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a b s t r a c t
One of the factors hindering the development of enzymatic biosensors and biofuel cells in real-life applications is the time-dependant degradation of the biocatalysts on electrode surfaces. In this work, we present a new practical approach for extending the operation lifetimes of bioelectrocatalytic assemblies
based on bilirubin oxidase (BOD). As evident by both spectroscopic and electrochemical measurements,
an adsorption of carbon-coated magnetic nanoparticles (ccMNPs) onto a BOD/carbon nanotubesdeposited surface yields a stable bioelectrocathode system for mediatorless oxygen reduction. As compared to electrodes, which were stored without a preliminary interaction with the ccMNPs, an 80%
increase in the active enzymatic content and the electrocatalytic performance was evident for the modified assemblies over a course of one month. As the full removal of the protective particles before the
measurement requires only a single step applying an external magnetic force, the method is shown to
be simple, reproducible, and easy to implement. Combined with the high efficiency in preserving the
enzymatic stability and bioelectrocatalytic currents, the findings suggest a promising methodology for
enhancing the lifetimes of bioelectronic applications.
Ó 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Biofuel cells and amperometric biosensors employ redox
enzymes as active elements for energy harvesting, recognition,
and monitoring levels of different analytes through their catalytic
oxidation. The exceptional substrate specificity and the ability to
operate under physiological conditions make enzymes indispensable for such purposes. However, the instability of biocatalysts outside the natural environment limits their lifetime to a range of days
to a few weeks [1], negatively affecting the enzyme-based electrodes’ lifetime. The instability of enzymes originates in their
structure, which contains flexible, continuously moving, and
vibrating regions. These motions alter the enzymatic structure over
time, destroying existing interactions between peptide chains and
creating new ones, especially when hydrated, but also in the solidstate [2]. Increased ambient temperatures, pH shifts, or different
interactions (also in humid moisture) may accelerate these
destructive changes. Rapid denaturation and inactivation of the
biocatalysts is also well known to be triggered by the presence of
proteolytic enzymes, while time-dependent aggregation of

⇑ Corresponding author.
E-mail address: atrifono@ethz.ch (A. Trifonov).

different contaminants often leads to biofouling associated with
destructive catalytic implications.
Limited storage and operational times of enzyme-based electrodes provide one of the main drawbacks of bioelectronics. Therefore, addressing this challenge and extending the lifetime of redox
enzymes can promote and expand the use of bioelectronic devices,
as well as lowering the production costs of enzyme-based electronics in general.
Immobilization of enzymes on the electrode surface is an essential step in the assembly of amperometric biosensors and fuel cells.
One of the positive side effects of this process is the decrease in the
degree of motion of labile amino acid moieties, which leads to a
certain stabilization of biocatalyst. There are several immobilization strategies: incorporation of enzymes into polymeric networks
is among the most popular. Such immobilization approaches
include electropolymerization of the network over the enzymecontaining surface [3], microencapsulation of biocatalysts in
Nafion [4], or entrapment of enzymes into conductive hydrogels
and polymers [5–7]. Although these enzyme-enveloping
approaches constrain the mobility of the proteins without changing their structure, granting stability, and additional protection
against harmful environmental factors, they are not always applicable due to negative side effects of mass transfer limitations,
reduced catalytic performance, and poor reproducibility.
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Physical adsorption is another popular strategy of enzyme
immobilization. Interactions between the hydrophobic regions of
the enzyme and functionalized electrode surface not only stabilize
the enzyme and prevent its excessive motion but sometimes facilitate direct electrical wiring of enzymes to the electrode. For example, interactions of hydrophobic nature between the catalytic site
of bilirubin oxidase (BOD) and variety of carbon nanostructures
[8–10], including mesoporous carbon nanoparticles (MCNPs) [11]
and carbon nanotubes (CNTs) [12] led to enzyme stabilization
and direct electrical communication. However, in some cases, confinement to a surface results in destructive conformational
changes. For example, adsorption of glucose oxidase on CNTs led
to partial unfolding and dissociation of the FAD cofactor form the
catalytic pocket, resulting in deactivation of the enzyme [13].
Covalent binding of proteins to the surface is also widely implemented in the functionalization of electrodes [14–16]. However,
this approach should be carried out carefully since the formation
of a large number of covalent bonds destructively affects the
three-dimensional protein structure and leads to denaturation
[17]. Notwithstanding the aforementioned, the appropriate immobilization strategy positively affects enzyme stability and functionality [18].
Besides immobilization, so far, several strategies have been
developed for extending the lifetime of enzymatic electrodes.
One of them uses genetic modifications of redox enzymes. This
approach seems to be effective yet very expensive. Improvement
of intramolecular interactions of peptide chains and replacement
of sequences that prone to chemical degradation by genetic engineering leads to substantially slower denaturation and longer
lifetime of enzymes. For example, genetically-modified glucose
dehydrogenase demonstrated a 36-fold half-life extension compared to the wild type enzyme [19]. However, the development
of artificially stabilized enzymes requires knowledge of the complete protein structure and deep understanding of the structureto-function relationship; therefore, this method is hardly applicable in real life. Another approach, which was implemented in
first-generation glucose biosensor, suggests delayed serial activation of multi-array electrodes that contain lyophilized glucose
dehydrogenase stored inside several sealed chambers of a microfabricated electrode [20]. The chambers can be opened sequentially, allowing hydration and subsequent activation of fresh
glucose dehydrogenase, when the previous batch is exhausted.
Other concepts demonstrated periodic [21,22] or continuous
[23] renewal of the biocatalyst on the electrode surface to maintain sustainable bioelectrocatalytic performance. Such an
approach has been realized already in first-generation glucose
biosensors, where direct contact of the enzyme with the electrode is not required and was carried out by repeated injection
of glucose oxidase to the measurement cell [24]. The same strategy was also used in third-generation biosensors and biofuel
cells. It was shown that periodic injection of fresh laccase into
electrolyte allows its immobilization on the vacant places that
are left after desorption of the exhausted enzymatic units [25].
In another work, periodic exchange of magnetic nanoparticleadsorbed fructose dehydrogenase (FDH) and bilirubin oxidase
(BOD), using self-assembly/magnetic disassembly strategy,
demonstrated an extended operational time of fructose/O2 allDET biofuel cell [26]. However, the development of biocatalyst
exchange mechanisms is challenging, and so far, this concept
was mainly implemented in first-generation biosensors.
The strategies presented so far provide elegant engineering
solutions for a theoretically unlimited lifetime of the devices. Nevertheless, they do not solve the problem of fast degradation of
enzymes and do not allow extended storage duration of the
enzyme-based electrodes. In an attempt to find a solution to this

problem, we drew our attention to the particularly interesting class
of nanomaterials - magnetic nanoparticles.
Magnetic nanoparticles (MNPs) are a well-known material that
is widely implemented as nanocarriers for gene and drug delivery
[27,28] and as the active material for imaging and targeting in biomedicine [29–31]. Moreover, MNPs are used in stimulusresponsive polymers [32,33] and shape-memory applications
[34,35]. Due to their high surface-to-volume ratio, simple synthesis, and surface modification, tunable size (from 5 to 100 nm in
diameter), diversity in composition (e.g., Fe, Ni, Co, and their oxides), and easy separation under an external magnetic field, magnetic nanoparticles became promising and extremely attractive
in the past two decades. MNPs were also used in bioelectronics
as biocatalyst carriers for magnetically-controlled assembly and
disassembly [36,37]. However, to the best of our knowledge,
despite the high chemical stability of MNPs, they have never been
used as a protective material in bioelectronic applications.
Here we report on a simple methodology to extend the shelftime of enzyme-immobilized electrodes, exemplified on bilirubin
oxidase adsorbed to single-walled carbon nanotubes (BOD/
SWCNTs) via carbon-coated (Fe)-MNPs (ccMNPs, d = 25 nm). We
examine the bioelectrocatalytic properties of ccMNPs-protected
BOD-based electrodes and demonstrate their increased stability
and extended storage time compared to the unprotected electrodes, including the operation in a proteolytic environment. The
carbon coating of nanoparticles allows their fast immobilization
on carbonaceous matrices, whereas the magnetic properties enable
their efficient removal from the electrode and collection in the
solution using an external magnet.
2. Materials and methods
2.1. Modification of the electrodes
Water-suspended SWCNTs were prepared by reacting 10 mg of
SWCNTs with 80 mL of H2SO4 and HNO3 mixture (1:1 v/v) under
gentle reflux for 1 h. The resulting partially-oxidized SWCNTs were
rinsed 5 times with triple distilled water (TDW) and suspended in
water to get (0.5 mgmL1) stable suspension. Pre-polished glassy
carbon (GC) slide electrodes (A = 0.675 cm2) were immersed into
the suspension for 1 h under shaking and dried under air. The
resulting electrodes were thoroughly rinsed with TDW to remove
the unadsorbed remains. Next, 20 mL of BOD (0.01 mgmL1) were
deposited onto the SWCNTs-modified electrodes, crosslinked using
2 mL (0.1 mgmL1) bis(sulfosuccinimidyl)suberate (BS3) and
allowed dry under air. The resulting BOD/SWCNTs/GC electrode
was washed in HEPES buffer solution (0.1 M, pH = 7.0) to remove
the loosely bound enzyme. The surface coverage of BOD was determined by spectroscopic enzymatic assay (Fig. 1, Supporting Information) and was found to be U = 1.31012 molcm2. The
protecting layer was obtained by deposition of 20 mL bufferdispersed (HEPES, 0.1 M, pH = 7.0) ccMNPs (d = 25 nm, 10 mgmL1)
onto BOD/SWCNTs-modified GC electrodes. ccMNPs-protected
BOD/SWCNTs electrodes were dried and stored at room temperature, under air conditions.
2.2. Materials
Bilirubin oxidase (BOD) from Myrothecium verrucaria,
proteinase K from Tritirachium album, bis(sulfosuccinimidyl)sube
rate (BS3), 2,20 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), carbon-coated (Fe) magnetic nanoparticles, d = 25 nm
(ccMNPs) were purchased from Sigma. Single-walled carbon nanotubes (SWCNTs) were purchased from Nanocyl.
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Fig. 1. Cyclic voltammetry associated with bioelectrocatalytic currents of BOD/
SWCNTs electrode (a) at O2-saturated conditions, (b) at O2-saturated conditions,
protected by ccMNPs, (c) at O2 saturated conditions, after removal of ccMNPs, (d) at
N2-saturated conditions. Curve (e) corresponds to an attempt to generate bioelectrocatalytic currents from a BOD-adsorbed glassy carbon surface, protected by
ccMNPs, under O2-saturated conditions. All measurements were performed in
HEPES buffer (0.1 M, pH = 7.0), scan rate 10 mVs1.

2.3. Measurements and instrumentation
Electrochemical measurements were performed using PalmSens 4 potentiostat, operated by PSTrace 5 software. Ag/AgCl and
carbon rod (d = 5 mm) were used as reference and counter electrodes, respectively. UV/VIS spectroscopic measurements were
performed on a Smart Spec Plus spectrophotometer by Bio-Rad,
using plastic cuvettes, HEPES buffer (0.1 M, pH = 7.0) in the presence of 20 mM ABTS2 with a reaction time of 2 min.
SEM measurements were performed on a Hitachi SU 8000,
using a SE(U) detector.
The removal of the ccMNPs protective layer was performed in
the electrolyte solution (HEPES, 0.1 M, pH = 7.0) immediately prior
to measurement using a NdFeB magnet of 1.2 T.
3. Results and discussion
The method to protect the direct electron transfer-operated
BOD/SWCNTs electrode with ccMNPs is depicted in Schematic 1.
Bilirubin oxidase was successfully immobilized onto glassy
carbon-adsorbed SWCNTs. Hydrophobic interactions between
CNTs and BOD lead to partial unfolding of the enzyme and exposure of its active center to the electrode, allowing direct electrical

Schematic 1. Illustration of the protection of the enzyme-adsorbed electrode by
ccMNPs.
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communication. Subsequent deposition of ccMNPs onto the electrode resulted in formation of the protective layer. The hydrophobic and p-p interactions between the SWCNTs and carbon coating
of the magnetic nanoparticles allow fixation of the latter on the
electrode’s surface. The protective layer stabilizes the enzymatic
units and provides a protecting shield against harmful environmental effects, prolonging the lifetime of biocatalyst. The deposited ccMNPs can be easily removed from the electrode by
exposure of the electrode to the external magnetic field in the electrolyte. The magnetic forces generated between the nanoparticles
and a magnet exceed the weak carbon–carbon non-covalent interactions; thus, surface-adsorbed magnetic nanoparticles detach
from the electrode surface and are collected on the magnet.
The initial activity of the resulting BOD/SWCNTs electrode was
examined toward oxygen bioelectrocatalytic reduction, Eq. (1), in
both O2- and N2-saturated buffer solution (HEPES, 0.1 M,
pH = 7.0) using cyclic voltammetry, Fig. 1, curves a and d, respectively. The increasing bioelectrocatalytic currents in the presence
of O2 indicated direct electrical communication of BOD with the
electrode. In the next stage, the protective layer of ccMNPs was
deposited onto the electrode, and its bioelectrocatalytic responses
were further examined in the O2-purged electrolyte, Fig. 1, curve b,
followed by magnetically induced removal of the protective layer,
curve c. The obtained voltammograms indicate that the presence of
the ccMNPs, associated with larger non-faradaic currents, reduces
bioelectrocatalytic response of BOD by ca.13% compared to the initial state. The identical onset potential of the catalytic reduction of
the protected (ccMNPs/BOD/SWCNTs) and unprotected (BOD/
SWCNTs) states indicate that ccMNPs do not affect the electrical
wiring BOD with the electrode, yet the reduction in catalytic currents of the protected state points on partial blocking of enzymatic
units by ccMNPs. Moreover, the absence of a current peak, associated with mass transfer limitations, implies that the protective
layer is sufficiently permeable to O2. The results also demonstrate
that removal of the protective layer completely recovers the bioelectrocatalytic activity of the electrode to its initial values. This
observation was further supported by an enzymatic assay based
on the catalytic conversion of colorless ABTS2 into green ABTS
(kmax = 422 nm), Fig. S1 (Supporting Information).
BOD

O2 þ 4Hþ þ 4e ! 2H2 O

ð1Þ

Also tested was the possible contribution of the ccMNPs to the
bioelectrocatalytic current. Fig. 1, curve e, demonstrates that upon
exclusion of the SWCNTs from the system, no catalytic direct electron transfer response towards the reduction of oxygen was
obtained. The result implies that, unlike the SWCNTs, the presence
of the magnetic particles does not contribute to the enzymatic
charge transfer mediation or conductance in the assembly.
Next, we have simulated proteolytic environment by adding
1 nM proteinase K and compared the bioelectrocatalytic activity
of ccMNPs/BOD/SWCNTs and BOD/SWCNTs electrodes by
chronoamperometry over time while continuously saturating the
electrolyte with O2. Fig. 2A compares the current densities of the
continuously operated ccMNPs/BOD/SWCNTs and BOD/SWCNTs
assemblies, curves a and b, respectively, over 48 h, at E = 0.0 V
vs. Ag/AgCl. Clearly, both electrodes demonstrate decay in their
catalytic activity, associated with proteolytic digestion of BOD by
proteinase K. However, the ccMNPs/BOD/SWCNTs assembly exhibits slower current decay, ca.20% decrease after 48 h, compared
to the unprotected assembly which loses ca.52% of its initial activity after the same period of time. Control experiment, Fig. 2, curve c
shows that in the absence of proteinase K the bioelectrocatalytic
activity of the BOD/SWCNTs electrode remains stable. Fig. 2B
depicts the normalized activities of the tested assemblies, denoted
with the same letters as in Fig. 2A. The initial currents (at t = 0) of
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Fig. 2. (A) Chronoamperometric bioelectrocatalytic current densities of: (a) ccMNPs/BOD/SWCNTs in the presence of 1 nM proteinase K, (b) BOD/SWCNTs, in the presence of
1 nM proteinase K. (c) BOD/SWCNTs. (B) Normalized bioelectrocatalytic activity (current/maximal current) of the assemblies in (A). All measurements were performed in O2saturated HEPES buffer (0.1 M, pH = 7.0), E = 0.0 V vs. Ag/AgCl. Proteinase K was activated with 2 mM CaCl2 prior to use. Error bars correspond to a set of N = 4 experiments.

both protected and unprotected electrode assemblies are in agreement with the results demonstrated in Fig. 1. We attribute the
slower decay of the catalytic current associated with the
ccMNPs/BOD/SWCNTs to the barrier formed by the magnetic
nanoparticles, hindering access of proteinase K to the adsorbed
enzymatic units. Fig. S2A and B (Supporting Information) demonstrate cyclic voltammograms measured for both assemblies prior

to and after the chronoamperometric measurements. The experiment showed that protection is enhanced in the proteolytic environment, supporting a significant extension of the operational
bioelectrocatalysis lifetime.
In the following, we investigated the origin of the observed,
albeit much slower reduction in bioelectrocatalytic currents of
ccMNPs/BOD/SWCNTs in the presence of proteinase K. To support

Fig. 3. (A) Cyclic voltammograms demonstrating the bioelectrocatalytic currents recorded for the: (I) ccMNPs-protected, and (II) unprotected electrodes over time. Curves ag, correspond to 0, 1, 3, 6, 9, 15, and 30 days of storage prior to the measurement, while curves h demonstrate the bioelectrocatalytic currents under N2 atmosphere. Scan rate
10 mVs1. (III) Calibration curves comparing the current responses in (I) and (II). Curves a and b refer to the ccMNPs-protected and unprotected electrodes, respectively. (B)
Absorbance of ABTSassociated with the biocatalytic activity of (I) ccMNPs-protected and (II) unprotected electrodes over time. Curves a- g correspond to the relative activity
after 0, 1, 3, 6, 9, 15, and 30 days of storage prior to the measurement, respectively, while curves h demonstrate the biocatalytic activity of BOD under N2 atmosphere. (III)
Calibration curves comparing the enzymatic activities in (I) and (II). Curves a and b refer to the ccMNPs-protected and unprotected electrodes, respectively. In all experiments
HEPES buffer solution (0.1 M, pH = 7.0) was used. Error bars correspond to a set of N = 4 experiments.
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our assumption that ccMNPs create a protective barrier on the
electrode surface, we imaged the electrodes by scanning electron
microscopy (SEM). Fig. S3A (Supporting Information) demonstrates
the acquired SEM micrograph of the protected electrode surface
(and its magnification, Fig. S3B. When compared to the image of
the unprotected BOD/SWCNTs surface, Fig. S3C, it is evident that
the protective ccMNPs layer forms a uniform yet porous structure,
allowing free diffusion of O2 substrate to the catalytic surface as
well as the access of proteinase K to the exposed BOD units. A further comparison of the unprotected electrode morphology to a
ccMNPs-protected surface after the magnetic removal of the particle layer, Fig. S3D, indicates similar surface features with a decent
resemblance. We attribute this similarity to the effective removal
of the ccMNPs by the external magnetic field, which is also in
agreement with the restoration of the bioelectrocatalytic current
response evident in Fig. 1, curves a and c.
Finally, we have tested the effect of the ccMNPs protection on
the shelf life of the electrodes, when stored under air at room temperature (T = 23 ± 1 °C, RH = 40 ± 3%). To this end, we prepared two
sets of electrodes, protected (group-I) and unprotected (group-II).
The bioelectrocatalytic activity of these electrodes was probed by
cyclic voltammetry, and their enzymatic activity was evaluated
by a spectroscopic assay, over 30 days. Prior to the experiments,
the stability of adhesion of the ccMNPs layer to the surface was
estimated, and was found to fluctuate within less than 5% over
the entire storage period tested, Fig. S4. Following these encouraging results, the protective layer associated with the group-I electrodes was magnetically removed, and the bioelectrocatalytic
responses and enzymatic activity of the electrodes were measured.
Fig. 3A panels (I) and (II) show the cyclic voltammograms recorded
for the group-I, and group-II electrodes, respectively, with the calibration curves indicated in panel (III). Similarly, the biocatalytic
activity obtained by enzymatic spectroscopic assays for the same
electrodes after the electrochemical evaluation is demonstrated
in Fig. 3B. The results show that the initial catalytic activity of
the two groups of electrodes, on day 0 (the day of electrodes preparation), was identical, as expected. However, over the examination
period, the decay in the bioelectrocatalytic activity of the two
groups of electrodes was different. Whereas ccMNPs-protected
electrodes exhibited only ca. 30% loss of their initial catalytic activity after 30 days of storage, the unprotected electrodes entirely lost
their activity. The calibration curves obtained for the electrochemical and spectroscopic experiments show a striking resemblance,
indicating that the loss of enzymatic catalytic activity originates
from the denaturation process, rather than from electrical wiring
problems. This observation indicates that BOD does not undergo
spontaneous desorption from the SWCNTs matrix over time. The
enhanced stability observed in both the bioelectrocatalytic and
catalytic activities of the two groups of electrodes was attributed
to the physical, spatial confinement and shielding of the biocatalysts by the magnetized ccMNPs. The protective layer presumably
minimized the movement of flexible regions of the enzymes, which
is regarded as a primary trigger for denaturation, and prevented
destructive interactions of the amino acid residues with the surroundings, often leading to biofouling processes at unprotected
electrodes.

4. Conclusions
In the present work, we demonstrated a method to extend the
duration of catalytic activity of bioelectrodes by coating them with
a protective layer of ccMNPs. We exemplified the method on the
commonly used BOD/SWCNTs biofuel cell cathodes. We have
shown that deposition of the ccMNPs layer on the BOD/SWCNTs
electrode adds additional stability and protection to the biocata-
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lyst, allowing extended operational and storage lifetimes for the
cathode. Moreover, the protective layer of ccMNPs was shown to
be harmless to enzyme content and can be easily removed by a
magnetic field, minimizing catalytic performance losses. This
straightforward approach requires only a single step modification.
It allows a significant extension of storage time of the bioelectrodes
at room temperature, saving such valuable resources as time and
money during the research work and providing a more extended
operation of the constructed bioelectrode-based devices.
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