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The integration of enzymes into miniaturised carbon electrodes is a central challenge in advancing flexible
and implantable bioelectronic devices. Here, we investigate how progressive reduction of electrode
dimensions, from macro-scale flexible electrodes to single microfiber configurations, affects catalytic
performance in the ethanol bioelectrooxidation. Using alcohol dehydrogenase (ADH) as a model
enzyme, we show that multi-fiber electrodes maintain high catalytic activity even after substantial size
reduction, whereas single-fiber electrodes exhibit a marked decrease in current density and a significant
positive shift in the onset potential. These results indicate that the spatial architecture of the electrode

strongly influences enzyme loading and electron transfer efficiency. Our study discloses clear
Received 10th September 2025

Accepted 11th November 2025 performance differences between macro- and micro-scale configurations, showing that the 3D

architecture is a crucial factor when designing bioelectrodes. In this regard, our findings contribute to

DOI: 10.1038/d5ay01514f the literature by suggesting that specific immobilization methods are needed in order to produce highly

rsc.li/methods efficient microbioelectrodes.

1 Introduction

As our lives increasingly depend on electronic devices, the bi-
oelectronic industry has evolved to produce miniaturized
devices capable of monitoring various physiological signals,
such as blood pressure,* respiration rate,>* and biomarkers like
lactate*® and cardiac troponin 1.7# With the rising demand for
reliable power sources for these bioelectronic devices, there
remains a gap in technologies that can simultaneously fulfil the
requirements of power, biocompatibility, and safety for the end-
user. Enzymatic biofuel cells (EBFCs) offer a promising solution
for powering bioelectronic devices due to their mild operating
conditions, use of highly specific and efficient catalysts, and
general safety for the user.” Because of these distinctive char-
acteristics, enzymatic biofuel cells have been considered
a viable technology to power the next generation of wearable'>**
and implantable™ devices. However, their commercialization
has been hindered by challenges, including low operating

voltages, limited power output and small lifespan.*>**
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Carbon materials are widespread electrode platforms when
manufacturing bioelectrodes for application in EBFCs thanks to
their remarkable electrical conductivity and low cost.*® Carbon-
based flexible materials, for instance, are pointed out as valu-
able platforms for producing both wearable'®'” and implant-
able®" devices thanks to their intrinsic flexibility and good
biocompatibility. Indeed, an implantable glucose sensor oper-
ating in vivo was previously reported using glucose oxidase
immobilized into a flexible carbon fiber matrix."® Fostering
enzyme attachment in flexible carbon fibers is usually accom-
plished by surface modification to achieve a higher content of
oxygen-based functionalities which might improve the direct
electron transfer rate. For instance, a recent study showed that
chemical exfoliation of flexible carbon fibers by using a KMnO,/
H,SO, solution preferentially generates beneficial quinone
groups on the electrode's surface, leading to an improvement in
the bioelectrochemical response of ADH.**

Effective enzyme immobilization on bioelectrode surfaces is
crucial in developing high-performance biodevices, as it directly
impacts the overall bioelectrochemical efficiency. Suboptimal
immobilization leads to bioelectrodes with reduced perfor-
mance, ultimately resulting in EBFCs with lower operational
performance.” Over recent decades, various immobilization
techniques have been developed to improve enzyme retention
and performance, including covalent immobilization,** phys-
ical adsorption,® entrapment,® and surface affinity.** These
methods have been employed to produce bioelectrodes and
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biofuel cells with enhanced performance and longevity. Never-
theless, integrating enzymes into compact structures, like
carbon-based micro and nanoelectrodes, remains a significant
challenge that must be addressed to enable high-power, long-
lasting micro-biodevices.”>*® For example, ADH has garnered
significant attention in recent years for its ability to efficiently
convert ethanol—a renewable and eco-friendly fuel—into acet-
aldehyde while reducing nicotinamide adenine dinucleotide
(NAD"), which acts as its cofactor. By immobilizing ADH onto
a matrix optimized for NADH oxidation, the energy from this
reaction can be effectively harnessed.””

This study explores the feasibility of using the enzyme
entrapment method to fabricate micro-sized ADH-modified bi-
oelectrodes. Four different electrodes were produced in order to
investigate the influence of the electrode size on their bi-
oelectrochemical response. The benchmark electrode, hence-
forward called FCF, was divided into miniaturised electrodes by
reducing their weight to half and a quarter, resulting in elec-
trodes named iFCF and 1FCF. Subsequently, we advanced
miniaturization by isolating a single carbon microfiber,
creating the s-FCF microelectrode. ADH was then immobilized
on each electrode's surface via physical adsorption followed by
entrapment, and their ethanol bioelectrooxidation performance
was evaluated using cyclic voltammetry. The findings reveal that
the s-FCF/ADH/Nafion electrode demonstrated lower perfor-
mance compared to its macrobioelectrode counterparts,
underscoring the need for improved immobilization techniques
to address the challenge of enzyme integration on micro and
nanostructures, such as carbon microfiber electrodes.

2 Materials and methods
2.1. Materials

ADH from Saccharomyces cerevisiae (ADH, EC 1.1.1.1, =300
units per mg, M,, = 141-151 kDa, lyophilized powder), potas-
sium  hexacyanoferrate(n) trihydrate (K,[Fe(CN)¢]-3H,O,
99.95%), potassium hexacyanoferrate(m) (Ks[Fe(CN)s], 99%),
ethanol (99.5%) and Nafion®117 aqueous solution (~5% wt) in
an aliphatic alcohol mixture were obtained from Sigma-
Aldrich®. Potassium permanganate (KMnO,, 99%), potassium
chloride (KCl, 99-105%), sodium phosphate monobasic
monohydrate (NaHPO,-H,0, 98-102%), and sodium phosphate
dibasic heptahydrate (NaH,PO,-7H,0, 98-102%) were acquired
from Synth®. Hydrochloric acid (37%) and sulfuric acid (98%)
were purchased from Honeywell Fluka. The polymer acryloni-
trile butadiene styrene (ABS) and A. Bond adhesive were sourced
from GTMax 3D. NAD' (=95%) and NADH were purchased from
Merk®. The fabrication procedure of s-FCF used Scotch tape
from 3 M. All chemicals were used as received without further
purification otherwise stated elsewhere.

2.2. Fabrication of electrodes and bioelectrodes

The flexible carbon cloth (Delpho Instruments, Brazil) was
chemically exfoliated following a previously reported
protocol.*®*?® In summary, the chemical exfoliation took place by
immersing 0.5 g of the pristine carbon cloth in 20 mmol L™"
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KMnO, in 1 mol L' H,S0,, followed by sonication for 3 hours.
The removal of exfoliation residues occurred by sequentially
rinsing the treated cloth with concentrated hydrochloric acid
and distilled water. Afterwards, the exfoliated cloth was dried
under vacuum overnight. It is noteworthy that this chemical
exfoliation step introduces quinone groups on the surface of the
material, which act as mediators and improve the electro-
oxidation of biomolecules, such as NADH.?%3°

Four electrode types were fabricated from the exfoliated
carbon cloth (Fig. 1a). The benchmark FCF electrode was
created by isolating an array of carbon microfibers and defining
a fixed geometric area using epoxy resin. This electrode served
as a control based on prior successful applications in bi-
oelectrocatalysis within our group. The miniaturization pro-
ceeded using a gravimetric approach where the FCF electrode
was divided into half and a quarter of its original weight, giving
the electrodes 2FCF and FCF as a result (Fig. 1a). The smallest
electrode, called s-FCF (Fig. 1b), was produced by manually
extracting a single carbon microfiber (~6 pm in diameter) from
the treated cloth. The electrical contact of the s-FCF electrode
comprised either a carbon paste composed of powdered
graphite or an array of pristine carbon fibres.

The immobilization of ADH proceeded by incubating FCF,
1FCF, 1FCF and s-FCF in an 8 mg per mL ADH solution at 4 °C
for 24 hours, followed by the application of 20 pL of 2.5%
Nafion®117 solution at the bioelectrode surface and subse-
quent drying under vacuum for 10 minutes (Fig. S1). This
straightforward methodology was previously employed by our
group when preparing bioelectrodes containing glucose oxidase
and ADH.*”*"** It is noteworthy that the incubation procedure
used different strategies for macro and micro-sized electrodes,
as the brittleness of s-FCF hindered the application of the
ordinary conic-bottomed plastic flasks employed for FCF, 1FCF,
and IFCF. In this regard, a 3D-printed incubator was designed
and printed to better accommodate the s-FCF electrode, as we
will detail later in the results. Despite using a dedicated 3D
printed shape, the ADH immobilization followed the same
workflow as its macroelectrode counterparts. In this regard,
physical adsorption took place in an 8 mg per mL ADH solution
(using the 3D printed shape), followed by entrapment using 10
uL of 2.5% Nafion®117 solution. The amount of Nafion®117
solution employed when immobilising ADH on s-FCF is lower,
due to the decreased size of the electrode. The resulting bi-
oanodes were named FCF/ADH/Nafion, %FCF/ADH/Naﬁon,
1FCF/ADH/Nafion, and s-FCF/ADH/Nafion according to their
respective sizes.

2.3. Microscopic characterization

Surface morphology of the FCF/ADH/Nafion and s-FCF/ADH/
Nafion bioanodes was examined using a ZEISS LEO 440 Scan-
ning Electron Microscope (SEM) operating at 15 kV. The
samples for SEM analysis consisted of FCF/ADH and s-FCF/ADH
prior to the addition of Nafion. This procedure was chosen to
allow a direct comparison between the pristine and enzyme-
containing surfaces. Topographic analysis was conducted
using a Bruker Multimode 8 atomic force microscope.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic of the fabrication process for FCF, %FCF, %FCF, and s-FCF electrodes using a chemically exfoliated flexible carbon cloth. (b)
SEM micrograph of a single flexible carbon fibre, with the yellow line indicating the fibre's diameter.

Measurements were taken in intermittent contact mode with
antimony-doped silicon tips coated with aluminum (spring
constant ~42 N m™'; resonance frequency ~310 kHz). To
ensure high topographic fidelity, a scan rate of =1 Hz was
maintained. Images were processed using second order flat-
tening to remove stage tilt and bow, with no Fast Fourier
Transform (FFT) or additional filtering applied during post-
processing.

2.4. Electrochemical measurements and enzyme kinetics

All electrochemical measurements were performed by using
a pAutolab Type III potentiostat/galvanostat (Metrohm Auto-
lab®, Netherlands) coupled to a three-electrode cell where the
(bio)electrodes, a platinum plate, and Ag/AgCl/KClsat served as
working, auxiliary, and reference electrodes, respectively. Data
acquisition and analysis employed NOVA 2.1.5 software. All
electrode potentials reported in this work are referenced to Ag/
AgCl/KClsat.

Cyclic voltammetry measurements allowed us to assess the
ethanol bioelectrooxidation of the produced bioelectrodes
under standardized conditions. All measurements used
0.20 mol L' phosphate buffer (pH 7.5) containing
0.60 mmol L' NAD" as the electrolyte and the potential was
swept from 0.0 to 0.80 V at a 5 mV s~ scan rate. Ethanol was
gradually added with a 50% (v/v) ethanol-water stock solution
during measurements while monitoring the electrode's

This journal is © The Royal Society of Chemistry 2025

electrochemical response. Bioelectrochemical oxidation was
continued until saturation, defined as the point where the
ethanol oxidation current density showed no further significant
change with the ethanol addition. The apparent Michaelis—
Menten constant (K3;") was estimated from a Lineweaver-Burk
plot (1/j vs. 1/[ethanol]) applied to bioelectrochemical data. The
onset potential for ethanol bioelectrocatalysis was determined
by drawing a tangent from the background electrochemical
response to the recorded cyclic voltammogram (CV). The onset
potential is defined as the first point where a clear deviation
occurs between the background and the bioelectrocatalytic
current. Fig. S2 highlights the onset potential for all electrodes
studied. All the electrochemical data obtained were normalised
by the electrode area calculated through the Randles-Sevick
equation (see Table S1) using the current obtained from CVs
recorded in 1.0 mol L™ ! KCl containing K;[Fe(CN)e]/K4[Fe(CN)e].

3 Results

3.1. From macro to micro: miniaturizing FCF-based
electrodes and bioelectrodes

All electrodes were readily fabricated by handling the flexible
carbon cloth, as illustrated in Fig. 1a. The FCF electrode has
previously demonstrated successful enzyme immobilization
and robust bioelectrochemical performance, making it an ideal
benchmark for ethanol bioelectrooxidation in this study.>”**3%%
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The FCF and 1FCF electrodes were prepared through a gravi-
metric reduction methodology, reducing the FCF weight to half
and a quarter of the original, respectively. The s-FCF electrode
comprises a single carbon microfiber, as shown in Fig. 1b,
which confirms the effectiveness and simplicity of the separa-
tion method. Additionally, Fig. 1b reveals that the carbon
microfibers utilized in this study are around 6 pm in diameter,
which is consistent with our prior work.>®

CV using Kj[Fe(CN)g]/K4[Fe(CN)s] as an electrochemical
probe highlighted distinct electrochemical behaviours across
FCF, %FCF, %FCF, and s-FCF electrodes, attributed to their
varying dimensions. Fig. 2a shows that the FCF, JFCF, and {FCF
electrodes exhibit diffusion-limited behaviour with character-
istic oxidation and reduction peaks, aligning with the literature.
In contrast, the CV of the s-FCF electrode presents a sigmoidal
shape with a current plateau, indicative of steady-state currents
typical for radial diffusion in microelectrodes (Fig. 2b). This
difference arises from the distinct diffusion profiles; while FCF,
IFCF, and 1FCF display semi-infinite diffusion that produces
peak-shaped CVs, the s-FCF electrode exhibits radial diffusion,
resulting in steady-state currents for both oxidation and
reduction reactions. These results confirm that our separation
method reliably produces microelectrodes using widely acces-
sible materials.

The application of the Randles—-Sevcik equation to raw CVs
allowed us to calculate the area of each electrode, as shown in
Table S1. The obtained data confirm that the chosen gravi-
metric miniaturization method influences the available area of
the electrodes, as %FCF and %FCF have smaller areas than FCF.
Also, the area decrease is reasonably proportional to the weight
decrease of each electrode, as the area values of %FCF and iFCF
are 64 and 26% of that obtained for their parent electrode.
When comparing the areas of s-FCF and FCF electrodes, one
observes that the latter possesses an area 85 times higher than
the former. Although the comparison between the electrode
weights is not possible in this case, as we could not obtain the
weight of a single microfiber using an analytical scale, a visual
assessment of the FCF indicates that it consists of a number of
microfibers far exceeding 85, as suggested by the area value. A
possible explanation for this result relies on the radial diffusion
profile of microelectrodes, which provides reactants at a faster
rate to the electrode surface, leading to an apparent increase in
current. Also, there is the possibility of entanglement among
the microfibers inside FCF, which decreases the available area
for the electrochemical reaction.

To address the challenge of biomolecule integration on
microstructured surfaces, we developed a 3D-printed drawer-
based enzyme immobiliser (DBEI) to facilitate enzyme immo-
bilization on microelectrodes (Fig. 2c). The immobiliser
comprises three components: the electrode support, the
electrode-drawer, and the main body (Fig. 2¢). By positioning
the microfiber into the electrode support, followed by filling the
hole with carbon paste and attaching an array of pristine carbon
fibres, one could engineer an easily handleable microelectrode
(Fig. 2d). This assembly was later attached to the DBEI's body,
which enables the s-FCF to remain immersed in the ADH
solution over extended periods (Fig. 2e), enhancing enzyme
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adsorption. ADH immobilization was achieved via physical
adsorption followed by Nafion®117 entrapment on all
electrodes.

Atomic force microscopy (AFM) micrographs (Fig. 3a-c)
illustrate each immobilization step. The oxidatively treated
carbon microfibers display surface protrusions due to KMnO,/
H,SO, exfoliation, creating a favourable surface for enzyme
immobilization (Fig. 3a). The protrusions increase after the
incubation of the electrodes in ADH solution, suggesting
successful attachment of the enzymes on the electrode's surface
(Fig. 3b). The addition of Nafion®117 further smoothens the
surface, encapsulating the enzyme within the carbon matrix
(Fig. 3c). The kurtosis and roughness data obtained from the
micrographs also corroborate these findings as the addition of
enzyme leads to an increase in both the Kurtosis and roughness
of the electrode followed by a decrease due to addition of
Nafion®117 solution (Fig. 3d).

SEM corroborates the success of the chosen enzyme immo-
bilization procedure across electrode scales. The pristine
carbon microfiber (Fig. 3e) displays a smooth surface with
vertical grooves, which deepen after the chemical exfoliation
with KMnO,/H,SO, (Fig. 3f), likely introducing surface defects.
Following ADH immobilization, Fig. 3g and h reveal enzyme
anchoring on the carbon microfibers, particularly dense in the
FCF electrode, as observed in Fig. 3g and S3, suggesting high
enzyme loading - a crucial factor for bioelectrode performance.
UV-Vis data confirm this, showing a 24-hour enzyme loading of
0.24 mg cm ™2, or 1.60 nmol cm 2 (see Fig. S4 and Table S2). The
s-FCF/ADH/Nafion electrode, however, exhibited lower enzyme
attachment due to limited anchoring points on the single
microfiber (Fig. 3h and S5). A direct comparison between FCF/
ADH and s-FCF/ADH clearly demonstrates the poor enzyme
attachment on s-FCF/ADH since the first shows a much higher
surface coverage than the latter even at 12x lower magnifica-
tion. In summary, AFM, SEM and UV-Vis characterization
studies show the successful ADH immobilization on the surface
of FCF-based electrodes. However, SEM demonstrates the
enzyme loading differs from macro to micro-sized electrodes,
which could impact the electrochemical response of the
microelectrodes.

3.2. The impact of enzyme loading and electrode
miniaturization on ethanol bioelectrooxidation

The ethanol bioelectrooxidation by ADH proceeds via a bi-bi
ordered mechanism, oxidizing ethanol to acetaldehyde while
reducing NAD" to NADH in the electrolyte.* Cyclic voltammetry
(Fig. 4a, b and S2) shows ethanol bioelectrooxidation for all
bioelectrodes. Interestingly, FCF, 1FCF, and 1FCF electrodes
exhibit similar ethanol bioelectrooxidation current densities,
with only slight variations in the onset potential (Fig. 4d and
S2a-c), suggesting that weight-based miniaturization does not
compromise electrode performance. The decrease in the
current output (Fig. 4c) probably occurs due to the remarkable
decrease in immobilised ADH. While previous work shows the
ADH content in an electrode similar to FCF/ADH/Nafion is 0.37
+0.07 mg cm?, the enzyme concentration at ZFCF/ADH/Nafion

This journal is © The Royal Society of Chemistry 2025
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Fig.2 (a) Cyclic voltammograms (CVs) of FCF, %FCF, and %FCF electrodes recorded in a 5 mmol L~* K4[Fe(CN)g] solution with 1 mol L™t KCl as the
supporting electrolyte. (b) CV of the s-FCF electrode in a 5 mmol L™ Kz[Fe(CN)gl/K4[Fe(CN)g] solution with 1 mol L™ KCL. All CVs were recorded
at a scan rate of 5 mV s~ at room temperature. (c) Components of the developed DBEI. The arrows highlight the electrode drawer, the electrode
support, and the body. (d) 3D sketch of s-FCF produced using the electrode support and electrode drawer for enzyme immobilization. The
electrical contact comprised an array of pristine carbon fibers. (e) ADH immobilization procedure using the DBEI and s-FCF electrodes.

is significantly lower (0.24 # 0.03 mg cm ). This direct
comparison indicates that the electrode's enzyme content
depends on size, corroborating our SEM data, which indicates
that s-FCF/ADH has a lower enzyme content than FCF/ADH
(Fig. 3g and h). Our electrochemical data suggest the enzyme
loading stabilizes from JFCF/ADH/Nafion to JFCF/ADH/Nafion,
as their current responses are nearly identical. In contrast, the
enzyme loading steeply drops for s-FCF/ADH/Nafion as its

This journal is © The Royal Society of Chemistry 2025

current response is negligible compared to all macro-
bioelectrodes. Thus, the electrochemical results corroborate the
previously shown SEM data (see Fig. 3e-h). The probable cause
of the poor enzyme immobilization on the s-FCF electrode lies
in its 3D structure as it does not have anchoring points for the
ADH enzyme to bind, unlike FCF, 2FCF and 1FCF electrodes.
In contrast, the s-FCF/ADH/Nafion shows significantly lower
bioelectrooxidation current density compared to FCF/ADH/

Anal. Method's
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Fig. 3 Atomic force micrograph of (a) FCF before ADH immobilization, (b) FCF after ADH immobilization (FCF/ADH), and (c) FCF/ADH/Nafion
bioelectrode. (d) Plot showing the roughness and kurtosis at each stage of ADH immobilization on the FCF surface. Scanning electron
microscopy (SEM) images of (e) pristine FCF, (f) chemically exfoliated FCF, (g) FCF/ADH/Nafion, and (h) s-FCF/ADH/Nafion bioelectrodes.

Nafion (Fig. 4b). Surprisingly, the onset potential for ethanol
oxidation in s-FCF/ADH/Nafion is shifted by 100 mV to more
positive potentials, suggesting much slower kinetics on this
microelectrode (Fig. 4d). This onset shift indicates that ethanol
bioelectrooxidation at s-FCF/ADH/Nafion requires 19.3 k] mol *
more energy than at FCF/ADH/Nafion, which may result from
poor enzyme attachment on the s-FCF surface.

Previous studies have reported onset potential shifts in bi-
oelectrochemical reactions due to pH,*' ionic strength varia-
tions** and enzyme immobilization on pseudocapacitive
substrates,*® such as osmium-based redox polymers. However,
the onset shift in microelectrodes is rarely addressed in the
literature. We hypothesize that this unusual behaviour occurs
due to suboptimal enzyme attachment, which impairs ethanol
bioelectrooxidation. To validate this, we examined the onset

Anal. Methods

potential for ethanol bioelectrooxidation on a glassy carbon
electrode (GCE) with varying enzyme loadings, ensuring local-
ized ADH immobilization as shown in Fig. 5a. This strategy
aims to leave the uncovered carbon framework of GCE facing
the electrolyte and consequently observe the impact of poor
enzyme immobilization on the bioelectrocatalytic behaviour of
GCE. The recorded CVs and onset potentials show that lower
enzyme loadings correlate with higher onset potentials, con-
firming our hypothesis (Fig. 5b-d).

Notably, the GCE with the highest enzyme coverage (563 pg
cm %) shows an onset potential close to that of FCF/ADH/
Nafion, underscoring the impact of good enzyme coverage on
the ethanol bioelectrooxidation profile of bioelectrodes. Also,
this result suggests that the FCF/ADH/Nafion bioelectrode has
more homogeneous enzyme coverage, which aligns with our

This journal is © The Royal Society of Chemistry 2025
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Nafion bioelectrode in the absence (black) and presence (purple) of 0.085 mol L™t ethanol. Both ethanol bioelectrooxidation studies were
conducted in 0.2 mol L™ phosphate buffer (pH 7.5) containing 0.6 mmol L=t NAD" as the supporting electrolyte, at a scan rate of 5 mV s tand
room temperature. (c) Comparison of current density at 0.6 V and (d) onset potential for ethanol bioelectrooxidation across all produced

bioelectrodes.

previous SEM micrographs as they show a reasonable amount
of ADH spread over the microfibers of the FCF electrode. In this
regard, from a bioelectrochemical point of view, these results
suggest that electrodes containing multifiber arrays are a more
suitable platform for the preparation of enzyme-containing bi-
oelectrodes as the microfibers act as anchoring points for the
enzymes, boosting the enzyme coverage and loading. Conse-
quently, these multi-microfiber electrodes will present
improved bioelectrochemical performance, such as higher
current densities and lower onset potentials, which are benefi-
cial when designing a high-performance biofuel cell. We
acknowledge that our results apply only, in particular, to the
enzyme immobilization method employed, and that designing
more suitable immobilization strategies could culminate in the
development of high performance biomicroelectrodes.
However, we highlight that the straightforward nature of the
chosen method involving simple steps such as incubation,
drop-casting, and drying, is beneficial from a scalability point-
of-view, as these steps are easy to integrate into mass produc-
tion. These reasons explain our choice when producing these
bioelectrodes.

To further corroborate our hypothesis that the s-FCF/ADH/
Nafion electrode performs inferiorly to its counterparts, we
performed a kinetic study by employing the Michaelis-Menten
formalism. Here, we would like to emphasize that cyclic vol-
tammetry was employed due to the small dimensions and
brittleness of s-FCF/ADH/Nafion, as the electrolyte flow in
convective measurements, such as chronoamperometry, leads

This journal is © The Royal Society of Chemistry 2025

to excessively noisy data and breakage of the microelectrode
over time. Fig. 6a shows CVs of s-FCF/ADH/Nafion in increasing
ethanol concentrations and indicates that the current response
of this biomicroelectrode increases with ethanol concentration,
plateauing at concentrations higher than 34 mmol L. Indeed,
the saturation concentration of s-FCF/ADH/Nafion is approxi-
mately 44 times lower than that observed for FCF/ADH/Nafion
in a previous study.”® The Lineweaver-Burk plot for s-FCF/
ADH/Nafion (Fig. 6b) reveals a Ki® of 95 mmol L', nearly
450 times higher than that of FCF/ADH/Nafion (0.21 mmol
L™ ").2® The elevated K3f® value for the s-FCF/ADH/Nafion elec-
trode implies a substantially lower affinity for ethanol, sug-
gesting that enzyme immobilization on the s-FCF/ADH/Nafion
electrode is less effective. In all, the kinetic study highlights
a significant limitation in enzyme attachment within micro-
electrode architectures, where restricted surface area and
insufficient anchoring points may hinder optimal enzyme
loading and orientation. Consequently, the diminished bi-
oelectrochemical performance, as reflected in both SEM and
cyclic voltammetry data, indicates that traditional immobiliza-
tion techniques may not be sufficient for micro-scale
bioelectrodes.

4 Discussion

The comparison between FCF, 1FCF, and iFCF electrodes
demonstrated that reducing the carbon material's mass does
not significantly affect the current density or onset potential for
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Fig. 5 (a) Schematic representation of ADH immobilization on the partially covered surface of a glassy carbon electrode. CVs of the GCE/ADH/
Nafion bioelectrode with enzyme loadings of (b) 113 pg cm™2, (c) 451 ug cm~2, and (d) 563 pg cm~2. (e) Comparison of the onset potential for
ethanol bioelectrooxidation across GCE/ADH/Nafion bioelectrodes with varying enzyme loadings.

ethanol oxidation. These findings suggest that gravimetric
miniaturization is a viable strategy for producing smaller-scale
electrodes without compromising bioelectrochemical perfor-
mance. The consistency across these electrodes can be attrib-
uted to their semi-infinite diffusion profile, as evidenced by the
cyclic voltammograms with distinct oxidation and reduction
peaks, characteristic of larger electrodes with planar diffusion.
Thus, miniaturization in multi-fiber FCF electrodes does not
significantly impact the diffusion profile or the ADH bi-
oelectrochemical performance.

In contrast, the s-FCF electrode exhibited a distinct behavior.
The CV of this electrode showed a sigmoidal shape with
a steady-state current, indicative of radial diffusion, typical of
microelectrodes. This behavior is expected for small-scale
electrodes and, in theory, should offer greater efficiency in

Anal. Methods

transporting active species to the electrode-electrolyte inter-
face. However, the s-FCF/ADH/Nafion electrode showed inferior
performance compared to the larger-scale bioelectrodes. This
result was unexpected, as radial diffusion generally favors
higher current densities. We hypothesize that this reduced
performance is due to suboptimal enzyme immobilization on
the electrode surface, as evidenced by the shift in onset poten-
tial to more positive values. This shift of approximately 100 mV
suggests a significantly higher energy requirement for ethanol
bioelectrooxidation, directly correlating with the efficiency of
enzyme immobilization.

The results from the GCE with varying enzyme loadings
support the hypothesis that low enzyme coverage can induce an
onset potential shift. We observed that, as enzyme loading on
the GCE surface decreased, the onset potential for ethanol

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ay01514f

Published on 13 November 2025. Downloaded by UNIVERSIDAD SAO PAULO (USP) on 1/5/2026 2:33:12 PM.

Paper

N 1 0.042 mol L™

0 e —
00 02 04 06 08
E/V vs Ag/AQCI/KClsat

04

0.3

<

_$0.21

- 01 y=0.0253 + 0.0030x
' R?: 0.998

20 40 60 80 100 120
1/ [EtOH] / L mol”!

Fig. 6 (a) CVs of the s-FCF/ADH/Nafion bioelectrode recorded in the
absence and presence of increasing ethanol concentrations, ranging
from 8 mmol L™ to 42 mmol L™ . (b) Lineweaver—Burk plot derived
from the current at 0.6 V, extracted from each CV shown in (a), to
assess the kinetics of ethanol bioelectrooxidation.

oxidation increased, reinforcing the relationship between the
amount of immobilized enzyme and the electrode's catalytic
efficiency. Although the GCE with high enzyme coverage
showed an onset potential only slightly higher than that of FCF/
ADH/Nafion, the disparity in performance between s-FCF and
larger-scale electrodes indicates a limitation of the immobili-
zation method in microstructured electrodes.

The kinetic analysis using the Michaelis-Menten model
provides a quantitative understanding of the bi-
oelectrochemical performance of the electrodes. Both Line-
aweaver-Burk (Fig. 6b) and Michaelis-Menten (Fig. S7)
formalisms give a significantly higher K3fP value for s-FCF/ADH/
Nafion compared to FCF/ADH/Nafion indicating a lower affinity
of the bioelectrode for ethanol bioelectrooxidation. These
results support the hypothesis of low enzyme coverage and
consequent reduced performance and emphasize the impor-
tance of developing new immobilization methodologies that
promote more robust enzyme attachment on microstructures,
such as the carbon microfiber used in s-FCF. While multi-fiber
FCF electrodes retain desirable bioelectrochemical perfor-
mance even with mass reduction, single-fiber microelectrodes
require more specialized enzyme immobilization strategies to
achieve the expected catalytic efficiency. Implementing
advanced immobilization techniques to increase the density of
enzymes effectively coupled to the electrode is therefore

This journal is © The Royal Society of Chemistry 2025
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essential to enable the use of microstructures in high-
performance bioelectrochemical devices. These insights are
crucial for advancing miniaturized bioelectrodes and
enhancing the integration of bioelectronic systems with
sustainable, low-impact energy sources.

5 Conclusions

The findings of this study show the substantial impact of
enzyme immobilization strategies on the bioelectrochemical
efficiency of microelectrodes, particularly within systems
employing single carbon microfibers. The pronounced shift in
onset potential and the reduction in catalytic current density
observed in single-fiber configurations indicate kinetic limita-
tions likely resulting from suboptimal enzyme attachment and
low electron transfer efficiency. These results suggest that
conventional immobilization techniques, effective for macro-
scale electrodes, are insufficient to support efficient bi-
oelectrocatalysis at micro-scale dimensions. To address these
limitations, future studies should focus on the development of
specialized immobilization methodologies tailored for micro-
electrode architectures. Advanced techniques such as covalent
bonding, enzyme orientation control, and surface functionali-
zation with conductive nanostructures may enhance enzyme
loading density, stability, and electron transfer at the micro-
electrode interface. Additionally, employing hybrid materials
and 3D-structured supports could further optimize enzyme-
electrode coupling, facilitating higher catalytic activity and
reduced overpotentials. Implementing these refined attach-
ment approaches is essential for achieving high-performance,
miniaturized bioelectrodes that meet the operational
demands of biofuel cells and other bioelectronic applications in
wearable and implantable devices.
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