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In this study, Spirulina platensis-based lysate was used as a biological redox mediator to design glucose oxidase (GOx) based
biofuel cell bioanode. Chemically oxidized multi-walled carbon nanotubes (CNT) were deposited on carbon-electrode and were
covered with eco-friendly algae cell-based lysate that facilitated the electron transfer and served as a biocompatible matrix for
enzyme immobilization, which reduced the inactivation of GOx by CNT. The designed GC/PEI/CNT/S.p./GOx bioanode exhibited
an open circuit potential (OCP) of —262 mV vs Ag/AgCli3mkcr) in the presence of 12.5 mM of glucose. The maximum power

output of the proposed bioanode was 21.8 times higher and reached 3.2 W cm

—51 mV vs Ag/AgCliamke if the S. platensis

cell lysate was used for bioanode design. The amperometric responses of GC/PEI/CNT/S.p./GOx bioelectrode towards the addition
of glucose were linear at glucose concentrations ranging between 250 uM and 5 mM. These characteristics enable applying this
bioanode as a part of biofuel cell and the electrode of an amperometric glucose biosensor, which response within 15 s, with a

detection limit of 118 M and a sensitivity of 15.09 pA mM™
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According to the report launched by United Nations, it was
estimated that the global population growth will increase, expecting
to achieve over 9.7 billion people in 2050 and 10.9 billion people in
2100." By comparing with today’s numbers, the population of
humans will increase almost 25% by 2050, thus predicting an
increase in the entire world’s energy consumption by over 50%.>
Taking into account that today, almost 80% of all energy demand is
generated from non-renewable sources such as gas, oil, coal, which
utilization mainly affects the Earth’s climate change, the develop-
ment of alternative “green” technologies is one of the most
significant  challenges facing the research community.’
Bioelectrochemical systems (BES), including enzymatic and various
microorganisms-based biofuel cells, can encourage alternative
techniques for generating renewable energy or valuable products
such as hydrogen, methane, peroxides or heavy metals.* These
biological systems can be employed for organic pollutants con-
taining wastewater purification and simultaneously produce bioelec-
tricity by utilising organic matter at the anode chamber designed
with electroactive bacteria films or active redox enzymes.5 However,
some limitations are mostly related to their low efficiency and long-
term stability to be overcome to apply these technologies to
commercial applications.® The higher efficiency of biofuel cells
can be realized if the biological catalysts are capable of undergoing
direct electron transfer (DET) between themselves and electrode
material,7 on which it has to be immobilized.

The ability to undergo DET depends on the enzyme’s crystal
structure, the cofactor’s nature, and its localization in the enzyme
matrix. According to Gray et al. investigations, the distance between
cofactor and enzyme surface plays a significant role in its DET
efficiency, caused by the electron tunnelling effects.® Regarding
Dutton’s group observations, the electron transfer effectiveness
through the proteins decreases exponentially by increasing the
distance between the redox centre of the enzyme and the electrode.
This distance extremely increases when the redox centre is deeply
buried within the protein matrix of the enzyme. It was concluded that
for a rather rapid electron transfer, this distance needs to be lower
than ~8 A, while a further increase between 8 and 17 A leads to the
reduction of DET efﬁc1ency over 10,000 times.” In some cases, this
distance requirement is limited by the enzyme’s nature, similarly to
glucose oxidase (GOx) from Aspergillus niger, whereas its cofactor

“E-mail: Arunas.Ramanavicius@chf.vu

of flavin adenine dmucleotlde (FAD) is deeply buried into the
enzyme matrix by at least 17 A.'° Despite this fact, GOx is the most
frequently used enzyme in developing biosensors and biofuel cells
due to its good stability and high catalytic activity.'' From this
perspective, the DET of GOx on various carbon-containing nano-
materials is often claimed in the literature. Nevertheless, the most
likely observed evidence is the FAD redox pair at —0.45 V vs Ag/
AgCl (pH = 7) and the cathodic current decrease upon glucose
addition. Recently, Bartlett et al. proved that there is no valid
evidence for DET provided by GOx.'® Wilson earlier highlighted a
similar statement, clearly explaining that the DET of GOx was
inaccurately interpreted in the vast majority of scientific papers due
to the unappreciated interference of free FAD adsorbed on CNT.'?
Therefore, regarding these studies, the claim of DET for any
enzymatic process should be carefully evaluated and justified by a
series of additional experiments.

The development of nanotechnology leads to accomplishing the
larger surface via involving various nanomaterials such as gold,
silver, carbon-based materials, including carbon nanotubes (CNT),
fullerene, graphene oxide, etc. or quantum dots in the electrode
design, thus ensuring the superior communication between biolo-
gical catalysts and electrode.'>'* Recently, the Spirulina platensis
microalgae, commonly known because of their biomass enriched
with proteins, vitamins and antioxidants and are already commer-
cialized as a food supplement,'® have been used to prepare algae-
based biofuel cells. These cyanobacteria do not need any expensive
nutrients for their cultivation. They can be grown even on waste-
water using CO, from the air and the Sunlight required to carry out
the photosynthesis,'® thus making these algae cells more advanta-
geous for sustainable “green” energy production. Lin et al. have
shown that S. platensis formed biofilm provides the maximal open
circuit potential (OCP) value of 0.49 V. This photosynthetic biofuel
cell exhibited the maximum power output of 10 mW m ™ registered
at the external resistance of 1 k."” More recently, Longtin et al.
discovered the long-life bioanode comprised of algae living cells,
which generate the power density of 59.8 mW cm 2 and the OCP
magnitude of 227.7 mV calculated on the 7th day measurements.'®
Yang et al. designed the algae biofilm microbial fuel cell (ABMFC)
that provides a higher power density of 62.93 mW m~2'® However,
to the best of our knowledge, the algae cell lysate has never been
used for organelle-based biofuel cells design; thus, the relationship
between S. platensis-based lysate and GOx enzyme on carbon-
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modified electrodes remains unclear, which should be further
justified.

In the present study, the S. platensis-based lysate was used as a
cheap and green alternative for mediators such as flavins, phena-
zines, and quinones that shuttle the electrons from the redox centre
to the solid electrode. Instead of these expensive compounds, the S.
platensis-based lysate serves as a biological redox mediator for the
GOx enzyme, reducing the OCP drop along the electron pathways
and facilitating the electron transfer between the redox-active centre
and CNT modified electrode. The designed bioanode marked as GC/
PEI/CNT/S.p./GOx exhibits a 21.8 times higher power output (3.2
uW cm™?), determined at the potential of —51 mV vs Ag/AgCl (3 M
KCl). The series control experiments with guanidine hydrochloride,
dialysis membrane, L-glucose, ferrocene and others show that the
origin of cathodic current reduces upon the addition of glucose
observed via CV and chronoamperometry methods are mainly
attributed not to DET as usually claimed in literature but to the
depletion of oxygen in the buffer solutions. Based on these results, it
was demonstrated that this phenomenon could also be applied to
develop glucose biosensors. The amperometric responses of GC/
PEI/CNT/S.p./GOx bioelectrode towards the addition of glucose
were linearly at glucose concentrations ranging between 250 ;M and
5 mM. The electrode exhibited a response time of 14.5 s, detection
limit of 118 4M and sensitivity of 15.09 yA mM~" cm™2

Experimental

Materials and reagents.—All reagents in this study were of
analytical grade and were used as obtained without further purifica-
tion unless otherwise specified. Glucose oxidase (E.C.1.1.3.4., GOx)
from Aspergillus niger (specific activity ~ 295 U mg™"), catalase (E.
C.1.11.1.6.) liquid solution from bovine liver (enzymatic activity
132,000 CIU mlfl), multi-walled carbon nanotubes (CNT, diameter
ranges from 6 to 13 nm, 98% carbon basis), glutaraldehyde (25% wt.
in water), polyethyleneimine (PEI, branched, M,, ~25,000, 99%),
guanidine hydrochloride (98%), ferrocene (98%), L-glucose (99%),
hydrogen peroxide (34.5%-36.5%), sulfuric acid (95%-97%) and
trisodium citrate (99%) were purchased by Sigma-Aldrich Chemical
Co. All salts used for preparations of phosphate/acetate buffer
solutions (signed as A-PBS) with the composition of 47 mM
potassium dihydrogen phosphate, 3 mM dipotassium hydrogen
phosphate, 50 mM sodium acetate and 100 mM potassium chloride

5% Glutaraldehyde
vapour

e

(pH = 6) were received from Reachem Slovakia S.r.o. The
potassium chloride (99%), potassium dihydrogen phosphate (99%),
dipotassium hydrogen phosphate (99%) and sodium acetate (99%).
D, L-glucose (99%) was obtained from Alfa Aesar. The 12 kDa
dialysis membrane used for GC/PEI/CNT electrode isolation was
purchased from Thermo Scientific (USA). The glassy carbon
electrodes (GC, Sigradur G) with a geometric surface area equal
to 0.07065 cm?® were obtained from HTW (Germany) and used as a
basic material for bioelectrode design. Prior to using the GC
electrodes for bioelectrode design, their surfaces were mechanically
polished with 0.3, and 1 pm sized Al,O3 paste received from BASi
(USA). The new 1 mol ™" of glucose solution was prepared at least
24 h before measurements. Spirulina (Arthrospira) platensis (NIV A-
CYA 428) algae cells were purchased from NORCCA (Norway). All
buffer and rinsing solutions used for cleaning the bioelectrodes and
washing the CNT powders were prepared using deionized Milli-Q
water (18 M{-cm).

Microalgae-based lysate preparation.—As-received cells were
washed several times with a physiological solution of 0.9% NaCl,
then collected by centrifugation at 300 G for 10 min. Next, the cell
lysis was completed using a probe sonicator (Sonics, UK) under the
sonication frequency of 20 kHz (with an amplitude of 15%) and the
power regime of 130 W. Prior to the cell lysis, the green precipitate
was suspended in A-PBS solutions and transferred into the ice-
surrounded plastic tube which protects the samples from over-
heating. Then, samples were subjected to sonication for 30 min.
Finally, the cell debris was removed from the solution via
centrifugation at ~540 G for 10 min. The obtained lightly green in
the colour protein-enriched lysate was further analysed using a
protocol proposed by Bradford et al.*° and applied for bioelectrode
constructions.

GOx-based bioanode construction procedures.—Firstly, the GC
electrodes were mechanically cleaned using fine-grit polishing pads
(BASi) wetted with different-sized Al,O3 paste. Afterwards, the
electrodes were thoroughly rinsed with DI water and consecutively
cleaned via potential cycling. Next, the refined electrodes were
immersed in the new aqueous PEI (1 mg ml™!) solution for 5 min to
provide a positive charge on the GC surface and carefully rinsed
with DI water. It should be noted that multi-walled carbon nanotubes
used to construct bioelectrodes were firstly chemically oxidized in a

Figure 1. The principle design scheme of GC/PEI/CNT/S.p./GOx bioanode based on microalgae cell lysate utilization as biological redox mediator.
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concentrated acidic solution of H,SO4:HNO; with a ratio of 3:1 (v/
v) at 40 °C for 8 h. This modification leads to the oxygen-containing
group’s formation on the CNT surface,®’ thus enhancing their
wetting properties and ensuring their better dispersion degree in
polar solutions.>® Prior to use, the chemically oxidized CNT were
subjected to sonication for 24h, and 5 ul of a black solution
containing 5 mg ml~" of functionalized CNT were drop-casted on
GC electrodes. Then, the GC/PEI/CNT electrode composition was
further enriched with S. platensis-based lysate, used in this research
as a biocompatible and biological molecule conjugate that can
facilitate immobilization of enzyme and probably can act as an
electron carrier. Following this approach, the 5 ul of algae lysate was
dropped on the electrode surface and left to dry under ambient
conditions to achieve this purpose. The main construction steps of
bioanode are highlighted in the schematic illustration presented in
Fig. 1. lastly, the 5 ul of GOx solution (10 mg ml™") was placed on
the top of the electrode and enclosed with the Eppendorf cups
partially filled with 5% of glutaraldehyde. Then, the prepared
bioanode was transferred into the fridge and kept for 16 h under
the glutaraldehyde vapour at 4 °C, which was utilized to cross-link
the enzymes as described in detail previously.’

Notably, the constructed bioanode (denoted as GC/PEl/
MWCNT/S.p./GOx) was soaked into an A-PBS buffer and stored
in the fridge if not in use. In order to evidence the presence of free
FAD in the solution of GOx, the GC/PEI/CNT electrode was gently
covered with a 12 kDa dialysis membrane, which was soaked in DI
water overnight and fixed by silicone-based O-rings. The control
measurements were conducted herein to clarify the possible influ-
ence of the catalase enzyme, known as a “residual impurity” of
commercially available GOx** for cyclic voltammetry results inter-
pretation. For this objective, the bioanode design (marked as GC/
PE/MWCNT/S.p./CAT) was prepared in the same way except for
the final step, whereas 5 ul of catalase was used instead of GOx
enzyme.

Electrochemical measurements.—Using Zahner Zennium elec-
trochemical workstation (Zahner-Elektrik, Germany), electroche-
mical measurements were carried out using three-electrode config-
uration cells. The GC/PEI/CNT/S.p./GOx bioanode was operated as
a working electrode. The Ag/AgCl was filled with 3M KCI
(+205 mV vs SHE), and the platinum sheet with the dimensions
of 12 x 35mm was employed as a reference and auxiliary
electrodes, respectively. All experimental potentials given in this
study are relative to the Ag/AgCl (3M KCl) unless otherwise
specified. The influence of oxygen, hydrogen peroxide and possible
metal oxide-based impurities (MeO,) that are incorporated into CNT
structure on the catalytic properties of GC/PEI/CNT/S.p./GOx
bioanode were evaluated via cyclic voltammetry (CV) at the

0.4](a) i

—GC
—— GC/CNT
——— GC/CNT + 12.5 mM glucose

GC/CNT (N, sat. PBS)

——GC/CNT + 12.5 mM glucose (N, sat. PBS)

GC + 12.5 mM glucose

09 -06 -03 00 03 06
E /V vs. Ag/AgCI

potential window ranging from —1000 to 600 mV and the potential
scan rate of 40mV s~ '. In order to determine the CNT catalytic
properties and possible interferences with the catalytic current
produced by GC/PEI/CNT/S.p./GOx bioanode, the CV scan was
registered under similar conditions A-PBS buffer solution (pH = 6)
containing 12.5 mM of glucose. The open-circuit potential (OCP) of
proposed bioelectrodes was established by running the chronoam-
perometry measurements in the two-electrode electrochemical cell
with the negligible current (~1 pA) flowing through the system.

Similarly, the polarization and power density measurements were
carried out by sweeping the potential directly from OCP to zero at
the scan rate of 0.1 mV s™' using the linear sweep voltammetry
(LSV) method in a single-compartment electrochemical cell by
connecting the GC/PEI/CNT/S.p./GOx bioanode as the working
electrode and the glassy carbon cathode with the surface area of 2.0
cm? as a combined reference and counter electrode.?” The relative
stability of GC/PEI/CNT/S.p./GOx bioanode was examined each
day over seven days in the presence of 12.5 mM of glucose. The
amperometric responses were evaluated for different glucose injec-
tions under the magnetic stirring of air-saturated A-BPS solution at
an applied voltage of —0.18 and 40.15 V vs Ag/AgCl (3 M KCI).
To clarify the origin of four well-defined redox peaks registered
during CV scans and their “catalytic” response towards the addition
of glucose, several control experiments were conducted in air-
saturated and oxygen-free (saturated by purging with N, gas for 2 h)
A-PBS solution using L-glucose, guanidine hydrochloride, dialysis
membrane, catalase and ferrocene as a redox mediator.

Results

Electrochemical activity of CNT and their metal oxide-based
impurities.—Frequently, CNT employment in biosensors and bio-
fuel cells is related to their unique properties such as high specific
surface, excellent electrical conductivity, nanowire morphology, and
capability to reach the prosthetic group of the enzyme.”® DET
promotion between enzyme redox centre to the bulk electrode is
highlighted in many scientific papers.”’® However, we should note
that claiming the mediator-less DET of GOx on CNT is still
questionable due to complex heterogeneous reactions that occur on
the CNT-modified bioelectrode. Notably, the CNT used as a
substrate for biomolecules immobilization was modified by
oxygen-containing groups via an acidic oxidation process. Firstly,
the influence of CNT and some metal oxide-based impurities in their
composition even after acidic or alkaline purification on the
enzymatic electrode performances were investigated herein. It is
known that oxygen reduction (ORR), as well as hydrogen peroxide
(H,0,) reduction reactions, are susceptible to metal oxide-based
impurities.'” These reactions become less efficient if the CNT

2.5

—— GC/MeO, + 2 mM H,0,
——GCIMeO, (N, sat. PBS)
T

09 -06 -03 00 03 06
E /V vs. Ag/AgCI

-1.0 T T

Figure 2. Cyclic voltammograms of different electrode designs were recorded in air and N, saturated A-PBS (pH = 6) without and in the presence of 12.5 mM
of glucose at the potential window of 1.0 to —0.6 V, a scan rate of 40 mV s~ '. Cyclic voltammograms of bare GC, GC/CNT electrode (a) and GC decorated with
MeO, traces (b) were registered after the combustion of CNTs in the air at 700 °C for 4 h in the presence of 2 mM of H,0,. Insets: top-side SEM image of the

MeO,-based products obtained after the oxidation of CNTs.
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surface is covered with some organic molecules such as enzymes,
various cell organelles, and probably cell lysate due to the occupa-
tion of their active sites. However, it can affect the catalytic current
generated by bioelectrode, especially at the negative potential ranges
in oxygen-enriched buffer solutions. In order to clarify these
reactions more in detail, the cyclic voltammetry was performed at
the potential window of —1000 to 600 mV with different GC
electrode designs in N, and air-saturated A-PBS at a scan rate of
40 mV s~' (Fig. 2a). From cyclic voltammograms (Fig. 2a), it is
seen that onset potential (potential values at which the reaction
starts) of ORR on GC and GC/CNT take place at —350 and 78 mV,
respectively. The oxygen reduction on CNT has a prominent
reduction peak with an E,. value of —319.9 mV. However, after
removing dissolved oxygen by bubbling the N, gas for two hours,
the reduction peak disappeared, following the decrease in cathodic
current density, confirming its origin in the ORR. It should be noted
that after the addition of 2 mM H,0,, no significant changes in
current were observed, and the CV profile remains identical to that
registered in the case with GC/CNT (Fig. 2a). However, in the
presence of 12.5mM glucose, the reduction current started to
decrease from —255 mV and 65 mV in a case with GC and GC/
CNT electrodes, respectively (Fig. 2a).

This decrease probably is a consequence of glucose adsorption on
the active CNT surface, thus reducing the active area of CNT
suitable for ORR on which it appears at more positive potential due
to metal oxide-based impurities that are promising catalysts for
ORR.? On the other hand, it can be related to the increase in
solution viscosity, causing the slower O, molecules diffusion. On the
contrary, the addition of 12.5 mM glucose does not cause any
significant changes in the current profile when measuring in O,-free
buffer solutions, as evidenced by curves presented in Fig. 2a and
supports the explanations described above. Therefore, these reac-
tions need to be considered to evaluate the performance of the
bioelectrode that was designed by utilizing the CNT layer.

More exciting results were determined from CV measurements
with GC/MeOy electrode design. To examine the influence of metal
oxides-based impurities that exist in commercial CNT structure on
the bioelectrode performances, the CNT was combusted under the
synthetic air atmosphere at 1000 °C for 2 h. This procedure reduces
the carbon content, increasing the ratio of metal oxides-based
impurities and ensuring higher electrochemical relevance. The
obtained powder, marked as MeOy, was placed on the GC electrode
and analysed via cyclic voltammetry. The sharp oxidation peak with
an E,, value of 153 mV observed herein is related to the oxidation of
metal oxide-based impurities (Fig. 2b). This peak is also visible in a
GC/CNT electrode (Fig. 2a, black arrow). The reduction curve
profile has one negligible and visible cathodic current increase
region with starting potentials of 57 and —173 mV, respectively. The
first can be attributed to MeOy reduction or ORR occurring at a
higher potential on these metal oxides such as Co, Al, and V-based
surfaces.® ORR mainly induces the second one because the current
decrease is more effective after oxygen removal. In the presence of 2
mM of H,O,, the cathodic current started to decrease due to
peroxide reduction on MeO, surface with an onset potential of
—148 mV, the E,. value of —572 mV and the Aj, of —
0.61 mA cm™>. The sensitivity of GC/MeO, electrode towards
H,0, reduction estimated from CV was determined to be 0.25 pA
uM™' ecm™? proving that the metal oxides released by CNT
combustion are promising electrocatalysts and can be used for the
preparation of non-enzymatic H,O, sensors.

Electrochemical activity of GC/PEI/CNT/S.p./GOx bioanode.—
The origin of four well-defined redox peaks recorded via cyclic
voltammetry (Fig. 3a, marked with arrows) have been related to
FAD/FADH, and unknown electroactive species of microalgae cell
lysate. By reviewing past literature, the cathodic current decrease in
the presence of glucose is usually claimed as true evidence of direct
electron transfer (DET) between various nanomaterials and the GOx
enzyme’s redox centre. However, recent studies with a more precise

explanation of this phenomenon have been proposed, showing that
this effect can be attributed to oxygen depletion.'™'? To prove this
assumption, the influence of oxygen, CNT, hydrogen peroxide,
glucose or even free FAD and catalase, that known to be impurities
of available commercial GOx and can quickly adsorb on the CNT
surface,®" needs to be considered when interpreting the perfor-
mances of GOx-based bioelectrodes. All summarized processes
occur mainly in the cathodic region; thus, the cathodic potential
region was investigated by cyclic voltammetry to ensure more
precise information. The presence of 12.5 mM of glucose resulted
in a decrease in cathodic current (Fig. 3a), mainly caused by a
dramatically reduced ORR rate due to oxygen depletion in the
solution. These results were further evidenced by recording the CV’s
scan in the oxygen-free solutions, whereas the cyclic voltammogram
exhibits an identical profile even after 12.5 mM of glucose (Fig. 3a).
It should be noted that the impact of ORR that occurs on the CNT
surface can be eliminated by removing the dissolved oxygen in the
electrolyte, as evidenced by the O, reduction peak disappearance
shown in Fig. 2a. Besides that, this peak appears in O, containing
solutions at a lower potential range with an E,. value of —315 mV.
(Fig. 3a, marked with arrow) and do not interfere with the
biologically relevant redox peaks observed herein. Surprisingly, a
similar phenomenon was observed in a case with an enzyme-less
GC/CNT electrode design, which was related to the current decrease
after the addition of glucose (Fig. 2a). This observation probably
arises from the adsorption of glucose on CNT, thus blocking their
active sites suitable for ORR or changes in solution viscosity,
affecting the oxygen diffusion. Furthermore, it was hypothesized
that a small fraction of this cathodic current might be related to H,O,
(produced by enzymatic reaction or ORR??) reduction on the metal
oxide-based impurities, as illustrated above. However, after adding
2 mM H,0,, the CV profile remains similar to GC/PEI/CNT/S.p./
GOx (data not shown), thus clarifying the quantity of metal oxides in
CNT is negligible toward H,O, reduction. Furthermore, it is also
known that catalase (CAT) is one of the most likely impurities that
uses H,0, as a substrate and can be found in commercial GOx, with
the ratio between GOx and CAT depending on the supplier’s,
varying from 7.5 to 30.'°

From this perspective, the interference of CAT to GOx-based
bioelectrode performances should be less significant. However, it
can influence the registered catalytic current via hydrogen peroxide
(produced via enzymatic reaction) conversion to oxygen and water
catalysed by CAT enzymes. As shown in Fig. 3b, this process occurs
at the potential region close to the FAD/FADH, redox potential with
an Ej,. value of =312 mV (vs Ag/AgCl); thus, in some cases, it
might interfere with the “catalytic” current assessments. However, as
noted above, the addition of hydrogen peroxide does not cause any
visible changes for GC/PEI/CNT/S.p./GOx electrode in the CV
profile, thus ensuring that the presence of catalase is too low in GOx
(type VII, Sigma Aldrich) powder. Finally, it can be summarized
that this factor can be ignored only at the potential window tested
herein when characterizing the CNT-based biosensors and biofuel
cells.

In order to characterize these two quasi-reversible redox pair CV-
peaks more in detail, the heterogeneous electron transfer rate
constants (K;) were estimated using Laviron’s equation.33 The
dependencies of Ep, and E,. on the logarithm scan rate (Figs. 3c
and 3d) can be linearly fitted at scan rates usually higher than
200mV s~ ', thus giving the slope which is directly proportional to
2.3RT/(1-a)nF and —-2.3 RT/anF, corresponding to the anodic and
cathodic peaks, used for calculation of the charge transfer coefficient
(o). In this study, the transfer coefficients were found to be 0.68 and
0.7, whereas the K, constant is equal to 17.3 and 7.6 s~! for GOx and
S. platensis based redox species. Considering the fact that both
processes are surface-controlled, as evidenced above, the estimated
K, value for FAD/FADH, is higher than those reported in the
previous studies, whereas the K, ranged from ~2 to 12s~'.** This
distinction was possible observed due to S. platensis lysate usage,
which might be served for enzyme immobilization via reducing the
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Figure 3. Cyclic voltammograms of GC/PEI/CNT/S.p./GOx (a) and GC/PEI/CNT/S.p./CAT (b) electrodes recorded in N, and air-saturated A-PBS solution (pH
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FAD/FADH; (c) and S. platensis lysate (d) peak potential Ep,; ) as a function of the logarithm of scan rate recorded in N,-saturated A-PBS.

“side” effects of CNT to enzyme conformation and possible
facilitating the electron transfer. On the other hand, this difference
could be related to the free FAD redox couple, which is adsorbed on
CNTs covered by S. platensis lysate, which possesses an extremely
high electron transfer rate.

The registered redox waves of unknown redox-active species
raised due to S. platensis-based lysate utilization in bioanode design
indicate that it cannot be assigned as a redox mediator because of its
more reductive formal potential equal to —521.5 mV (vs Ag/AgCl).
However, according to the chronoamperometric results (data not
shown), the addition of glucose at the constant potential of +150 mV
(vs Ag/AgCl) leads to the increase of current provided by GC/PEI/
CNT/S.p./GOx bioanode with I, equal to 20 pA cm 2. This
dependence disappeared if the S. platensis-based lysate was not
comprised in the bioelectrode design. This phenomenon can be
clarified as follows: the S. platensis lysate consists of only a small
fraction of redox species that are invincible by recording the CV but
still can act as a redox mediator for GOx either the S. platensis lysate
facilitate GOx immobilization on the electrode and probably serve as
the electron carrier. In order to prove this assumption, the GOx
coverage efficiency was investigated by using the UV-vis spectro-
photometry method by analysing the GOx residual in the solution
after enzyme immobilization. For this purpose, the higher GC
electrode (S = 1 cm?) was chosen herein to ensure better accuracy
and was prepared following the same procedures as shown in Fig. 1.
After enzyme immobilization, the GC, GC/PEI/CNT/GOx and GC/
PEI/CNT/S.p./GOx electrodes were separately washed with A-PBS,
and the absorbance spectra were registered and compared to the
calibration curve (data not shown). All absorption spectra have the
maximum absorption peak at 266 nm, assigned as the polypeptide
chains of native GOx in the buffer solutions.®® It was observed that
the bare GC surface is unsuitable for GOx immobilization, whereas
the surface coverage reached only 9.38 pmol cm™2. A higher value
of surface loading equal to 133.4 pmol cm ™2 was obtained with CNT
modified GC electrode. This effect can be assigned to its high
specific surface area. Surprisingly, the highest surface coverage of
154.6 pmol cm ™ was obtained when the S. platensis based lysate

was used for bioelectrode design. These results match those obtained
with ferrocene redox mediator (presented below), whereas the
registered catalytic current was 10.4% higher if algae lysate was
composed of bioanode design, proving their essential role in the case
of GOx immobilization.

Microalgae-based bioanode characteristics.—The microalgae
cell’s utilization in the development of biofuel cells has received
considerable attention from the research community due to its ability
to be adapted to various applications, including food sug)é)lements,
vitamin production or “green” electricity generation.'®*° Besides
that, the growing conditions required to cultivate S. platensis
cyanobacteria are relatively simple and cheap, making it more
advantageous.”’ However, its lysate has never been used to prepare
biosensors and biofuel cells. In this study, the S. platensis-based
lysate was investigated as a suitable biological molecule conjugate
that facilitates the GOx enzyme immobilization and improves the
electron transfer rate. The influence of microalgae cell lysate on GC/
PEI/CNT/S.p./GOx bioelectrode performance was assessed by
estimating the open circuit potential (OCP) and power density
measurements. Before power measurements, the OCP of bioanode
and cathode were measured separately using the Ag/AgCl (3 M KCl)
reference electrode in a single-compartment cell. It was found that
the initial OCP value was —156 mV (vs Ag/AgCl) if the microalgae
lysate was incorporated into the bioelectrode design. Furthermore, in
the presence of 12.5 mM of glucose, this value dropped to —262 mV
(vs Ag/AgCl), indicating that S. platensis-based lysate enhances the
electron transfer rate and reduces the overpotential of glucose
oxidation.

This relatively high negative potential plays an essential role for
GC/PEI/CNT/S.p./GOx bioelectrode to act as a bioanode in a one-
compartment biofuel cell design. The potential difference between a
reference electrode and a bare glassy carbon cathode was +95 mV
(vs Ag/AgCl). The obtained potential difference determined the
maximal whole-cell OCP of the biofuel cell and was 357 mV for the
bio device operating in an A-PBS buffer containing 12.5 mM of
glucose. Power output was determined using the linear sweep
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voltammetry (LSV) method and two-electrode cell configuration.
The registered power and current density of GC/PEI/CNT/S.p./GOx
electrode were approximately 21.8 and 10.7 times higher than GC/
PEI/CNT/GOx, respectively (Figs. 4a and 4b). It was determined
that GC/PEI/CNT/S.p./GOx bioanode generated 357 mV potential
(the highest OCP value reached 12.5 mM of glucose) at the load of
0.54 MS2 (Fig. 4c). Furthermore, the maximum power density of
GOx-based bioanode was found to be 0.146 pW cm_z, thus
supporting the idea that GOx does not undergo DET without any
additional services of redox-active species. In contrast, if biological
S. platensis-based lysate was used in the bioelectrode design, this
value increased over 21.8 times and reached 3.2 yW cm 2.
Furthermore, the stability assessments have shown that GC/PEI/
CNT/S.p./GOx bioanode exhibits long-term stability over seven
days, losing only 10.4% of its maximal averaged power efficiency
(data not shown). These results confirm the hypothesis that
biological and eco-friendly S. platensis-based lysate can facilitate
enzyme immobilization, probably by preventing the possible CNT
“side” effects and enhancing the electron transfer rate suitable for the
construction of biosensors and biofuel cells.

Electrocatalytic activity of GC/PEI/CNT/S.p./GOx bioelec-
trode.—In order to further investigate the electrocatalytic properties
of GC/PEI/CNT/S.p./GOx bioelectrode towards different glucose
concentrations, the chronoamperometric measurements were con-
ducted in the air-saturated A-PBS solution under the constant
potential of —385mV. From a typical i—¢ curve presented in
Fig. 6a, it is obvious that after continuous injection of 1 mM
glucose, the current response of GC/PEI/CNT/S.p./GOx bioelectrode
decreased, showing hyperbolic dependence and reached the steady-
state condition when the substrate concentration exceeds 3 mM
(Fig. 5b). The magnitude of the current response decreased linearly
following the equation of J (uA cm™2) = —7.91-107%C (mM) +
2.69-107° (R* = 0.958) at the glucose concentration ranging
between 1 and 3 mM. The registered response time of GC/PEI/
CNT/S.p./GOx bioelectrode was 10.6s with a detectlon limit of
73 uM and average sensitivity of 9.79 A mM™

Despite the previously reported studies, Whereas the ampero-
metric responses of GOx-based electrodes registered during the
oxidation of glucose were related to direct or quasi-direct electron
transfer,27 28 based on the results obtained herein, it can be
concluded that the decrease of cathodic current cannot be entirely
linked to the enzymatic catalytic current due to a few reasons: (i) it is
seen that after the initial injection of 1 mM glucose, the obtained
current response was higher than that initiated by the addition of
similar or even tree times more-concentrated substrate (Fig. 5a); (ii)
if the oxygen was removed by N, bubbling, no significant changes in
current were observed even after the addition of 12.5 mM glucose
during the chronoamperometric measurements at the identical
potential of —385 mV. These results match those registered by
CV analysis (Fig. 3a). Considering that the current starts to decrease
from —25 mV upon glucose addition, which is far away from the
thermodynamic potential of the FAD/FADH, redox pair, the

obtained current responses can be related to changes in ORR rate.
This reduction can be caused due to the consumption of O, by GOx
(FAD) that use oxygen as a natural electron acceptor, thus being
lower concentrations of dissolved O, accessible to the reduction on
CNT-based electrode. Following this logical sequence, the ampero-
metric responses of GC/PEI/CNT/S.p./GOx bioelectrode mostly can
be related to the oxidation of glucose and the depletion of O,. By
trying to find the application of this effect, it was observed that such
an electrode design could be utilized for glucose monitoring;
however, the detection range was determined to be between 1 and
3mM of glucose (Fig. 5b, insets). Moreover, this interval can be
extended if the buffer solution is exchanged after each chronoam-
perometric measurement. The registered calibration curve is char-
acterised by significant linear regression between 250 M and 5 mM
of glucose, which obeys the varlatlon that can be well described
using the e% uation of J (uA cm™ ) = 9.81-110°%C (mM) +
6.62:107° (R* = 0.977). The average sensitivity of GC/PEI/CNT/
S.p./GOx bioelectrode towards the addition of glucose is calculated
to be 15.09 yA mM ' cm 2 with a response time of 14.5s and a
detection limit close to the value of 118 uM (Fig. Sc, insets). These
results allow us to predict that GC/PEI/CNT/S.p./GOx bioanode can
be appropriate for glucose monitoring in aqueous solutions.

Discussion

The two redox waves identified as FAD/FADH, redox pair at the
potentials ranging from —480 to —430 mV vs Ag/AgCl (pH = 7)
were considered truly evidence of GOx(FAD) immobilization on the
nanostructured electrodes in the vast majority of reported papers.
Furthermore, the drop in the reduction current occurring as a
response caused by the addition of glucose was usually claimed as
an unquestionable confirmation of DET between GOx(FAD) and
various nanostructures, including carbon-based nanomaterials that
can access the redox cofactor. Such explanation was commonly
acceptable until the statement provided by Wilson, which has been
defined that GOx cannot undergo DET."'? It has been highlighted that
H,0,, a product of the ORR and enzymatic reactions, can reduce
itself on metal oxides-based NPs incorporated into conducting
polymers®®™!' or CNT-based structures,'® thus affecting the reduc-
tion current obtained from enzymatic electrodes. Assuming that
CNT has <2% of metal oxide-based impurities (as it is in the case of
this study), which exhibit extremely high catalytic activity towards
H,O, reduction demonstrated above, it does not have a significant
impact on GC/PEI/CNT/S.p./GOx bioelectrode current responses
even in solutions containing 2 mM of H,O, (data not shown). This
observation is most likely attributed to the low content of metal
oxide-based residues surrounded by lots of carbon, thus isolating
them from the electrode/solution interface. It has been hypothesized
that this decrease in current is related to oxygen depletion because it
serves as an electron acceptor during the enzymatic reaction.*
Moreover, as highlighted above, CNT modified electrodes generated
a similar response to glucose in air-saturated solutions. This
phenomenon can be a critical component that affects and causes
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Figure 5. Chronoamperometric evaluation of GC/PEI/CNT/S.p./GOx bioelectrode
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the linear responses of GC/PEI/CNT/S.p./GOx bioelectrode towards the addition of glucose.

the cathodic current response to glucose. The origin of this
phenomenon probably can be mainly prescribed to the physical
process described above. These ideas are further justified by the
control experiments with L-glucose that are presented below. As
evidenced by control measurements, no significant changes in
current were observed in the absence of ferrocene (Fig. 6e, curves
3, 4), thus confirming that catalytic activity of GOx does not occur
without the assistance of redox mediators.** However, it was shown
that GOx immobilized on CNT modified by S. platensis-based lysate
remains its enzymatic activity towards glucose oxidation (Fig. 6e).
Furthermore, it was observed that the catalytic current registered in
the case with algae enriched bioelectrode was 10.4% higher (Fig. 6e,
curve 1), thus specifying that S. platensis-based lysate probably can
facilitate the immobilization of GOx and serve as a biological redox

mediator, ensuring the higher electron transfer rate. These results
match well with those obtained via power density measurements,
where the generated maximal power output was 14.4 times higher if
the algae cell lysate was comprised in the bioelectrode design.

It is acceptable that the origin of two redox pairs registered
during CV analysis at the potential window from —355 to —455 mV
vs Ag/AgCl is based on the reduction/oxidation of the FAD/FADH,
redox pair. However, some issues remain questionable: have these
peaks appeared due to GOx(FAD) adsorption or free FAD that
usually exists in the solution of GOx due to dissociation from the
native enzyme structure. Considering that the GOx enzyme remains
in its catalytic activity, as evidenced by control experiments with
ferrocene, the origin of FAD/FADH, redox pairs is mostly related to
free flavin being in the commercial enzyme aliquot. To clarify this
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various conditions: (a) before and after incubation in 3 M of guanidine hydrochloride solutions for 16 h; CV profiles obtained in the solutions containing different
concentration of D-glucose (b) and L-glucose (c); CVs curves observed with GC/PEI/CNT electrode covered by 12 kDa dialysis membrane on which the exact
content of GOx was drop-casted and immobilized following identical conditions is presented (d). In (e), the comparison of GC/PEI/CNT/S.p./GOx catalytic
activity is represented (curve 1), and GC/PEI/CNT/GOx (curve 2) bioelectrodes evaluated in A-PBS solution containing 0.5 mM of ferrocene and 12.5 mM of
glucose. Curves 3 and 4 are registered in the absence of glucose with and without ferrocene addition and correspond to the control measurements recorded at the

scan rate of 5mV s L.



Journal of The Electrochemical Society, 2022 169 053510

assumption, a few control experiments were conducted with the
assistance of guanidine hydrochloride (Fig. 6a), L-glucose (Figs. 6b
and 6c) and dialysis membrane (Fig. 6d). It is commonly accepted
that guanidine hydrochloride (usually at high concentrations) can
easily strip the FAD from GOx or even denature GOx, removing it
from the electrode surface.** Contrariwise it has no impact on
removing free FAD adsorbed on the CNT surface.*> As presented in
Fig 7a, after the incubation of GC/PEI/CNT/GOx bioelectrode in 3
M guanidine hydrochloride for 16 h, the FAD/FADH, redox peaks
remained well-defined with minor changes in their £, value from
—394 to —402 mV. Comparing their charge densities calculated by
integration of cathodic peak current provided by electrode after
storage in guanidine hydrochloride for 16 h was approximately 0.25
uC cm™2 lower than that of not treated electrode. Surprisingly, the
relative current response upon the addition of 12.5 mM glucose was
approximately 3.2 times higher in the case when an electrode was
not stored in the solution containing 3 M of guanidine hydrochloride,
thus supplementing the hypothesis that some FAD adsorbed on CNT
probably can be “in contact” with native enzyme as suggested in
earlier studies.”” On the other hand, it is contrary to GOx spatial
structure and the distance between the redox-active centre and
enzyme surface, limiting any direct redox communication with solid
electrodes.*® From this perspective, this phenomenon probably can
arise due to the adsorption of some guanidine hydrochloride or FAD
molecules on negatively charged carboxyl groups of CNT. These
ideas are more speculative and need further investigation, but it is
beyond the scope of this study. Nevertheless, the further control
experiments conducted herein support more detailed information
about the origin of these peaks, especially those with L-glucose and
dialysis membranes. As presented in Figs. 7b and 7c, after a series
addition of D-glucose and L-glucose, the current response is similar
but not identical. Taking into account that the GOx enzyme catalyses
the oxidation of D-glucose [-anomer approximately 150 times
quicker than a-anomer,*® all glucose solutions used in this study
were prepared 24 h before the experiment until the equilibrium
between « and 3 forms was established. Because L-glucose cannot
be used as a substrate of GOx from A. niger,' the obtained current
response after L-glucose addition (Fig. 6¢) probably can be related to
its adsorption on CNT or with changes due to variation in solution
viscosity. It was concluded that both physical phenomena could
decrease the ORR rate, leading to the reduced cathodic current
response. This effect has usually been named a sign of DET;
however, some exercises need to be solved with this interpretation.
Regarding Bartlett’s investigations, the results based on L-glucose
complement each other, proving that the GOx enzyme adsorbed on
CNT cannot undergo DET.'” Lastly, the control test using a 12 kDa
dialysis membrane was carried out to verify the presence of free
FAD adsorbed on CNT after GOx immobilization. It is widely
recognized that free flavin can penetrate through a membrane
differently than GOx, whereas the molar mass varies from 150 to
180 kDa depending on the level of glycosylation.*” Following this
idea, the GC/PEI/CNT electrode was covered with a water-soaked
dialysis membrane, rinsed carefully with DI water and dried in air.
The prepared electrode was enriched by drop-casting 5 pl of GOx
and stored under the glutaraldehyde vapour overnight. The recorded
CV profile contains the same pair of redox peaks that exhibit a
similar response to glucose (Fig. 6d). It is evident that redox waves
are smaller than those observed in Fig. 6b; however, this can be
easily explained due to the reduced active CNT area available to
FAD adsorption. Comparing the GC/PEI/GOx and GC/PEI/CNT/
Membrane/GOx bioelectrodes prepared using fresh GOx solution
(not older than two weeks), it can be assumed that FAD adsorption
on CNT proceeded more effective because no reduction peaks were
observed in the case with GC/PEI/GOx electrode (data not shown).
Nevertheless, the results proved that free flavin exists in the solution
of GOx in relatively high concentration, allowing us to speculate that
the origin of FAD can be a consequence of the cofactor dissociation
process occurring in the enzymatic solutions over time.*®

Conclusions

In summary, we developed and assessed the bioanode based on
organelle containing S. platensis lysate, immobilized on the PEI and
CNT modified glassy carbon electrode. The biological molecules
conjugate enriched S. platenis lysate facilitate the immobilization of
enzyme and act as a green (biological) redox mediator for GOx
enzyme. The bioanode is relatively stable and can be operated in
slightly acidic chloride-containing buffers (pH = 6). The designed
bioanode exhibits the maximal OCP value of —259 mV vs Ag/AgCl
(3M KCl) in the presence of 12.5 mM of glucose. The maximum
power output was 21.8 times higher and reached 3.2 W cm ™ if the
algae cell lysate was used for bioanode design. These results indicate
that S. platensis-based lysate might be suitable for developing
biosensors and biofuel cells. Furthermore, it was shown that the
influence of oxygen, hydrogen peroxide, CNT and metal oxides
could affect the cathodic current, which is widely and incorrectly
attributed to the “catalytic” current provided by bioelectrode towards
the oxidation of glucose. It was assumed that the origin of reduction
current decreases upon the addition of glucose as determined using
cyclic voltammetry and chronoamperometry are mostly related not
to direct charge transfer but to the depletion of oxygen in the
electrolyte solutions.
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