MWCNTs that differed in this parameter (Figure 4.1). Shape factors for these
MWCNTs were found to correlate with their nominal aspect ratios (R2=0.877,
y=6·10-5x+1.052, p=0.058, Figure 4.1B). The dynamic range, however, was less
pronounced than expected. This may be due to selective losses of longer
MWCNT to the aF4 membrane (as described in detail in the following section).
Consequently, recoveries for MWCNTs (and soot) in aF4 were highly variable,
depending also on the nature of the membrane material (see Table S4.3), as well
as on carrier composition [332] and cross-flow selection [124]. After precondition-
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ing a 10 kDa RC membrane with two injections, we obtained stable recoveries of
50 ± 9% for soot and 50 ± 5% for the pristine long MWCNT (MW1, also see Table
S4.1 and S4.3) determined by aF4-UV/Vis analysis. These recoveries were favorable for our type of analysis, as they were similar for both kinds of particles,
avoiding a bias on the shape factors from the start. These values were, however,
significantly lower compared to those reported by Gigault et al. [332] for short
carboxylized MWCNTs (94 ± 2%) under similar separation conditions. We measured such shorter, functionalized MWCNTs as well (see Figure 4.1), and
achieved recoveries of around 75% in the first injections, which then stabilized
between 41 and 49%, possibly indicating interactions between mobile phasedispersed and membrane-bound MWCNTs.
Figure 4.2A shows the ρ-value fractograms for soot, MW1, and mixtures of both.
Soot exhibited rather uniform ρ-values in the retention time window between 23
and 37 min. With an increasing fraction of MW1 in the mixtures, the elution profile
of the ρ-values developed an increasing maximum at about 31 min, similar to
pure MW1. The increase of this maximum was concentration dependent (Figure
4.2B). In addition, the increase in ρ was different at different time points (Figure
4.2A). Such an increase in ρ points to a separation by length, which has been
described before using EM [328, 329]. However, fractions of MW1 in the
MW1/soot mixtures remained rather constant throughout the fractogram (see
Figure S4.5). Thus, it was not possible to physically separate MW1 and soot using aF4 under the selected conditions.
The increase in the MW1 fraction in the mixtures correlated well with the average
∆ρ of each concentration (R2=0.997, y=0.0041x-0.146, p=0.0025, Figure 4.2B).
Statistical analysis (t-test, p<0.001) resulted in a MDLsoot of 44.4% (w/w, corresponding to 2.2 µg injected MW1 mass). Conversely, a soot content of 20% was
significantly (t-test, p<0.001) discriminated from MW1. Amorphous carbon/soot
contents in commercial CNT products can range up to approx. 50% [343], [344],
and would thus influence the shape properties of the overall product. Thus, the
method presented here may contribute to identifying the soot content of CNT
powders after production.
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Figure 4.2: (A) Fractograms obtained by aF4-MALS with shape factor ρ (symbols) for equal
mass injections (5 µg) of a pristine long MWCNT (MW1, ●), soot (●) and different mixtures
(w/w) of both: 44.5% (♦), 50.0% (■), 56.5% (■), 66.7% (▲), and 80.0% (▼) MW1 in soot. The
vertical line indicates the average transition point between void/steric and normal mode
elution and solid lines show the 92° MALS signal of pure soot (black) and pure MW1 (red).
The shaded area corresponds to particle sizes too large for appropriate fitting using the
Debye algorithm. (B) Average shape factor difference ∆ρ obtained from 50% of the MALS
92° peak width vs. MWCNT content in the mixtures. Bars represent the standard deviation
of the ∆ρ-values over the selected retention time window.

4.3.3 Orthogonal confirmation of aF4-MALS results using automated EM in
combination with image analysis
Fractions of MW1, soot and a mixture of both (1:1 w/w), collected from aF4 analyses similar to those displayed in Figure 4.2, were imaged and analyzed using
automated EM in combination with image analysis tools (Figure 4.3). The skeleton length distribution of MW1 and soot was different and allowed a quantification
of their fractions in a mixed sample after aF4. This was accomplished by a linear
combination fit using the skeleton length distributions of pure MW1 and soot as
references. Results indicated that the mixture consisted of 34% MW1 and 58%
soot. The linear model explained 92% of the observed skeleton length distribution
of the mixture, while 8% remained unexplained. The fraction of MW1 derived
from the EM analysis was somewhat lower than the corresponding fraction determined from aF4-MALS generated ρ-values averaged over the retention time
collected for EM analysis (52% MW1, 48% soot). Deviations between the two
methods may be explained by artifacts related to the sample preparation protocol
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for EM analysis, resulting in different image qualities that affected the results from
the image analysis procedure to various degrees. Common EM artifacts, such as
particle recognition, overlapping particles or contaminations on the EM grid may
affect the length distributions of pure MWCNT and soot source profiles and thus
the particle quantification. The observed contamination effects were mostly related to carbonaceous materials condensing at the location of the electron beam
which resulted in a darkening and loss of contrast of the images. An additional
cleanup, such as a thermal treatment under vacuum, may reduce these contamination effects and thus help to increase image qualities and the figures of merit of
the EM technique. If number based losses in the aF4 can additionally be quantified, the combination of aF4 - as a technique able to gently reduce sample complexity - with EM analysis holds the potential to obtain number based concentrations of MWCNTs and soot from complex samples.
Furthermore, EM analysis of aF4 fractions revealed additional information on the
behavior of MW1 in the aF4 channel. Nanotube-shaped particles were modeled
to elute in normal mode up to 500 nm rod length (1 nm diameter) [345]. Nominal
lengths of MW1, however, were much larger (see Table S4.1). Image analysis of
EM images indicated that eluting MW1 ranged from 0.1 to 1 µm in length, with a
maximum number at around 300 nm (Figure 4.3). These findings support the hypothesis that longer MWCNTs initially present (see Figure S4.6) were lost, most
likely on the aF4 membrane, and that skeleton lengths of up to 1 µm eluted in
normal mode. As discussed in greater detail by Phelan and Bauer [345], the loss
of longer CNTs may be explained by decreased rotation with increasing length
and alignment of the particles at the accumulation wall.

135

Chapter 4

Figure 4.3: EM image analysis workflow (from left to right: original, thresholded and skeletonized images with longest-shortest branch through the particle (red) and side branches
(grey)) and skeleton length distributions obtained from skeletonized images of MW1, soot
and a 1:1 (w/w) mixture of both. Images were taken and analyzed from aF4 fractions collected during 28-32 min retention time. The distributions of MW1 and soot (solid/dashed,
red,: MW1; black: soot) are displayed together with the 1:1 (w/w) mixture (solid, yellow).

4.3.4 aF4-MALS analysis of native soils
In a next step, we measured ρ values of a diverse range of native soil and sediment samples to assess the range of possible background situations (Figure 4.4,
for raw data, see Figure S4.7). Recoveries of their extracts over aF4 ranged between 43% (NIST SRM 1941b) and 66% (BC Vertisol), determined using the
MALS 92° peak areas (n=3). Values for ρ of all analyzed soils/sediments were
different from pure MWCNTs (Fig 1B) and varied between approx. 0.65 (NABO
89) and 1.0 (BC Vertisol) (Figure 4.4). They should thus provide enough contrast
for detection of spiked MW1, with a ∆ρmin of ~0.26 (Lufa 2.2) and a ∆ρmax of ~0.61
(NABO 89). Colloids extracted from soil have been measured by von der Kammer et al. [113], who obtained higher ρ-values (ρaverage =1.12) compared to
extracts of the native soils in this study. This difference may stem from different
sample preparation (e.g., lower centrifugation forces and different extraction con-
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ditions used by von der Kammer et al. [113]) as well as chemical/physical differences between the analyzed soils. For example, organic soils such as NABO 67
and 89 showed lower ρ values than some of the clay soils (NABO 1 and 46) or
sandy soils such as the Lufa 2.2.

Figure 4.4: Compilation of average shape factor ρ values obtained from 50% of the MALS
92° peak width of suspensions of (i) pure MW1 and soot (■), (ii) native soils (▼): Lufa 2.2
(agricultural soil), BC Vertisol (Clay vertisol from Hammes et al. [337] ringtrial), NABO 46
(agricultural soil), NABO 1 (grassland soil), NABO 89 (turf) and NABO 67 (organic soil from
a vegetable garden) and (iii) a marine sediment (▲): NIST SRM 1941b. Bars represent the
standard deviation of the ρ-values over the selected retention time window.

4.3.5 aF4-MALS analysis of MW1 and soot spiked to soil extracts
While differences in ρ between pure MW1 and soil reached values up to ∆ρ~0.61
(Figure 4.4), we tested whether such differences also apply to mixtures of both.
To do so, we selected the Lufa 2.2 agricultural soil for standard addition experiments. This soil had several advantages; (i) it is a possible CNT recipient matrix
due to its agricultural origin, (ii) it is well characterized and commercially available
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to other researchers in its function as a reference soil and (iii) it provides a “worst
case” scenario in terms of ρ, as it showed one of the highest values among the
soils we studied, similar to pure soot (Figure 4.4).
Asymmetric flow field-flow fractionation served to eliminate some of the matrix
constituents that would otherwise disturb MALS detection and ρ determination.
Compared to pure MW1 suspensions (Figure 4.2A), higher ratios of the void peak
relative to the analytically accessible part of the MALS 92° peak were observed
(see Figure S4.8). Thus, some soil constituents that were not retained after focusing were thereby separated from the peak of interest.
Spiking of MW1 to soil extracts (Figure 4.5A, for raw data see Figure S4.8) led to
a concentration dependent increase in ∆ρ up to an apparent plateau above 25 µg
mL-1 (corresponding to 12.5 µg injected mass). The highest concentration
showed ρ-values comparable to pure MW1 (up to approx. 1.2; see Figure 4.2A,
Figure 4.4 and S4.8). Obviously, the soil extract did not influence the aF4 -MALS
analysis negatively and provided a contrasting background for the MWCNTs, as
all ∆ρ values were above the soil baseline (∆ρ=0). Conversely, spiking of soot
yielded negative ∆ρ-values (Figure 4.5B). Absolute ρ-values were comparable to
pure soot (approximately 0.9; see comparatively Figure 4.2A and S4.6). Also, ρ
values for soot were again more uniform compared to MWCNTs over the main
peak region (Figure S4.7). This behavior could already be observed in pure suspensions (Figure 4.2A). Interestingly, the lowest soot concentration showed the
highest difference in ρ to the blank soil, while the highest soot concentration was
identical to it. Currently, we cannot provide a satisfying explanation for this observation.
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Figure 4.5: Average shape factor differences ∆ρ obtained from 50% of the MALS 92° peak
width in relation to spiked concentrations and injected masses of (A) MW1 and (B) soot,
both spiked to soil extracts of the Lufa 2.2 soil that is represented by the dashed red line
(∆ρ=0). Bars indicate the standard deviation of the ρ-values over the selected retention
time window.

4.3.6 aF4-MALS analysis of MW1 and soot spiked to soils
When MW1 was added directly to soil and then extracted (Figure 4.6A, for raw
data see Figure S4.9), ∆ρ increased with increasing MW1 concentration, similar
to Figure 4.5A, but with a lower standard deviation. Shape factor differences also
plateaued between 8.4 and 16.4 mg g-1. The highest MW1 concentrations again
showed ρ-values comparable to pure MW1 (see comparatively Figure 4.2A and
S4.9). No concentration-dependent increase in ∆ρ was observed upon addition of
soot (Figure 6B), and ∆ρ-values for the different concentrations were consistently
below the soil baseline (∆ρ=0). This is surprising, as from Figure 4.4 and 4.5B, it
could have been expected that ∆ρ for soot mixed to the Lufa 2.2 soil should be
closer to, or even overlapping, the baseline (∆ρ=0). Although this is again not
easily explained, the different ∆ρ behavior of MW1 and soot in soil nicely shows
the different reaction of the measurement system to the presence of differently
shaped particles.
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Figure 4.6: Average shape factor differences ∆ρ obtained from 50% of the MALS 92° peak
width in relation to spiked concentrations of (A) MW1 and (B) soot, both spiked to the Lufa
2.2 soil that is represented by the dashed red line (∆ρ=0). Bars indicate the standard deviation of the ρ-values over the selected retention time window.

4.3.7 Quality control and method validation
Sodium deoxycholate was employed far above the critical micelle concentration
(2.4 mM [346] or 0.09%, respectively) to efficiently extract MWCNTs. In this concentration it did not influence the measurements (see blank analyses in Figure
S4.10B). Alternating injections of pure MW1 and soot suspensions showed that
no detectable carry-over effects occurred between injections in terms of ρdevelopment (Figure S4.10A). Between these injections, ρ-values showed relative standard deviations (RSDs) of approx. 7% (soot) to 8% (MW1). Reproducibility of aF4-MALS analyses of MW1 spiked to soil extracts and soils was highest in
the peak center and end; approx. 2-10% RSD in case of soil extracts (Figure
S4.11A) and 1-6% in case of soils (Figure S4.11B). The higher reproducibility of
the latter may be attributed to the centrifugation step, which removes agglomerates.
When applied to the soil, the dynamic range of the measured signal ρ spread between 0.7 and 1.2. This range is rather narrow and limits the approach in general.
It could potentially be extended if losses of longer MWCNTs during aF4 separa-
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tion are reduced. For example, Gigault et al. achieved recoveries of 89% for
SWCNTs and measured ρ-values of up to 3.6, corresponding to SWCNT lengths
up to 2 µm [124]. Also, depending on the type of the CNT, ρ may be higher (Figure 4.1B, MW2).
The nominal MDLsoil obtained from the standard additions to soil extracts was 5
µg mL-1 (corresponding to 2.5 µg injected mass or 1.6 mg g-1 of soil, respectively)
based on statistical analysis. This MDL was comparable to the MDLsoot in terms
of injected mass, which nicely illustrates the selectivity of the method in these
different matrices. Applying the approach by Keith et al. [342], we calculated the
nominal MDLsoil according to the criterion (St-Sb) > 3σ, with St = 0.956 (average
ρ-value of three replicate measurements of the lowest concentration within 50%
of the MALS 92° peak width), Sb = 0.868 (average ρ-value of the blank) and 3σ =
0.051 (three times the standard deviation of the blank). Thus, the lowest MWCNT
concentration fulfilled the criterion with 0.088>0.051 and both methods resulted in
the same nominal MDLsoil. This also held true for the effective MDLsoil that was
higher (4.0 mg g-1) though. This increase can be explained by limited analyte extraction efficiencies of 62 ± 10% (n=4), which were somewhat lower than those of
Schierz et al. [102] (approx. 75%). Differences may be explained by differences
in sonication (bath vs. horn) and extraction procedure (single vs. sequential).
The nominal MDLsoil is in the range of traditional MWCNT/BC-determination
methods such as CTO-375 (0.23 mg g-1) [93] or more recently developed methods such as TGA-MS (0.1 mg g-1) [96]. However all of these are still far above
any currently predicted environmental concentration (e.g., 0.01-0.1 µg g-1 for sediments and 0.01 µg g-1 in soils treated with biosolids [25]).
4.3.8 Further optimization of aF4-MALS
Several improvements of the analytical workflow that were beyond the scope of
this conceptual paper may alleviate the current shortcomings of the method and
lead to better recoveries. Analyte losses of 30-40% during extraction are problematic considering the expected low environmental concentrations. They may be
minimized using, e.g., other surfactants or solvents, and improved extraction procedures. Additional (selective) analyte loss that occurs during aF4 could be reduced by exploring new carrier compositions, separation conditions or membrane
materials. For example, identifying membranes that are unfavorable for soot but
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well suited for CNTs (e.g. the polyether sulfone type shown in Table S4.3), may
be an elegant way to increase aF4 recoveries and gain CNT selectivity.
The measures suggested above may also lead to lower MDLs. Additionally, extracted analyte amounts may be increased through introduction of selective enrichment steps (e.g, density gradient ultracentrifugation [347]). Analyte amounts
at the detector may be increased through the use of preparative aF4 injection
volumes or use of smart stream splitting [348].
Another shortcoming is related to the aF4-MALS technique itself: as every environmental sample - even the one that is analyte-free - will provide a signal (i.e.,
ρ), there will be a need for some kind of a “baseline” measurement of the uncontaminated matrix. The best way to deal with this problem may be the establishment of an aF4-MALS database of MWCNT-free soils, spanning over as many
representative soils/soil types as possible.
4.3.9 aF4-MALS within the larger analytical workflow
We envision the presented method to be part of a larger analytical workflow for
detection and quantification of CNTs in natural samples. Already now, the method presented is considered useful to accompany exposure studies in soils and
sediments, in which CNTs are present in the range of native BC concentrations.
Ideally, the method may be preceded, e.g., by extraction and isolation of BC by
different means (e.g., CTO-375, [94] see also ESI, and other thermo-analytical
methods [349]), and followed by fraction collection, elemental (e.g., by monitoring
embedded trace catalytic metals[350]) and spectroscopic analyses (such as
NIRS [102], Raman [101]). Automated EM may then deliver orthogonal shape
information, provide additional particle number concentrations, and may, coupled
to X-ray analysis, also be useful for BC identification [351].

4.4

Conclusions

We used aF4-MALS to differentiate between particles of different shapes
(MWCNTs, soot and native soil particles). Different MWCNT aspect ratios as well
as mixtures of soot and MWCNTs were efficiently discriminated. Fractions of
MWCNTs in MWCNT-soot mixtures calculated based on ρ obtained by aF4MALS were in reasonable agreement with results from automated EM analysis.
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Compared with native soil, addition of MWCNT led to increased ρ values, while
addition of soot decreased them. The current MDLs for MWCNT are within the
range of other BC quantification methods, but far above any currently predicted
environmental concentration. To overcome this limitation, further development of
suitable enrichment techniques will be necessary. While the method is currently
limited by a rather narrow dynamic range, natural soils exhibited ρ-values that
were consistently at the lower end, allowing for specific identification of high aspect ratio particles, such as MWCNTs. Electron microscopic analysis could support aF4-MALS by providing orthogonal confirmation as well as quantification capabilities, if contamination effects and losses over aF4 can be reduced. Overall,
aF4-MALS in combination with EM and image analysis could be a valuable technique to be integrated into future analytical workflows to confirm MWCNT contents in soils.
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4.6

Supporting information

Figure S4.1: Example SEM images of the used Soot/MWCNTs suspended in 2%SDC/0.05%
NaN3.
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Figure S4.2: Example Debye fits (5 degree) at maximum peak height for (A) soot and (B)
MW1 in pure suspensions. Corresponding rg (filled circles) distributions and MALS 92°
signals (solid lines) are shown below the fits.

Figure S4.3: Example fractograms of the two different mixtures of Nanosphere™ size
standards (A and B), as well as the resulting calibration function used to determine rh (C).
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Figure S4.4: (A) Fractograms obtained by aF4-MALS with shape factor ρ (colored circles)
for different injected masses of MW1. Solid lines represent the MALS 92° signal in the respective color. Vertical line indicates the average transition point between void/steric and
normal mode elution. (B) Average shape factor ρ obtained from 50% of the MALS 92° peak
width (colored circles) and its signal to noise ratio (crosses) in relation to the injected MW1
mass. Bars represent the standard deviation of the ρ-values over the selected retention
time window.

Figure S4.5: (A) Fractograms obtained by aF4-MALS with shape factor ρ (lines) of MW1,
soot and different mixtures (a-e) of both corresponding to Figure 2 in the main manuscript.
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(B) Normalized MWCNT-frequency in the five analyzed mixtures of MW1 and soot over the
retention time. MWCNT frequencies were calculated in MatLab, comparing ρ-values of the
different mixtures at the individual time points relative to the pure MWCNTs.

Figure S4.6: Example SEM image (transmission mode) of MW1 suspended in 2%
SDC/0.05% NaN3 before fractionation. Note that lengths >1µm are present.
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Figure S4.7: Fractograms obtained by aF4-MALS with shape factor ρ (symbols) for different soils and a sediment. Values represent the average of three independent measurements. Vertical lines indicate the transition point between void/steric and normal mode
elution of the respective soil (colors).

Figure S4.8: Fractograms obtained by aF4-MALS with shape factor ρ (symbols) of standard
additions of MW1 (A, average values, n=3) and soot (B, n=1) to a Lufa 2.2 soil extract with
-1

the following analyte concentrations: 0 (●), 5 (●), 12.5 (▼), 25 (▲), and 50 (■) µg mL (cor-
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responding to 1.6, 4, 8.4 and 16.4 mg g of soil, respectively). Vertical line indicates the
transition point between void/steric and normal mode elution and solid lines show the 92°
MALS signal of the Lufa 2.2 soil extract (black) and the highest concentration of MW1 (A,
red) and soot (B, red).

Figure S4.9: Fractograms obtained by aF4-MALS with shape factor ρ (symbols) of standard
additions of MW1 (A, average values, n=3) and soot (B, n=1) directly to soil with the follow-1

ing analyte concentrations: 0 (●), 1.6 (●), 4 (▼), 8.4 (▲), and 16.4 (■) mg g . Vertical line
indicates the transition point between void/steric and normal mode elution and solid lines
show the 92° MALS signal of the Lufa 2.2 soil extract (black) and the highest concentration
of MW1 (A,red) and soot (B, red).
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Figure S4.10: (A) Alternating injections of Soot and MW1 on the same membrane. Vertical
line indicates the transition point between void and normal mode elution. (B) Typical fractograms of the blank 2% SDC/0.05% NaN3 solution used for dispersion of the samples.

A

B

Figure S4.11: Relative standard deviations (%RSD) of n=3 independent repeated ρmeasurements of standard additions to a Lufa soil extract (A) and directly to soil (B) (cor-
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responding to article Figure 4 A and 5 A, respectively). Vertical lines indicate the transition
point between void/steric and normal mode elution.

4.6.1 Example for the integration of aF4-MALS into a different analytical workflow: CTO-375
For further illustration, we also analyzed extracts obtained from soil treated by
CTO-375 which is often used to isolate BC (Figure S12 A and B; for information
on the procedure also see Sobek and Bucheli1). When the native BC content is
very low (as in the case of the Lufa 2.2 soil) it can be expected that no difference
in ρ between the four MWCNT concentrations applied here is observed after CTO
treatment of the soil, because they will be far above the BC concentration anyway
(plateau effect, see above). This was confirmed in Figure S12A, where unmodified MW1 was spiked to an extract of CTO-375 treated soil. Observed ρ-values in
the peak center were comparable to pure MWCNTs. However, when MW1 underwent the complete CTO-375 procedure in soil, some difference in ρ between
the concentrations were observed again (Figure S12B). During CTO-375, the
CNTs are subjected to different oxidizing conditions that may influence their
chemical (e.g., surface functionalization) as well as the physical properties (e.g.,
defects, length). Thus, to thoroughly combine aF4-MALS with CTO-375, additional knowledge on the transformations that CNTs undergo during the CTO process and their effects on CNT behavior in aF4 is required and could be the objective of future research.
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Figure S4.12: Fractograms obtained by aF4-MALS with shape factor ρ (symbols) for (A)
standard additions of MW1 to an extract of a CTO treated soil and (B) extracts of a MW1spiked soil treated with CTO-375 (for details see materials and methods section). Values
represent the average of three independent replicate measurements. Vertical lines signify
the transition point between void/steric and normal mode elution and solid lines the 92°
MALS signal of the soil (black) and the highest MW1 concentration (red).

Figure S4.13: Example SEM images of Lufa 2.2 soil extracts before and after CTO. Before
CTO, mostly organic material is visible, but also some Al-Silicates, as shown below (Measured using EDX). After CTO, extracts are mainly clean.
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Table S4.1: Properties of the carbon nanotubes used in the experiments.
MWCNT

Nominal
TOC

Length

Max.

(g/kg

ratio

(wt%)

dw)

(nominal)

10-30

20-

(nm)

Functionalization

983.5

(nm)

ID

aspect

MW1

(µm)

OD

SSA
2

BC 375 °C

(m /g)

(g/kg)

5-10

1500

Pristine

>110

658±28

30
MW2

974.6

10-30

≤8

2-5

3750

3.86% COOH

>500

567±0.5

MW3

974.6

0.5-2

≤8

3-5

250

Pristine

>500

239±20

MW4

974.9

0.5-2

≤8

3-5

4-5% COOH

>500

715±5.3

250

Table S4.2: Properties of the used soils.
Soil name

LUFA 2.2

Type

Loamy sand, agri-

TOC

BC

[mg/g]

[mg/g]
a

10.0±2

0.2 (n=1)

b

cultural soil
NIST SRM

c

5.1±1.2

c

1.0±0

Marine sediment

31.8±3.5

Clay vertisol

30.6±1.8

d

1941b
BC Vertisol

c
d

(0.8±0.5 )
NABO 1

Clayey loam,

e

2.1±0.2

f

e

1.3±0.04

38

grassland soil
NABO 46

Loamy

f

28

clay,agricultural
soil
NABO 67

Organic, vegetable

e

261

f

gardening
NABO 89
a)

11.6±1.5
e

Organic, Turf

f

366
b)

4.2±0.3

c)

d)

as provided by the distributor, this work, Ref. [94], Ref.
e)

f)

[337], Ref. [352], Ref. [93]
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Table S4.3: %Recovery over different membrane types for MW1 and soot. Values for regenerated cellulose are average of three independent measurements. Other membrane
materials have been determined only once (last of three subsequent injections).
Membrane

MW1

Soot

Regenerated Cellulose

50

50

55

45

81

32

n.d.

n.d.

(RC) 10kDa (n=3)
Polyvinylidenfluoride
(PVDF) 30kDa (n=1)

Polyethersulfone (PES)
10kDA (n=1)
Cellulose triacetate
(CTA) 10kDa (n=1)
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Chapter 5 An initial approach to obtain
number based concentrations of CNTs
using automated electron microscopy
image analysis
5.1

Motivation

To define a material as a NM, knowledge on the distribution of its dimensions is
needed, e.g., a number based size distribution in the EU definition [8]. Also, in
terms of toxicology, a relation between the size or the number of particles and a
corresponding effect is of high interest. Many NM sizing methods rely on model
assumptions that relate to spherical particles only. This is the case for example in
dynamic light scattering, where the hydrodynamic radius is determined as an
equivalent radius of a sphere with a specific diffusivity. From such measurements, number based distributions can be easily calculated for particles that are
indeed spherical, such as gold or silver NMs. However, for aspherical particles
with heterogeneous length distributions such as CNTs these assumptions fail,
and number based concentrations cannot be generated. Length distributions of
CNTs have been obtained by aF4-MALS [124] and imaging techniques such as
atomic force microscopy (AFM) [353] and EM [354]. In Chapter 4 it was shown
that automated EM can differentiate between MWCNTs and soot particles, as did
aF4-MALS. However, detection limits in aF4-MALS were still rather high compared to predicted environmental concentrations. This might be addressed by EM
that is in essence able to count individual particles in a sample and also provide
accurate measurements of their 2d-dimensions. The sensitivity of this technique
could be increased compared to aF4-MALS, as particles can be concentrated on
a grid surface using centrifugation, with each single particle deposited being
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counted. In addition, the possibility to automate both EM image acquisition and
subsequent image analysis combined with an optimized sample preparation
could potentially speed up the analysis significantly, opening the way for routine
procedures in the future.
For this reason, here, a relatively simple approach to determine number based
CNT concentrations is presented. Different known mass-based concentrations of
pure CNT suspensions were prepared, imaged in transmission mode and analyzed using ImageJ. The obtained particle numbers were cross-validated by
back-calculation to mass concentrations. Moreover, first images of extracts of
spiked soil samples are presented.

5.2

Materials and methods

5.2.1 Nanoparticles, dispersions and extracts
The MWCNT powder used in chapter 4 of this thesis and denoted as MW1 was
used for the following experiments. All MWCNT dispersions and soil extracts
were prepared as described in chapter 4, including separation, fraction collection
and recovery determination in aF4. In short, powder samples (MWCNT or soil)
were dispersed in 2% SDC/0.05% NaN3, sonicated and centrifuged at 17.500g.
The resulting supernatant was then used as a working suspension and separated
over aF4.
Differently concentrated suspensions of agglomerate-free MWCNTs were prepared by diluting a 19.3 ppm suspension into 2% SDC/0.05% NaN3 solution with
subsequent sonication for 10 min. in an ultrasonic bath (720W, Bandelin, Berlin,
Germany). The following concentrations were prepared: 0, 1.5, 2.5, 5, 10, 15 and
19.3 µg mL-1. For more realistic samples, MWCNT-spiked soil samples (1.6 and
16 mg g-1) from the study in Chapter 4 were extracted as well.
5.2.2 Sample preparation for automated EM
For sample analysis by automated SEM, 375 µL of the fractions of aF4-runs (the
middle 25% of the peak area) of the abovementioned samples were filled into a
conical Eppendorf tube with a formvar/carbon-coated copper TEM grid (01820,
Carbon Type A, 300 mesh, removable formvar, TedPella, Redding, CA) on a
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plastic stopper. This setup resulted in a water column of 5 mm height above the
TEM grid. The particles were deposited on the TEM grids by centrifugation (1h at
16’000 g) using a swinging bucket rotor. For the removal of labile organic contaminations from the grid which interfere in the image analysis, a Fischione 1020
plasma cleaner (Fischione, Export, PA) with a 20% oxygen argon plasma was
used.
5.2.3 Automated EM analysis
Images were recorded on a SEM (Nova Nano-SEM 230, FEI, USA) with a transmission electron detector. The bright field signal was used for image formation.
Images were automatically recorded in fast scan mode (approx. 5 images per
min) at a fixed magnification (20’000) using INCA suite 4.15 (Oxford Instruments,
Oxford, UK). For each concentration, 50 images were recorded. All images were
automatically processed in Fiji (ImageJ 1.48q).
5.2.4 Image processing
To each raw image, the following steps were applied in an automated fashion in
Fiji: (i) conversion to 8bit grayscale, (ii) subtract background (light background)
and a rolling ball radius of 10, (iii) thresholding at 0.234, (iv) median filter with a
radius of 4 pixels and finally (v) make binary. Particles overlapping with the image
edges were excluded from the analysis.

Figure 5.1: Image processing example at a magnification of 20000x, showing the original
image (A) and the same image after application of all processing steps (B).
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To obtain length distributions, the thresholded image (as shown in Figure 5.1)
was skeletonized using the ‘Skeletonize 2D/3D’ and ‘Analyze Skeleton 2D/3D’
plugins [338-340] in ImageJ. The “longest-shortest” branch was then used as the
skeleton length.
5.2.5 Calculations
For validation purposes, from the obtained number of particles, the corresponding
mass of the particles was calculated based on the following approach and compared to the initial nominal MWCNT mass in the dispersions:
From the applied image analysis, the area of each particle was obtained. The
geometric shape of the MWCNTs was then simplified into a cylinder with dimensions of:

`a = 2-b
ca = d- = b

With Ap being the measured area (2d representation) of the particle in the image,
Vp the particle volume needed for calculation of the mass, r the particle radius
and l the particle length.
Thus we can write
`a =
ca = d e f b
2b
As the particle aspect ratio is defined as
` =

b
g

With d as the nominal particle diameter, it follows for the particle volume:
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ca = d

`=a
(` g)4

From the MWCNT density it follows for the mass of the particles:
i ca jklm n opq jr kl m n = la jrn
with ρCNT being an average density for CNTs (see below). The concentration of
the particles can then be calculated from the scanned volume, which is:
c

s

t

= `u1s. vu1s. ℎ uxyut

y1

With Aimage being the area of a single image, nimage the total number of images
acquired and hliquid column the height of the liquid above the grid.
The concentration of the particles can then be calculated as follows:
ka =

c

la
s

t

The following parameters were used for the calculation:
d = 25 nm (average nominal outer diameter, according to the manufacturer)
ρCNT =1.7 g cm-3 (MWCNT density expected at the selected outer diameter, according to Laurent et al.[355])
Aimage =48.7 µm2
hliquid column = 5 mm
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5.3

Results and discussion

5.3.1 Potential for the optimization of sample preparation and image processing
The main problems encountered during sample preparation were associated with
contaminations of the grid. Among these were often occurring diffuse carbon
depositions on the sample surface exposed to the electron beam (electron beam
induced deposition (EBID), visible as a darkening “black box” [356]) as well as
special contaminations originating from the surfactant used for MWCNT dispersion (drying artefacts) and general sample handling. One way to overcome contaminations from surfactant drying artefacts was the use of aF4 with a surfactant
free carrier solution before preparation of the sample. This resulted in usually
very clean samples and images with clearly visible MWCNTs, while preparation
of the initial suspension in 2% SDC showed high organic contaminations that
could not be removed by plasma cleaning (PC). Formation of EBID however
could be suppressed by the use of PC. MWCNTs survived 10-30s of PC. The
limiting factor in the use of PC is the thermal stability of the TEM-grid. Depending
on the film material, the manufacturer and even the lot, thermal stability of the
grids varies, resulting in maximum PC time of 30s (with the grid type described in
the materials and methods). However, after 30s, already some cracks in the
formvar film were visible, thus a PC time of 15s was used in the following. Another option that could help to reduce the amount of various organic contaminations
- but was not tested yet - could be to heat the sample more gently under vacuum.
Also, TEM-grids build from more thermally stable materials such as silicon nitride
could enhance possible PC times and thus improve image quality.
Regarding analysis times, the main drawback to this end is the use of aF4 with
run times of 1 h per sample. Sample preparation for EM is usually quite fast; depending on the centrifuge rotor used approx. 30 grids can be prepared together
per centrifuge run (1h). Then, approx. 50 images can be acquired from each
sample in 10 min using fast scan mode.
During image analysis, it was noted that in some cases CNTs were accidentally
segmented (this can also be seen in Figure 5.1. B). This problem arose from the
fact that one single threshold value was applied to all images in the same fash-
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ion. The value used was gathered from the optimization of a few images. However, the obtained value was obviously not optimal for each image. For future automation, it is therefore advisable that the threshold value can be set automatically for each image based on a tailored algorithm (if possible). In addition, thresholding of an image also affects the degree of noise. Here, the use of a median
filter (replaces the value of each pixel by the median value of its neighbours)
proved to be helpful to reduce “salt and pepper”-noise (single (or few)-pixels).
However, still some background remained, as can be seen in the quantitative
section below.
5.3.2 Quantitative evaluation
Number concentrations obtained from image analysis of images as shown in Figure 5.1B were positively correlated with the expected mass based particle concentrations after aF4 (R2=0.85, p=0.024, Figure 5.2A). Using all particles obtained from image analysis for the calculation of the corresponding mass based
concentration a positive correlation was achieved as well (R2=0.79, p=0.017, Figure 5.2B). The calculated concentrations were mostly in reasonable agreement
with the expected values, showing recoveries of 83-496%, when all particles
were used for calculation (Figure 5.2C). In absolute terms, the detected particle
masses were in the order of pg per analyzed area. However, recovery values
were far above 100% at the three lower concentrations, probably due to higher
background interference in this concentration range. When particles with an aspect ratio below 2 were excluded from the calculation, recoveries dropped to 3481%. The extent of this reduction was however much more pronounced at the
three lower concentrations, indicating that this step potentially helped to reduce
background interferences. In addition, the correlation between expected and calculated values increased (R2=0.89, p=0.005). For the performed calculations in
general, it is worthy to note that MWCNT density may vary in dependence of the
outer diameter and the number of walls. According to Laurent et al. [355] the
density of MWCNTs in the present outer diameter range (20-30nm) can vary by
approx. 17% and consequently also influence the outcome of such calculations.
Using a more restrictive cut-off (AR>4) resulted in a near to complete loss of particles in most of the cases.

161

Chapter 5

Figure 5.2: (A) Particle number concentrations quantified by image analysis in aF4 fractions of the different employed MWCNT concentrations (from images as in Figure 5.1B), (B)
Expected mass based MWCNT concentrations after aF4 in relation to mass based MWCNT
concentrations obtained from automated EM image analysis (calculated as described in
the materials and methods section) and (C) obtained recoveries for the calculated mass
based concentrations.

This is in accordance with obtained skeleton length distributions that show that
the samples were dominated by shorter particles (Figure 5.3). An explanation for
this low content of longer particles compared to previous results (see chapter 4)
could be the extremely low particle recovery over aF4 in this case (11±2%) that
led to an extensive loss of the longer particle fraction. The reasons for this low
recovery (also compared to the one achieved in chapter 4) could however not be
clarified. Partially occurring erroneous segmentation of CNTs during image analysis (see section before) is also likely to have contributed to the observed distribution. In addition, the used MWCNT powder is likely to contain residual soot and
amorphous carbon that contribute to the observed low aspect ratio fraction.
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Figure 5.3: Skeleton length distribution obtained from a 19.3 mg L

-1

MWCNT dispersion

after aF4.

5.3.3 First images from extracts of spiked soils
Figure 5.4 shows first images obtained from aF4 fractions of extracts of spiked
soils at low (Figure 5.4A) and high concentration (Figure 5.4B). The latter contained visibly more MWCNTs. Furthermore, it can be positively noted that also
from soil samples, the MWCNTs can be dispersed well enough to potentially enable image analysis of single tubes. For the analysis of soil samples compared to
the pure suspensions, it will be essential to ensure a higher recovery of the longer particle fraction to increase contrast. It would be beneficial, if a dispersing
agent could be found that is more easily removed from the sample surface than
SDC (e.g., an organic solvent of sufficiently high purity that can be evaporated)
while still guaranteeing full dispersion of the MWCNTs.
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Figure 5.4: Scanning transmission electron microscopy micrographs of aF4 fractions of
extracts of the LUFA 2.1 soil, spiked with (A) 1.6 mg g

-1

MWCNTs and (B) 16 mg g

MWCNTs, respectively. MWCNTs are highlighted with red arrows.
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5.3.4 Conclusion
In this small example, it could be shown that in principle, automated EM image
analysis has the potential to generate reasonable number based concentrations
of pure MWCNT suspensions. With optimized sample preparation – especially if
the use of aF4 can be avoided - analysis times could be fast enough to be promising for a potential routine use. Method sensitivity is greatly increased compared
to aF4-MALS, with quantified particle masses (calculated) in the pg range. Images of soil extracts with a suitable quality for image analysis could be generated.
However, the approach is still hampered by the fact that aF4 with low recovery of
long MWCNTs and long run times has to be employed to achieve images suitable
for the actual automated analysis. In addition, image processing must be optimized to avoid accidental segmentation of CNTs and to decrease noise. Exploration of techniques able to remove labile organic carbon contaminations - such as
heating under vacuum - merits further investigations.
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Abstract
Agricultural soils represent a potential sink for increasing amounts of different
nanomaterials that nowadays inevitably enter the environment. Knowledge on the
relation between their actual exposure concentrations and biological effects on
crops and symbiotic organisms is therefore of high importance. In this part of a
joint companion study, we describe the vertical translocation as well as plant uptake of three different titanium dioxide (nano-)particles (TiO2 NPs) and multiwalled carbon nanotubes (MWCNTs) within a pot experiment with homogenously
spiked natural agricultural soil and two plant species (red clover and wheat). TiO2
NPs exhibited limited mobility from soil to leachates and did not induce significant
titanium uptake into plants, although average concentrations were doubled from 4
to 8 mg kg-1 Ti at the highest exposures. While the mobility of MWCNTs in soil
was limited as well, microwave induced heating suggested MWCNT-plant uptake
independent of the exposure concentration.
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6.1

Introduction

It is scientifically ascertained that, due to their increased production and use, nanomaterials (NMs) will inevitably enter the environment [289], including soils. The
currently most produced NMs are titanium dioxide nanoparticles (TiO2 NPs) [23].
They are used in diverse applications such as paints, UV-protection, photovoltaics and photocatalysis [199], but also as a food additive [59]. Carbon nanotubes
(CNTs) are closing the gap in the last years, with 10-fold increased production
volumes since 2006 [24]. Due to their extraordinary mechanical and electrical
properties, CNTs are mostly used as building blocks in light-weight composite
materials as well as electronics.
These particles can enter soils via different pathways [234, 289]. Application of
biosolids to landfills and irrigation with surface waters is most likely for TiO2 NPs,
while CNTs may enter soils via landfills and atmospheric deposition [144]. These
types of release are unintentional, however, also applications in plant protection
and fertilization have been foreseen [324, 357], which may lead to severely increased fluxes of these NP into soils. Apart from the positive effects and functions that are envisioned for agricultural applications of TiO2 NPs and CNTs [324,
357], such as protection of active ingredients and increased plant growth, respectively, also negative effects on microorganisms and plants have been reported
[246, 251, 325].
The enduring uncertainty regarding the environmental safety of NP highlights the
need for a thorough risk assessment of these materials, which includes the study
of their effects on organisms and the ecosystem as well as their fate. However,
the analysis of NPs such as TiO2 and CNTs in complex systems such as real
soils is challenging in many ways. For both, elemental analysis alone is not sufficient to trace the particles due to high elemental background concentrations of Ti
and carbon.
Therefore, most studies until now used simplified laboratory systems as well as
specifically labeled particles for eased detection to investigate both NP transport
through porous media as well as plant uptake, often without confirmation of actual exposure concentrations. For example, TiO2 NP transport was investigated in
sand columns under well controlled conditions [358, 359]. Fang et al. [242] stud169
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ied TiO2 NP transport through soil columns at very high concentrations (40 g kg1

). However, vertical translocation of both TiO2 NPs and CNTs has neither been

investigated yet on a large scale, i.e., large pot experiments or field studies, nor
in the presence of plants. Plant uptake was shown for TiO2 NP in hydroponic exposure systems at high concentrations [360, 361]. In contrast, in a more realistic
exposure setting using natural soil amended with TiO2 NPs, Du et al. [251] found
no uptake of Ti into wheat. Also, CNTs were shown to be taken up into plants
[159, 237, 362] from hydroponic systems. However, until now, no data is available for CNT uptake from natural soils, in which CNT transport and subsequent
availability to plants could be different due to their high interactions with the soil
matrix [243, 363, 364].
Here, we investigated the vertical distribution and leaching behavior of three different TiO2 (nano-)particles (P25, E171 and bulk TiO2) and the vertical distribution of a multi-walled CNT (MWCNT) within two elaborate pot exposure studies
with red clover (Trifolium pratense) [365] and spring wheat (Triticum spp.) [366] in
natural soil, and quantified their fractions in aboveground parts of the plants. We
used recently developed methods such as microwave induced heating (MIH) [98]
and asymmetric flow field-flow fractionation coupled to multi-angle light scattering
(aF4-MALS) [367] to detect and quantify unlabeled MWCNTs in plant and soil
samples, respectively. We additionally imaged root cross sections of exposed
plants using (scanning) transmission electron microscopy. All data from this study
were gathered to accompany two corresponding effect studies with actual, rather
than nominal exposure concentrations. These studies examined the functionality
of the ecosystem in presence of the NPs with regard to nitrogen fixation by the
red clover-rhizobium symbiosis, as well as root colonization by arbuscular mycorrhizal fungi of both red clover [365] and wheat [366].

6.2

Materials and methods

6.2.1 Chemicals and nanoparticles
Food grade E171 TiO2 particles were obtained from Sachtleben Chemie GmbH
(Duisburg, Germany). All other chemicals and TiO2 nanoparticles were purchased
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from Sigma-Aldrich (Buchs, Switzerland). Uncoated titanium containing NPs were
selected to represent different primary particle size ranges; average primary particle sizes were determined by TEM image analysis and were 29±9 (P25, n=92),
92±31 (E171, n=52) and 145±46 nm (Bulk TiO2, n=49), see also Figure S6.1. Anatase was the dominating crystal structure in all of the used particles. However,
P25 also contains 20% rutile, according to the manufacturer.
Multi-walled carbon nanotubes were purchased from Cheap Tubes Inc. (Brattleboro, VT). They were declared to have a length of 10-30 µm, and outer diameter
of 20-30 nm, a purity of >95% and an elemental carbon content of >98%. The
MWCNTs were used as received without further purification. Further characterization of the MWCNTs used was carried out and described in [94, 367]. All parameters were confirmed to be within the specified ranges with the exception of
CNT length. The latter could only be determined in suspension, where it may
have been altered due to sonication necessary for dispersing the particles.
6.2.2 Soil
A natural soil was collected from an agricultural field at the facility of Agroscope,
Zurich (N47° 25' 39.564" E8° 31' 20.04"). The soil was classified as brown earth
with a sandy loamy to loamy fine fraction. The top layer (5 cm) of the soil was
removed and approx. 0.9 m3 of the underlying 15 cm topsoil were sampled. The
soil was then sieved <5 mm, homogenized by shoveling it three times from one
soil pile to another, and stored in a dry place until it was used in both clover and
wheat experiments.
6.2.3 Spiking of the soil with NPs
The soil was firstly blended with quartz sand (50 % v/v) to facilitate the recovery
of below-ground plant organs after harvest. The properties of the soil-sand mixture are listed in Table 1. First, 300 g of the sand-soil mixture were each mixed
with (i) 0.03 g (wheat experiment only), 0.3 g (clover experiment only), 3 g and 30
g of TiO2 NPs (both experiments), and (ii) 90 mg and 88 g MWCNT powder (clover experiment only), each in a 500 mL glass bottle which was rotated in a powder mixer (Turbula® T 2 F, Willy A. Bachofen AG, Basel, Switzerland) for 30 min.
For P25 and MWCNTs, the highest particle amounts resulted in a volume too big
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for the glass bottles. Therefore, these were split in two and four aliquots, respectively, and each aliquot mixed with 300 g sand-soil mixture.
Into a cement mixer, 30 kg (including the pre-mixture) of a fresh sand-soil mixture
(50% v/v) were added, to yield final nominal NP concentrations of 1, 10, 100, or
1000 mg kg-1, respectively, for TiO2 NPs, and 3 or 2933 mg kg-1 for MWCNTs.
The mixing chamber was covered with a plastic sheet to avoid dust formation and
run for 6 h. The soil was not dried before mixing to avoid changes to the microbial
community structure, also investigated in Moll et al. [366]. Actual exposure concentrations were verified by X-ray fluorescence spectroscopy (XRF, for TiO2) and
chemo-thermal oxidation at 375°C [94] (CTO-375, for MWCNTs/Black Carbon
(BC)) analysis as described below.
6.2.4 General experimental design
A detailed description of the general setup, design and execution of the underlying exposure experiments is given in [365, 366]. In brief, for each plant type seven pot replicates were generated for each NP treatment, consisting of seven
plants per pot for red clover and three for wheat. Each pot was filled with a drainage layer of sand (0.5 L, 520 g) and 3.3 kg soil (corresponding to 2.9 L). Each pot
was kept at 50-60% (wheat) and 60-70% (red clover) of the total water holding
capacity (WHC, Table 1) during the entire experiment. Plants were grown over a
period of three months in a greenhouse with a 16 h light period (light intensity of
300 W m-2) and a 25/16°C light/dark temperature regime.

Table 6.1: Properties of the soil-quartz mixture (50:50 v/v) administered to the pots.
Parameter
Org. C %
CEC mmol+/kg
CaCO3 %
pH
max. WHC g H2O/g dry soil
Sand %
Silt %
Clay %

Value

StDev

0.55
6
2.6
7.7
0.308
86.1
6.3
6.7

0.03

0
0
0.5
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6.2.5 Sampling of soil cores
Soil cores were sampled at the day of harvest from each pot using a conventional
soil driller with a 2 cm diameter. Two cores were taken per pot and each divided
into three depths (0-5, 5-10 and 10-15 cm). For each depth, both subsamples
were joined into one and stored in plastic bags at 4°C until further processing.
6.2.6 Titanium analysis in soils with XRF
The soil samples from the cores were dried at 60°C until a constant weight resulted, and ground to a fine powder using a Retsch ZM400 Ball Mill (Retsch
GmbH, Haan, Germany) with a tungsten carbide bead at a frequency of 25 s-1 for
5 min. Four grams of ground soil were homogenously mixed with 0.9 g of wax
and pressed to a 32 mm tablet at 15 tons. Tablets were analyzed using an energy-dispersive XRF spectrometer (XEPOS, SPECTRO Analytical Instruments
GmbH, Kleve, Germany). For correction of matrix effects, standard additions of
the respective material to the soil were performed. For quality assurance we also
analyzed a certified lake sediment reference sample (LKSD1, CANMET Mining
and Mineral Sciences Laboratories, Ontario, Canada) with recoveries for Ti of
>95%.
6.2.7 Titanium analysis in leachates with ICP-OES
A week before harvest, each pot was watered with 520 mL tap water, leading to
approx. 110% WHC. Consequently, 45 mL of leachate were collected through a
valve at the bottom of the pots. The leachate was analyzed on the same day
without any further treatment using inductively-coupled plasma optical emission
spectrometry (ICP-OES) (ARCOS, SPECTRO Analytical Instruments GmbH). For
quality control, an external Ti containing standard solution (ICAL, Bernd Kraft
GmbH, Duisburg, Germany) was analyzed. The instrumental limit of quantification for Ti was determined at 22 µg L-1.
6.2.8 MWCNT quantification in soil with CTO-375
The CTO-375 procedure used in this study is described in detail in Sobek and
Bucheli [94]. This method quantifies total soil BC, which also encompasses
MWCNT-carbon. We analyzed the soil samples taken from the cores, as well as
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the bulk spiked soil before the experiment. For the latter, six random grab samples of approx. 10 g were taken from the spiked pile.
Briefly, all soil samples were dried at 105°C until weight constancy was achieved,
and ground to a fine powder as described before. Dry and ground soil was then
weighed into Ag-capsules, and subjected to thermal oxidation at 375°C under a
constant air stream for 24 h. Subsequently, CTO treated samples were fumigated
with concentrated HCl for 4 h, washed, dried, placed into Sn capsules and analyzed using an elemental analyser (Euro EA, Hekatech, Germany). For quality
assurance, we also analyzed a marine sediment (standard reference material
SRM 1941b, NIST, Gaithersburg, US) with a known BC content. The obtained
values were within ±5% of the BC content of previous own measurements as well
as compared to Hammes et al. [337]. Further quality assurance measures will be
covered in the results and discussion section.
6.2.9 MWCNT analysis of soil with aF4-MALS
The method for MWCNT detection using aF4-MALS is described in detail by
Gogos et al. [367]. Briefly, 120 mg of dry and ground soil from the cores were
extracted with 10 mL of a 2% sodium deoxycholate/0.05% sodium azide solution,
sonicated three times for 10 min using a high power sonication bath (720W, Bandelin, Switzerland) and centrifuged at 17.500g for 10 min. The supernatant was
then used as a working suspension. This procedure was performed for each replicate of each soil depth. Afterwards, the replicates of each depth were joined to
form a collective sample and analyzed using aF4-MALS, which generates a
shape factor ρ from the radius of gyration and the hydrodynamic radius for each
time point in the aF4 fractogram. The difference in ρ (∆ρ) compared to native soil
is then used to detect the MWCNTs [367]. The method detection limit (MDL) of
the present study is presented and further discussed in the results and discussion
section.
6.2.10 Titanium analysis of plants with ICP-OES
From both plants, the parts used as food or feed were analyzed, i.e. the whole
aboveground clover, and the wheat grains. Dried plant samples were ground to a
fine powder using a Retsch ZM200 centrifugal mill (Retsch GmbH). Subsamples
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(100 mg) were digested in a mixture of 0.2 mL hydrofluoric acid, 1.5 mL nitric acid
and 0.2 mL hydrogen peroxide using a microwave (Ultraclave, MLS, Germany).
The sample volume was subsequently adjusted to 50 mL. Digested samples
were analyzed using ICP-OES (CIROS, SPECTRO Analytical Instruments
GmbH). For quality assurance we also analyzed an industrial sludge reference
sample (standard reference material SRM 2782, NIST, Gaithersburg, US) with
recoveries for Ti of >85%.
6.2.11 MWCNT analysis of plants with MIH
Dry plant material was ground to a fine powder as described before. The amount
of MWCNT uptake was then quantified by MIH, which is described in detail by Irin
et al. [98]. (MW)CNTs have a high microwave absorption capacity, which results
in a rapid rise in temperature within a very short microwave exposure time. Original method development included the generation of a calibration curve using the
thermal response as a function of known CNTs spiked into Alfalfa (Medicago sativa) root samples.
Utilizing the data from Irin et al. [98], a new calibration curve was generated,
where the slope of the curve depends on the respective nanomaterial and the
intercept on the sample type. To this end, first, the initial slope was corrected using a factor based on the ratio of the source nanomaterials (MWCNTs of this
study) microwave sensitivity and the one of the Irin et al. study. The sensitivity
was determined by exposing ~1 mg of MWCNT powder to 30 W microwave power (2.45 GHz frequency) and recording the final temperature rise immediately
(within 1 s) with a temperature rise (∆T) of 346 °C. Second, the intercept was corrected based on the control plant microwave response. Figure S6.2 shows the
renormalized calibration curve for MWCNTs at 50 W (6 s). The plant samples
from the controls and the two MWCNT treatments were then tested at 50 W over
6 s and the quantity of MWCNT uptake were calculated using this new calibration
curve. The limit of detection (LOD) as well as the limit of quantification (LOQ)
where calculated based on the temperature rise from five measurements of control plant samples (blank signal) according to Keith et al. [342] (3 and 10σ above
the blank signal, respectively).
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6.2.12 Transmission electron microscopy of root cross sections
Fresh root samples were washed with tap water and pre-fixed in 2.5% glutaraldehyde in phosphate buffered saline directly on the day of harvest and stored at
4°C until processing. Ultrathin cross sections (70 nm thickness) were obtained by
cutting root samples embedded in epoxy-resin using an ultramicrotome (Ultracut
E, Leica, Wetzlar, Germany). The detailed sample preparation steps are provided
in the SI. Ultrathin sections were imaged using a TEM (Tecnai G2 Spirit, FEI,
Hillsboro, USA), coupled to an energy-dispersive X-ray (EDX) spectroscope (XMax, 80mm2, Oxford Instruments, Abingdon, UK) as well as a STEM (HD-2700Cs, Hitachi, Japan) coupled to an EDX system as well (EDAX, NJ) .
6.2.13 Statistics
In the case of normal distributed residuals and homogenous data, an analysis of
variance (ANOVA) was applied. If these model assumptions were not fulfilled, a
Mann-Whitney test was conducted. All statistical analyses were done with the
software R (version 3.01, the R Foundation for Statistical Computing) integrated
in RStudio (version 0.97.551, RStudio, Boston, MA).

6.3

Results and discussion

6.3.1 Vertical soil distribution and leaching of Ti
Only the highest exposure concentration (1000 mg kg-1) was analytically accessible using XRF, i.e., standard deviations among the replicates were in the order of
the added Ti amount in samples spiked with <1000 mg kg-1 TiO2. Actual dry
weight exposure concentrations of Ti were almost always slightly higher at the
time of harvest than the initial nominal ones predicted from native and added Ti
amounts, probably due to the residual water content in soils at the time of spiking
(Figure 6.1B/C/E/F). However, the differences were minimal (2.5-7.6%) and
overall not statistically significant (except for Figure 6.1C, P25 1000 mg kg-1, 5-10
cm), indicating that the employed spiking procedure was rather reliable. The control soils in the wheat experiment were systematically - though not significantly lower in Ti content and showed higher standard deviations compared to the con-
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trols in the clover experiment. This unexpected result may be explained by the
fact that the two experiments were conducted independently using different subsets of the native soil and also highlights the necessity to verify actual exposure
concentrations.

Figure 6.1: Vertical distributions of elemental Ti as determined by XRF analysis for three
depths and for two different exposure experiments: (A-C) Clover controls and clover ex-1

posed to 1000 mg kg of Bulk TiO2 and P25 and (D-F) Wheat controls and wheat exposed
-1

to 1000 mg kg of E171 and P25. Error bars show the standard deviation of seven replicates. Red squares show the predicted concentrations based on the control values and the
nominal amount of Ti that was added as TiO2 NPs.
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No statistically significant difference could be found between the different soil
layers in any of the treatments (Figure 6.1). Still, some trends could be observed;
the distribution profiles of Ti in the control and in the P25 (80% anatase, 20% rutile) treatments were similar, with a tendency to slightly higher concentrations in
the middle layer in both clover and wheat pots. In contrast, the distribution profiles of the two pure anatase particles (Bulk and E171) both tended towards elevated concentrations in the lowest part.
In addition, Ti concentrations in leachates of these two treatments were significantly elevated compared to the controls (Figure 6.2, p<0.05), thus it can be assumed that the elevated Ti originated from eluting TiO2 NPs. However, the
leached Ti amount - even in the treatments showing significantly higher concentrations – was very low and constituted not more than 10-4% of the initial spiked Ti
amount. In a spiked soil with similar properties to the one used in this study (see
Fang et al. [242], denoted as “JS soil”), a breakthrough of Ti started to occur after
1 pore volume. In our case, 0.52 L of water was added to the pots (equivalent to
30 mm of precipitation) to collect the leachate, which correspond to 0.4 pore volumes only (1.24 L pore volume at full WHC). Thus, the added water amount was
too low to initiate quantitative elution and would therefore explain the relatively
low Ti concentration in the leachate after collection.
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Figure 6.2: Boxplots (solid line=median) showing the Ti content of the leachates in the clover (A, each treatment n=7) and wheat (B, each treatment n=6) experiment. The LOQ is indicated with a solid red line. Significant difference (p<0.05) of a treatment compared to the
respective controls is indicated with an asterisk. The lower and upper borders of the boxes
th

th

represent the 25 and 75 percentile, respectively. Whiskers represent maximum and minimum values, cirles indicate outliers.

The observed difference in mobility (both in terms of Ti profiles and leachate content) may partly be explained by differences in the isoelectric point (IEP) of the
TiO2 particles: while the more mobile Bulk TiO2 and E171 exhibited a very low
IEP of 2.2 (see Figure S6.3), the one of P25 was 5.1, being much closer to the
soil pH (7.7, see Table 1) and indicating a lesser colloidal stability [368]. TiO2 NPs
with low IEPs may thus have a higher tendency to reach the groundwater and
should thus be avoided in applications where this might be of relevance, e.g.,
when used as a component of a plant protection product [324, 357].
6.3.2 Vertical soil distribution of BC/MWCNTs
Figure 6.3 shows the BC distribution as well as the shape factor difference (∆ρ)
for the different soil depths of the 2933 mg kg-1 MWCNT amended clover pots. As
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with Ti, only the highest MWCNT concentration was analytically accessible. The
total background BC in the control soil was 0.50 ± 0.06 mg g-1 (n=4). The specific
recovery of the employed MWCNT in the soil over the CTO-375 method was
85±13% (n=18, determined by standard addition). Therefore, the expected total
BC concentration in the 2933 mg kg-1 MWCNT amended pots after CTO-375 can
be calculated as follows: (2933x0.85)+500=2993 mg kg-1. However, the average
BC content in the spiked soil before filling into the pots was lower than expected,
with 2400±100 mg kg-1 (n=6), corresponding to 80% of the expected BC concentration. Eventually, losses during the large scale mixing procedure could have
contributed to these lower values. The variability of 4% however suggests that
the employed spiking procedure still resulted in a rather homogenous MWCNT
distribution before the experiment. After the experiment, the average BC content
quantified over all soil depths was 2330±280 mg kg-1, corresponding to 78±12%
(n=15) of the total expected BC concentration, with no significant difference between the layers. The average value was comparable to the BC content quantified before the experiment. However, precision, expressed by relative standard
deviations, increased from 4% (original spiked soil) to 12% (aged soil). This increase in variability of the BC content may be associated with partial transport
and/or aging (i.e. physiochemical modification of the particles, influencing their
survival in CTO-375) of MWCNTs during the experiment.
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Figure 6.3: Vertical distribution of BC content in the clover pots, determined by CTO-375
(black circles), and of ∆ρ values, indicative of the presence of MWCNT, determined by aF4MALS (red triangles). The dashed black line shows the native BC content of the soil, while
the dashed red line shows the MWCNT-free soil baseline in aF4-MALS (∆ρ=0). Error bars
show the standard deviation of five replicates. ∆ρ values were determined once from
pooled extracts of the five replicates.

To orthogonally observe the MWCNT behavior between the different layers with a
second method, we also measured the cores with aF4-MALS [367]. With the soil
of the present study, the MDL was at a ∆ρ of 0.099, corresponding to a CTOdetermined MWCNT content of approx. 2 mg g-1 (Figure 6.3), which is slightly
lower than with the soil used in Gogos et al. (4 mg g-1) [367]. The soil layers
showed ∆ρ values of 0.078, 0.1409 and 0.0939 in descending order (Figure 6.3).
Thus, only the value of the middle layer was above the MDL. In combination with
the results from CTO-375 and the increase in variability compared to the initial
spike, this suggests a limited transport of the MWCNTs in the experiment. Such a
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low mobility would be in accordance to a dedicated soil transport study by Kasel
et al. [363].
6.3.3 Plant uptake of Ti
With 4.1 mg kg-1, the determined Ti concentration in the clover control plant material (Figure 6.4A) was in the range of literature values for a plant species of the
same family (Medicago sativa, a legume which also forms a symbiosis with rhizobia) and total soil Ti [369]. After treatment with TiO2 NPs, the average shoot Ti
content of the clover plants increased to 8 mg kg-1 at the highest exposure concentration of both Bulk TiO2 and P25 (Figure 6.4A), however not on a statistically
significant level. For Bulk TiO2, the average Ti content was rising with the exposure concentration, whereas for P25 no such trend could be observed.

Figure 6.4: Total Ti concentration in clover shoots (A) and wheat grains (B) for the different
soil exposures. Error bars indicate one standard deviation (n=4). Different letters above the
bars indicate significant statistical difference (p<0.05).

To elucidate whether this increase in Ti content within the clover shoots was related to the uptake of actual TiO2 NPs, we investigated cross sections of these
roots with TEM and EDX elemental analysis. In clover roots treated with Bulk
TiO2, Ti containing particles with a similar morphology to the employed particles
(Figure S6.1A) were observed at the root surface (Figure 6.5A/A1) but never inside the root cells. Some of these particles also contained Si (Figure 6.5A1, Particle 2) pointing to a possible natural origin of the particles. However, the absence
of Bulk TiO2 particles within the investigated thin sections does not necessarily
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disprove particle uptake, as it is not possible to representatively sample a whole
plant root in this way.
In clover roots treated with P25, only very few Ti containing nano-sized particles
were found inside plant cells. The particle B1 in Figure 6.5 shows a clear Ti EDX
peak and is morphologically similar to the employed P25 particles (elongated
hexagon/Figure S6.1C). In addition, the oxygen peak in particle B1 is more distinct than in the other particles/objects, suggesting that the particle may consist of
titanium-oxide/dioxide.
With an average of 3.3 mg kg-1, the Ti content in the control wheat grains was
slightly lower compared to clover. In this case however, after treatment with TiO2
NPs, the average Ti content in the grains remained approx. constant (Figure
6.4B). Thus, both for clover shoots and wheat grains, no significant difference in
Ti uptake between the different treatments and the controls could be found.
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Figure 6.5: Electron microscopy micrographs of (A) an ultrathin-section of a root treated
-1

with 1000 mg kg Bulk TiO2 (imaged with TEM) together with a magnification (A1, outside
of the root) and corresponding EDX spectra of selected spots (Spectrum 1 and 2) and (B)
-1

an ultrathin-section of a root treated with 1000 mg kg P25 TiO2 (imaged with STEM) together with a magnification (B1, inside of the root) and corresponding EDX spectrum of the
selected particle. C represents a particle at a location different from B, but also inside a
cell. EDX spectra were collected from the center of the particles. The copper (Cu) peak that
is present in all spectra originates from the grid material.

While no data is available for clover plants, Larue et al. [370] and Servin et al.
[360] demonstrated that nano-TiO2 can be taken up into wheat and cucumber,
respectively, under extreme conditions (direct hydroponic exposure, high concentrations). Larue et al. [370] reported contents of up to 109 mg kg-1 Ti inside wheat
roots, whereas Ti content in wheat leaves was below their LOD. To date, quantitative uptake data for aboveground plant material grown in natural TiO2 NP
spiked soil however is available only from one study performed with wheat plants
[251]. Therein, the Ti content of wheat grains was in the same range as in our
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study, with no significant uptake, confirming our observations. However, only one
exposure concentration was employed (approx. 100 mg kg-1 TiO2 NPs), so no
comparison can be made with regard to concentration dependent trends.
Altogether, our results suggest that Ti (-NP) uptake to clover plants might also be
possible in real soils, however to a much lesser extent compared to hydroponic
systems. The biological data [365, 366], may represent another indirect piece of
evidence, as for all endpoints (root and shoot biomass, number of flowers, nitrogen fixation and arbuscular mycorrhizal colonization), no significant effect of the
treatments were observed for both plants.
6.3.4 Plant uptake of MWCNTs
Figure 6.6 shows the temperature rise (∆T, °C) of dry clover shoot material from
the two MWCNT treatments. The LOD of the MIH method [98] was calculated to
be at ∆T=76°C (corresponding to a 16 µg g-1 MWCNT content) and the LOQ at
∆T=117°C (corresponding to a 55 µg g-1 MWCNT content).
A large fraction of the values was located in the region between LOD and LOQ,
and can thus be considered as MWCNT detections (60% of the values in case of
the 3 mg kg-1 treatment and 43% in case of the 2933 mg kg-1 treatment). The values above the LOQ represent MWCNT contents of 68 (3 mg kg-1 treatment, n=1)
and 99 µg g-1 (2933 mg kg-1 treatment, n=1).
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Figure 6.6: Boxplots (mean=dashed, median=solid) of the temperature increase at 50W, 6s
-1

for the clover plant samples of the two MWCNT treatments (3 and 2933 mg kg ). The LOD
-1

(at ∆T=76°C, corresponding to 16 µg g ) is indicated with the red dashed line and the LOQ
-1

(at ∆T=117°C, corresponding to 55 µg g ) is indicated with the solid red line. Both LOD and
LOQ have been determined 3 and 10σ above the blank signal (control plants), respectively.
All seven replicates of the treatments have been measured at least twice. The total number
of measurements is indicated above the respective boxplot. The lower and upper borders
th

th

of the boxes represent the 25 and 75 percentile, respectively. Whiskers represent maximum and minimum values.

Taking into account the average dry weight of the clover plants (14.3 g for the 3
mg kg-1 treatment and 15.3 g for the 2933 mg kg-1 treatment, see also Moll et al.
[365]), the two cases with values above the LOD would correspond to a total
amount of MWCNTs of 0.97 mg and 1.5 mg taken up into the plants per pot in the
two treatments, respectively. This means that 9.8% of the initial MWCNT amount
in the soil would have been translocated to the shoots in the 3 mg kg-1 treatment.
Conversely, in the 2933 mg kg-1 treatment, only 0.015% of the initial amount
would have been translocated. It is interesting to note that the MWCNT uptake
was independent from the applied MWCNT concentration. In addition, we ob-
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served that within the MWCNT treatments, a significant reduction of flowering
occurred (see Moll et al. [365]), which was not concentration dependent as well.
Uptake of CNTs into a plant cell is likely to be limited to the fraction dispersed in
water. MWCNTs however are highly hydrophobic and prone to homo- as well as
hetero-agglomeration with soil constituents. This in turn may result in a very small
fraction of MWCNTs that remains well dispersed in the soil pore water. In addition, the plant surface may act as a filter that becomes clogged over time. However, further experiments are needed to explain this intriguing result.
We tried to orthogonally confirm the observed MWCNT uptake by using TEM imaging on cross sections of the plant roots. Khodakovskaya et al. [159] and Tripathi et al. [237] provided such optical evidence for CNT uptake from hydroponic
solutions. However, in our case, the sole use of TEM was not conclusive. Figure
S6.4A and S6.4A1 show a MWCNT-like particle that was observed within a plant
root cell of the MWCNT treatment. This particle showed structural and dimensional similarity to the native MWCNTs administered to the pots (Figure S6.4B).
Still, this observation remained the only one within a number of cross sections
that were manually inspected.
We then made additional attempts to screen the samples for the presence of
MWCNTs with confocal Raman spectroscopy (Figure S6.5). However, this approach requires that the sample is free (or almost free) of carbon allotropes (native carbon or contaminations), such as soot and amorphous carbon. In principle,
Raman spectroscopy has enough sensitivity to detect single MWCNTs, but we
observed that the spectra of MWCNTs and other carbon allotropes as well as cell
wall material (i.e. lignin [371], which is present in clover roots [372]) had a large
overlap which made the screening difficult.
While the exact amount of MWCNTs taken up could not be fully quantified and
optical confirmation is still not entirely affirmed, based on the specificity of the
MIH method, it is still suggested that MWCNTs were taken up and translocated to
the aboveground part of the plant in some cases. Studies that reported plant uptake or cellular localization of CNTs until now were performed in hydroponic cultures, where the particles were freely available for interactions with the root [147,
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159, 237, 373]. Uptake from soil would thus constitute a novelty, however, due to
the lack of an orthogonal confirmation of the observed uptake, this result should
be interpreted with care.

6.4

Conclusions

As part of a combined effect and exposure study, here we placed emphasis on a
rigorous confirmation of actual NP exposure concentrations. To achieve this goal
we applied an array of analytical techniques to the soil and plant samples, of
which some are novel and used for the first time in this kind of effect studies. In
particular, this includes the combination of CTO-375 and aF4-MALS that showed
that MWCNTs exhibited a rather limited mobility in the soil, as well as MIH that
showed a concentration independent uptake of MWCNTs into some plants. In
addition, the battery of analytical techniques confirmed the relatively constant
exposure situation in both TiO2 NP and MWCNT treatments over several months,
with only subtle changes in concentrations, which could however be explained
qualitatively with underlying NP properties and distribution processes.
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6.6

Supporting information

Figure S6.1: Bright field TEM micrographs of (A) Bulk TiO2, (B) E171 TiO2 and (C) P25 particles, as used in the experiments together with corresponding size information determined
by image analysis (longest distance through the particle).

Figure S6.2: Calibration curve for the detection of MWCNT in plant samples. The curve is
derived from the original calibration plot described in Irin et al.[98] Note that the intercept
of the curve varies with the heating behavior of the control sample whereas the slope remains constant for a given nanomaterial.
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Figure S6.3: Dependence of the ζ-potential [mV] on pH for the used TiO2 particles. The dispersions were titrated in milli-Q water with hydrochloric acid/sodium hydroxide solution,
respectively. Intercept with the red line (i.e. 0 mV) denotes the isoelectric point of the particles. Values represent the average of 3 measurements (n=3).

Figure S6.4: Transmission electron microscopy micrographs (A and B), showing (A) a potential CNT structure inside a plant cell (epidermal cell, part magnified in A1) with structural and dimensional similarities to the MWCNTs administered to the pots (B).
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Figure S6.5: Optical images of root cross sections of controls (A and B) and a MWCNT
treated root (C). The regions indicated with a red square have been magnified for each
optical image and been displayed as a Raman intensity map (A1, B1 and C1). The right
panel shows the Raman spectrum of the employed MWCNT powder as well as Raman
spectra taken from indicated regions of the corresponding Raman maps. The red spectrum
in A1 corresponds to the highest intensity pixel, while the blue spectrum represents the
average spectrum of the whole area. The spectra from B1 and C1 were taken from the indicated pixels.
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6.6.1 Detailed sample preparation steps of root cross sections for analysis using
transmission electron microscopy
Prior to the next steps of the fixation/embedding process, samples were rinsed
three times with PBS. Samples were then incubated with 1% osmium tetroxide at
room temperature for 40 min and then rinsed with water three times. Subsequently, samples were incubated with 1% uranyl acetate dihydrate in water for 1 h and
rinsed with water three times. Dehydration was performed with 50% (15 min),
70% (20 min), 90% (25 min), 100% (5 min) and 100% water free ethanol for 30
min and propylene oxide 100% for 30 min.
Epon stock solution was prepared by mixing 70.89 g epon 812™, 92.35 g durcupan™ ACM and 8.68 g dibutylphthalate. For the working solution, 5.85 g epon
stock solution were added to 5 g epoxy embedding medium hardener DDSA and
310 mg accelerator DMP 30. Samples were then incubated in 50% epon working
solution and 2 times 100% epon working solution for 1h, respectively. The samples were polymerized at 60°C overnight.
The resulting epon blocks were pre-trimmed with a razor blade and mounted into
and ultramicrotome (Ultracut E, Leica, Wetzlar, Germany). Ultrathin crosssections of the roots (70 nm) were then cut using a diamond knife, transferred to
a formvar/carbon coated copper TEM grid and dried at room temperature.
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Chapter 7 Conclusions and outlook
7.1

Conclusions

The use of NM to improve agricultural practice is a novel idea, developed over
the last decade. Within the framework of the project “NANOMICROPS”, this thesis tried to provide an overview of NMs with potential agricultural use, especially
such envisioned for use in plant protection and fertilization, as well as means for
their analysis in different exposure settings as part of a risk assessment.
It was shown that until 2011, while having increased exponentially since the
2000’s, the measurable activity (i.e. scientific publications, patents and products)
in the field of nano-PPP and fertilizers was marginal in terms of absolute numbers
compared to other fields of nanotechnology. This was in contrast to the public
discussion on the topic, which often exaggerated the actual facts and figures both on the positive and the negative side. Such reactions are however not surprising, as the expectations towards a novel high technology - such as nanotechnology - are often tremendous and may as well be influenced by strategic aims of
the involved parties (mobilization of campaign support, fund raising etc.) [374].
Due to the enormous diversity of NMs that are actively researched for such applications, it is impossible to generalize possible benefits, as these depend largely
on the material itself, modifications and the environmental context in which the
NM is used. For example, similar up to lower efficiencies compared to conventional products can be expected especially for metal-based NMs used as active
ingredients, if dissolution and transformation processes that already govern the
activity and the fate of their bulk counterparts cannot be mitigated. In this respect,
as an example the work of Milani et al. [233] shall briefly be mentioned, which
showed similar efficiency of both bulk and nano-ZnO fertilizer in soil. However, if
NMs were used as additives, for example to increase the water solubility of an
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active ingredient, to provide a slow release functionality or to protect the active
ingredient, higher efficiencies were often achieved (see also Kah et al. [375]).
The largest fraction of NMs used or actively researched belonged to carbonbased nanostructures, such as lipid or polymer based materials. Some of these
were designed starting from natural materials such as for example chitosan. As
“persistence” of a chemical (or NM) is an important parameter for risk assessment, such “biocompatible” materials could be of great promise. This observed
trend seems to continue since publication of the study in 2012 (chapter 2). Since
then, several further studies have been published, especially using chitosanbased NM [376-379] but also using other (biodegradable) polymers [380-383] or
charred nano-structured plant material [384]. If such materials can be generated
(or even “grown”) from biological precursors with a minimum need of other inputs,
this could indeed contribute to a more sustainable agriculture, with reduced use
of fossil resources.
However, regardless of a potential biocompatibility, legal regulation will always
require a thorough risk assessment of a PPP or fertilizer product before approval.
The feasibility of such a procedure is - amongst others - dictated by the availability of suitable analytical methods that enable NM characterization and quantification in the different test systems over time. It was shown in chapter that for simple
aqueous test systems, which constitute an extensive part of the toxicological armamentarium, HSI-M could be a useful technique to study and (semi-) quantify
cellular uptake dynamics of NM. Information gathered from HSI-M experiments,
such as subcellular NM localization, agglomeration state, residence time in the
cells and quantity expressed as mapped pixels per cell area can be combined
with toxicological assays (as attempted in chapter 3, supporting information) to
simultaneously elucidate the mechanisms behind possible biological effects. The
technique appears to be most effective in simple and controlled experimental systems, whose spectral background conditions are well known. This is mainly due
to the limited chemical specificity of the technique that is probably restricted to
metallic particles exhibiting localized surface plasmon resonance (LSPR) [385]. In
addition, it was shown that an influence of the matrix on the spectral profiles is
possible (extracellular substances in this case) and therefore must be taken into
account when acquiring the reference SLs. Already now, HSI-M can display its
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most obvious strengths, which are its low cost and the fast and easy sample
preparation compared to traditional EM together with the possibility to monitor
unlabeled particles. However, currently the information derived from such measurements remains only semi-quantitative, as the measured values have not been
related to particle mass or numbers, yet.
For more complex test systems such as soils, as mentioned before, a frequent
challenge faced with engineered NMs is that they are often similar in their elemental composition and physical appearance compared to the natural background - which can be of particulate nature as well. For CNTs, this issue was addressed in chapter 4, where differences in shape between the CNTs and background particles were made visible using a combination of aF4 and MALS and
which were then utilized for CNT detection. Although the method was capable of
specifically detecting CNTs in the used soils, it suffered from currently rather high
detection limits (1.6-4 mg g-1). Therefore, this approach is not applicable to real
environmental samples at present, which are expected to contain CNTs at the
lower µg kg-1 level [25]. As the main reason for these high detection limits, losses
of the longer CNTs during sample preparation and especially during aF4 separation were identified, which limit the dynamic range of the method. However, aF4MALS can still be useful to accompany particle exposure and transport studies
that employ high concentrations of unlabeled CNTs (for an example, see chapter 6).
Already in chapter 4, automated EM showed its potential to differentiate between
particles of different shape (i.e. soot and CNTs) in a quantitative manner. Therefore, and to address the problem of high detection limits, the idea of employing
particle shape as a detection parameter was expanded towards automated EM
which is in essence able to count individual particles, thereby potentially providing
better sensitivity. For pure MWCNT suspensions, it could be shown in chapter 5
that by using automated EM indeed reasonable particle number concentrations in
combination with length distributions can be achieved with an increased sensitivity compared to aF4-MALS. As the technique could apparently be applicable to
MWCNT-containing soil samples as well, the combined information obtained
could be of use to both toxicologists and environmental chemists in the future.
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However, before it can be applied, several methodological obstacles have to be
overcome, including (organic) contaminations, loss of longer CNTs from aF4
separation and incorrect recognition or non-recognition by image analysis.
While some progress with regard to analytical method development could be
achieved as outlined before, still not all of these methods were readily applicable
to the exposure study with plants and real soil that was analytically accompanied
in chapter 6. For example, for HSI-M analysis the employed particles were not
suitable. Carbon nanotubes as black particles possess an inherent unspecific
absorption over most of the analyzed spectral range and TiO2 NPs do not show
LSPR, resulting in rather unspecific spectral profiles (as shown in chapter 3). In
combination with the increased sample complexity compared to the study in
chapter 3, this rendered an application of the technique to both plant and soil
samples very difficult. Also, automated EM was in such an initial stage that it was
not reasonably applicable. However, aF4-MALS together with CTO-375 - a method developed previously by Sobek and Bucheli [94] - was applied to the soil
samples, showing a limited mobility of the MWCNTs over the experimental period. Besides the application of aF4-MALS and some previously developed methods, MIH as a novel analytical technique available through collaboration was applied to plant samples. It could be shown that, according to MIH, some plants
took up MWCNTs and translocated them to the shoots. The observed uptake was
accompanied by a reduction in flowering, as described by Moll et al. [365]. However, as confocal Raman microscopy proved unsuitable to unambiguously detect
MWCNTs in the plant samples and no other secondary methods were available,
this result could not be orthogonally confirmed and should be interpreted with
care. Using elemental analysis, TiO2 NPs were shown to exhibit a very limited
mobility from soil to leachates and no statistically significant uptake into the
plants. Both the results for MWCNTs and TiO2 NPs point to a potentially safe use
of these particles in PPP or fertilizers with regard to groundwater contamination
or plant uptake within a short timeframe. However, if such particles were applied
to a field repeatedly, the particles would accumulate in or on the soil with unknown consequences.
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7.2

Outlook

Although more and more work is currently being published dealing with nanodevelopments in agriculture, the actual market situation along with resilient numbers on released quantities still remains somehow obscure. In Switzerland for
example, although since 2010, nano-contents in PPP and fertilizers are mandatory to be declared [386], no nano containing PPP or fertilizer has been registered
yet (personal communication with Dr. Katja Knauer, Federal Office for Agriculture, Berne). In contrast, the French government recently issued a registration
deadline for nano-containing products for May 2014, for which the report was released end of 2014: approx. 10,000 registrations of nano-containing products
were conducted of which 575 were categorized as phytopharmaceutical (i.e. plant
protection) products [387]. Materials listed in the report under this category included especially SiO2, clays, TiO2 and various organic substances. The impression remains that the topic is still actively being researched while public authorities increasingly show measurable efforts to regulate this novel field.
To support regulation and risk assessment with combined uptake and toxicity
data, the next logical development with respect to HSI-M would be to implement
a system for automated image acquisition and analysis into the current setup.
This would then allow the acquisition of statistically strong data sets which are
indispensable for toxicological studies, where the use of HSI-M would be most
valuable. With the enormous variety of NM types in mind, the capability of HSI-M
to differentiate between them under certain conditions could open up possibilities
for the investigation of e.g., mixture toxicity of different NMs, as recommended for
example by Baun et al. [388]. In addition, the fact that the data are still on a semiquantitative level does not preclude the use of HSI-M in such studies. However,
the transition from semi- to fully quantitative data should nevertheless be attempted in the future. The fact that the employed washing procedure for the cell
cultures led to samples where NM containing cells were separated from extracellular NMs could open up the possibility to do so using ICP-based techniques for
example. To count HSI-M “signals” per volume, the use of a hemocytometer with
a reduced thickness specially designed for use in dark field microscopes could be
promising (e.g., a Petroff-Hausser chamber with a 1.4 mm thickness [389]).
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To lower the detection limits in aF4-MALS to a level suitable for environmental
risk assessment, losses of the analyte during extraction as well as during separation in aF4 will have to be mitigated. Therefore, especially further research on
possible extraction procedures (including the selection of appropriate solvents/surfactants) as well as membrane materials (e.g., exploration of completely
new materials or functionalization of existing ones) is needed. First steps in the
latter direction have for example recently been taken by Mudalige et al. [390] for
Au NPs. Another –inherent- limitation of aF4-MALS is given by the fact that all
samples including such that are analyte free provide a ρ value. This makes it
necessary to have “baseline” measurements for uncontaminated matrices. As
shown in chapter 4, this problem may be solved by establishing an aF4-MALS
database of uncontaminated soil types. For orthogonal confirmation and unambiguous MWCNT identification, aF4-MALS could be coupled into an analytical
chain together with e.g., monitoring of trace catalytic metals or spectroscopic as
well as electron microscopic characterization.
For the latter, other grid materials than the used formvar/carbon in combination
with heating techniques should be explored for the reduction of (organic) contaminations in future studies. Also, the automated image analysis procedure should
be improved to reduce noise and artifacts such as accidental segmentation of
CNTs. In chapter 5, only morphological parameters were used for detection and
quantification. While this may be sufficient for pure suspensions, it may not suffice for real world soil samples. Reducing the samples carbon complexity to contain only BC by applying CTO-375 before CNT extraction could be a first step
(CNTs are still extractable using SDC, as shown in chapter 4, supporting information). In the following, centrifugation should be still applied to reduce the
amount of higher density particles. Combining automated image acquisition with
simultaneous automated EDX mapping could then allow at least to exclude all
pixels from the image analysis that contain elements other than C, O and Cu (or
the respective grid material). However, this may still lead to erroneous results, if
the CNTs are not well dispersed and partly associated with such type of inorganic
soil particles. A more sophisticated (but not straightforward) way to access the
desired chemical information (i.e. that of the CNTs), could be to analyze the resulting surface with tip-enhanced Raman spectroscopy (TERS). Pure CNTs show
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pronounced features within the Raman spectrum; the D-band at 1350 cm-1, Gband at 1580 cm-1 and the G’-band at 2700 cm-1. While these features are relatively distinct and characteristic for pure CNTs, interpretation of the spectra in
complex systems containing natural particles or other natural entities (e.g., plant
cell walls, see also chapter 6, section 6.3.4) might not be straightforward. Especially, spectral interferences can be expected for other carbon allotropes present
in natural soils (e.g., soot, see for example Sadezky et al. [391]) but also for other
carbon based materials/substances, such as lignin [371]. This issue of course
also persists with other Raman based approaches, such as the miniaturization
suggested in the following.
Apart from aF4-MALS detection and automated EM, shape selective separation
methods such as deterministic lateral displacement [392] (DLD) coupled to novel
surface enhanced Raman sensors [393], both designed for microfluidic devices,
could constitute an interesting alternative path to follow. A DLD setup would theoretically allow continuous separation of differently sized and shaped particles (i.e.
well dispersed CNTs from soil particle background) and for Raman detection, due
to the very small volume in the channels of a microfluidic system, only a potentially very tiny quantity of the analyte would be sufficient for detection. Sample representativeness could be ensured through continuous analysis of a larger sample
volume in a flow-through approach.
A general limitation for all analytical methods concerning CNTs arises from the
fact that development of certified reference materials for quality control is still at
its infancy. Recently, in a first approach RM 8281 was released by the National
Institute of Standards and Technology (NIST, Gaithersburg, US) which includes
three length resolved populations of SWCNTs and could be of use for quality
control purposes of the respective methods.
While several methods were available for MWCNT detection and quantification in
chapter 6, no method was at hand to distinguish between Ti originating from the
engineered particles and the natural Ti background from the soil. A possible way
to address this issue in the future could be the determination of the crystal phase
which may differ from one to the other. Most Ti in clays for example is present as
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TiO2, and of that, most as the anatase crystal form [394]. The perhaps most investigated TiO2 NP is P25, which consists of 80% anatase and 20% rutile [395].
X-ray absorption (XAS) Ti K-edge spectra of both anatase and rutile have been
reported to be significantly different from each other [396]. The difference between these two TiO2 reference spectra and a plant background was sufficient to
determine the Ti speciation in cucumber plants [360] that were grown in P25
amended hydroponic solutions using micro-X-ray absorption near edge spectroscopy, confirming NP uptake of these NPs from hydroponic solutions. Thus, for
certain soils, XAS measurements might be an opportunity to achieve the goal of
engineered Ti-NP identification in soils.
To obtain the missing orthogonal confirmation of the observed MWCNT uptake, a
correlative (confocal Raman-) microscopy approach would be conceivable. Such
an approach has for example been described for a correlative combination of fluorescence light microscopy and cryo-electron tomography [397] as well as for
confocal Raman microscopy and SEM [398]. Provided the availability of a sample
support suitable for both the needs of confocal Raman microscopy and EM, it
could bridge between the interpretational limits of both techniques (see chapter
6), and ultimately provide the necessary unambiguous identification.
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