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ABSTRACT: Graphene oxide has been widely deployed in electrical sensors for
monitoring physical, chemical, and biological processes. The presence of abundant
oxygen functional groups makes it an ideal substrate for integrating biological
functional units to assemblies. However, the introduction of this type of defects on
the surface of graphene has a deleterious effect on its electrical properties. Therefore,
adjusting the surface chemistry of graphene oxide is of utmost relevance for
addressing the immobilization of biomolecules, while preserving its electrochemical
integrity. Herein, we describe the direct immobilization of glucose oxidase onto
graphene oxide-based electrodes prepared by Langmuir−Blodgett assembly. Electro-
chemical reduction of graphene oxide allowed to control its surface chemistry and, by
this, regulate the nature and density of binding sites for the enzyme and the overall
responsiveness of the Langmuir−Blodgett biofilm. X-ray photoelectron spectroscopy,
surface plasmon resonance, and electrochemical measurements were used to
characterize the compositional and functional features of these biointerfaces. Covalent binding between amine groups on glucose
oxidase and epoxy and carbonyl groups on the surface of graphene oxide was successfully used to build up stable and active
enzymatic assemblies. This approach constitutes a simple, quick, and efficient route to locally address functional proteins at
interfaces without the need for additives or complex modifiers to direct the adsorption process.

■ INTRODUCTION
The use of graphene and its derivatives as nanosupports for a
variety of electrochemical biointerfaces has experienced a
sustainable growth in the past few years.1,2 This can be
attributed to their many functional properties that can be
exploited to facilitate electrical transduction between bio-
molecules and the electrode surface. The one-atom-thick
planar sheet of carbon atoms densely packed in a honeycomb
crystal lattice has remarkable electronic and electrochemical
properties that are superior to those found in other
nanostructured carbon materials.3−6

Among graphene derivatives, graphene oxide (GO), and its
general reduced form (rGO) are extensively used for
biosensing applications.7 GO is a highly oxidized form of
chemically modified graphene, which contains various oxygen
functional groups including hydroxyl, epoxy, carbonyl, and
carboxyl groups on the basal plane as well as along the edges.8

The presence of these functional groups facilitates the surface
functionalization of GO, which is of utmost importance for
developing biosensors.9 rGO is usually obtained by the
reduction of GO sheets by chemical, biological, electro-
chemical, thermal, and photo-mediated methods.10 These
procedures, additionally to the reduction of oxygen, introduce
defects in the carbon network that leads to high electro-
chemical activity compared with that of GO.11−13 Therefore,
tuning the surface chemistry of graphene-based sheets is key to
achieve effective immobilization of biomolecules, while

maintaining high electrical conductivity. Direct electrochemical
reduction of GO is arguably the best approach to fabricate
rGO-based thin films.10,14,15 This method is advantageous over
the methods mentioned above regarding that is easy to control
the reduction process, it can be performed in mild reaction
conditions and it requires no dangerous or environmentally
hazardous chemicals.10,16,17

The fabrication of graphene films on various substrates have
been realized via several well-established methods, including
spin- or spray-coating,18 drop-casting,19 dip-coating,20 transfer
printing,21 electrophoretic deposition,22 and Langmuir−
Blodgett (LB) assembly.23 Among these methods, since it is
possible to interact with the film by the barriers fixing border
conditions, differently from auto-assembled systems, LB
assembly is an appropriate approach capable for controlling
the thickness and uniformity of graphene-coated films, which
influence the optical and electrical properties of the resultant
assembly.24
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In the present work, we have tuned the density of oxygen-
containing functional groups on LB GO films in order to
provide chemical functionalization while preserving their
electrochemical responsiveness. GO LB films were assembled
onto ITO-coated glass and then subjected to electrochemical
reduction to achieve GO with different degrees of oxidation.
The introduction of glucose oxidase (GOx), through one-step
chemical bonding to the surface of GO, yielded a chemo-
responsive bioelectrochemical interface. The amount of
immobilized GOx was determined by surface plasmon
resonance (SPR) spectroscopy. Knowing the enzyme coverage
allowed us to evaluate the performance of the enzymatic
assembly by measuring the electrochemical response of GOx to
glucose. The resulting bioelectrodes could well retain the
enzymatic activity of GOx and exhibited efficient electron
transfer being able to convert glucose into an electrical signal.

■ MATERIALS AND METHODS
Reagents and Materials. Glucose oxidase (GOx) from

Aspergillus niger was purchased from Sorachim SA, Switzerland.
ITO substrates (35 Ω/sq) were purchased from Thin Film
Devices, USA. Au-coated glass SPR substrates were acquired
from BioNavis Ltd., Finland. Ferrocenemethanol and amino-
ferrocene was acquired from Merck, Argentina. All other
reagents were analytical grade.

GO Synthesis, Purification, and Dispersion Prepara-
tion. GO was synthesized from graphite flakes using an
improved version of the method developed by Marcano et al.25

Briefly, KMnO4 (6 wt equiv) was slowly added under stirring
to a 9:1 mixture of concentrated H2SO4/H3PO4. Graphite
flakes (1 wt equiv) were then added to form a uniform
suspension. The reaction was heated to 50 °C and left stirring
for 12 h. Then, it was cooled at room temperature and poured
onto ice water (200 mL) containing H2O2 (30%, 1.5 mL). A
change in color of the solution from dark brown to w was
observed. The decanted solid was washed with a solution of
30% HCl and then centrifuged at 6500 rpm for 30 min. The
resulting precipitate was then dispersed in deionized (DI)
water. This procedure was repeated several times (three to five
times) until all visible particles were removed from the
precipitate. Purity was checked by measuring the conductivity
of the supernatant (less than 90 MΩ cm). GO dispersions at 4
mg/mL were made by collecting precipitates and mixing them
with water.

Langmuir−Blodgett Assembly of GO Thin Films. GO
aqueous solutions were prepared using a method based on a
protocol previously reported by Cote et al.23 The stock
dispersion and a 5:1 water/methanol solution were mixed to
obtain a 0.15 mg/mL solution. The mixture was sonicated for
30 min and centrifuged twice to obtain a homogeneous GO
flakes size distribution. First, the solution was centrifuged at
6500 rpm for 30 min to remove small GO flakes and
byproducts from the supernatant. Then, the precipitate was
collected and redispersed in a 5:1 water/methanol solution.
The resulting suspension was then centrifuged at 2500 rpm for
10 min to remove large GO flakes and aggregates. We used the
resulting supernatant in the LB assembly procedure.

For LB assembly, the trough (KSV NIMA, model 5000),
placed on an anti-vibration table, was cleaned with chloroform
and filled with water. A tensiometer attached to a Pt Wilhelmy
plate was used for monitoring surface pressure during
compression by moving the two opposing barriers toward
each other. Water-air interface impurities were eliminated until

surface pressure was lower than 0.2 mN/m. 5.5 mL of GO
suspension were slowly spread on the interface by dropwise
addition using a glass syringe. The monolayer-like film formed
was stabilized for about 15 min before compression. At the end
of the compression, a GO monolayer-like film with a faint
brown color could be observed. The GO film was transferred
at 15 mN/m to an ITO-coated glass substrate by vertically
dipping into the trough and slowly pulling it up at a speed of
0.1 mm/min. The transferred substrates were heated at 80 °C
for 1 h to rapidly evaporate water between GO sheets and
ITO.

Prior to use, ITO substrates were cleaned with acetone at 50
°C for 20 min in an ultrasound bath and subsequently the
procedure was repeated with isopropanol. Then, ITO
substrates were rinsed with water and treated with 1:1:5
NH4OH 27%/H2O2 20%/H2O solution for 15 min at 70 °C.
Finally, ITO substrates were rinsed with water and store under
water until use.

For SPR assays, Au-coated glass substrates (BioNavis Ltd.)
were used. GO assembly was performed using the same
protocol described for ITO-coated glass substrates.

Electrochemical Reduction of GO. Fabrication of
partially electrochemically reduced GO (pErGO) and fully
electrochemically reduced (ErGO) was carried out through a
two-step procedure. First, a thin film of GO was deposited by
LB method onto an ITO-coated glass. Then, the electro-
chemical reduction was carried out using a three-electrode
configuration with GO assembly as working electrode, an Ag/
AgCl (3 M KCl) as reference electrode and a platinum mesh as
counter electrode. The electrochemical reduction was
performed with an Autolab PGSTAT302N potentiostat
(Metrohm) in PBS pH 7.4 by cycling the potential from 0.0
to −1.1 V at a scan rate of 50 mV/s.

X-ray Photoelectron Spectroscopy Characterization
of GO-Based Films. X-ray photoelectron spectra were
obtained using a multi-technical surface equipment SPECS
with a monochromatic Al Kα X-ray source operated at 300 W.
A PHOBIOS 150 hemispheric analyzer was used to obtain C
1s signal. The GO, pErGO, and ErGO samples were mounted
onto a copper tape and placed under UHV for 12 h before the
measurements. The pressure during the measurements was
kept below 20−9 mbar. Quantitative analysis was performed
with CasaXPS software by assigning the peaks for each
characteristic functional group according to literature.26−28

The intensities were estimated by calculating the integral of
each peak after subtraction of the S-shaped background and
fitting the experimental peak to a Lorentzian/Gaussian mix of
variable proportion. In order to quantify atomic percentages
for each sample, all spectra were normalized using the Si 2p
peak contribution from ITO glass as reference. At least three
independent samples were analyzed at each condition.

SPR Spectroscopy. Multiparametric SPR (MP-SPR)
experiments were carried out with a SPR-Navi 210A
instrument (BioNavis Ltd.). All experiments were performed
at a flow rate of 10 μL/min in PBS pH 7.4 at 22 °C. GOx was
used at a concentration of 10 μM in PBS buffer. To estimate
the GOx surface coverage, the SPR angle of minimum
reflectivity, θmin, was measured in situ during the adsorption
process. Then, the angle of minimum reflectivity shifts, Δθ,
was converted into mass surface coverage, Γ (ng/cm2), using
the de Feijter equation:29,30 Γ = Δθkd/(dn/dC), where dn/dC
is the refractive index increment of a dense layer of GOx (1.77
× 10−10 cm3/ng),31 and kd is a SPR substrate-dependent

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03220
ACS Omega 2023, 8, 27566−27575

27567

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


parameter provided by BioNavis with a value of 1.9 × 10−7

cm/deg. For ErGO and pErGO measurements, electro-
chemical reduction was performed in situ connecting a three-
electrode electrochemical cell to the SPR instrument, where
the SPR gold substrate was used as working electrode, a
platinum wire as counter electrode and an Ag/AgCl wire as
pseudo-reference electrode.

Construction of Glucose Oxidase-Functionalized
Electrodes. GO-, pErGO-, and ErGO-coated substrates
were modified with GOx by simply contacting them with a
10 μM GOx solution in PBS buffer for 1 h. Afterward,
electrodes were rinsed abundantly with PBS buffer to remove
any unbound enzyme.

Electrochemical Measurements. CV and EIS experi-
ments were performed with an Autolab PGSTAT302N
potentiostat (Metrohm) in a conventional three-electrode
Teflon electrochemical cell with a 0.18 cm2 window equipped
with an Ag/AgCl (3 M KCl) reference electrode and a
platinum mesh counter electrode. Measurements were carried
out at 22 °C. All electrode potentials cited in this work were
measured against Ag/AgCl (3 M KCl). CV measurements
were taken at a scan rate of 10 mV/s from −0.2 to 0.7 V in
PBS buffer containing 1 mM ferrocenemethanol as redox
mediator. Electrocatalysis measurements were performed at 10
mV/s at different glucose concentrations. Impedance spectra in
the range 106−10−1 Hz were recorded with 10 mV rms AC
perturbation at 0.25 V in PBS buffer containing 1 mM
ferrocenemethanol. A Randles equivalent circuit, RS(CPE-
[RCTW]), could be satisfactorily fitted to all EIS data. RS
accounts for the solution resistance, RCT, the charge-transfer
resistance, CPE, the constant phase element, which models the
double layer capacitance, and W, the Warburg impedance,
resulting from the diffusion of the electroactive probe from the
electrolyte to the electrode surface.

■ RESULTS AND DISCUSSION
LB Assembly of GO Thin Films. Flat GO single layers

were transferred to an ITO-glass substrate with accurate
control over the film density and thickness by means of LB
technique. The as-prepared GO colloidal dispersion was spread
on the water−air interface of the LB trough drop-by-drop
using a glass syringe. Since the LB interface is very sensitive to
surface impurities, all the LB trough parts were carefully
cleaned prior use. Before isothermal compression, the GO
monolayer formed was stabilized for 15 min, obtaining
invariable values for surface pressure. The surface pressure
was monitored during the monolayer compression. Figure 1
shows the isothermal compression curve (surface pressure vs
subphase area) corresponding to the phase transition of GO
sheets. GO monolayers were transferred on ITO-coated glass
at 15 mN/m at a pulling speed of 0.1 mm/min. The films
obtained at these conditions exhibited interconnected GO
flakes without major wrinkles or overlapping as can be
observed from the SEM and AFM images of the LB-assembled
GO flakes. AFM analysis for the different GO-based films
showed similar roughness profiles (Figure S1). At higher
surface pressure, the GO flakes tended to wrinkle compromis-
ing the exposure of functional groups that might potentially
bind to a biomolecule, while at lower surface pressure the
obtained GO assemblies consisted of isolated GO flakes. The
wrinkle formation can be attributed to the presence of
hydrogen bonds between carboxylic acid edges which favors
the interactions between GO edges preventing them from

sliding.24 Lower pulling speeds on the other side favored
obtaining flat GO flakes by allowing water evaporation during
the transfer process.32,33

Electrochemical Reduction of LB GO Thin Films. The
chemical reduction of GO in solution is considered as the
fastest way to produce rGO. Typically, a strong reducing agent
as hydrazine monohydrate, hydroxylamine, phenylenediamine,
sodium borohydride, and hydroquinone is used.10 However,
the reduction of the oxygen-containing functional groups on
the GO sheets affects their chemical interactions resulting in a
less stable monolayer on water−air interface.34 This poses a
limitation to the preparation of rGO LB thin films. Conversely,
thermal reduction is particularly appealing to prepare rGO
sheets with controlled structural and electrical properties.35 On
the downside, this method requires long processing time and
special precautions need to be taken to avoid the destruction of
the basal plane during the reduction process. Alternatively,
rGO thin films with similar chemical composition to that
obtained by thermal annealing can be made by electrochemical
reduction in a matter of minutes (Figure S2).

GO LB thin films supported on ITO-coated glass substrates
were electrochemically reduced by performing cyclic voltam-
metry in PBS buffer solution (pH 7.4) with a potential window
from 0.0 to −1.1 V (vs Ag/AgCl). The lower potential limit
was set at −1.1 V to prevent the electrochemical reduction of
ITO.15 Figure 2 shows repetitive cyclic voltammograms (ten
cycles) for a GO/ITO electrode in PBS buffer solution. It can
be observed during the first cathodic scan a small shoulder at
−0.4 V and an intense, well-defined peak at −1.0 V, whereas
no anodic peaks were noticed in the reverse scan. The first
signal can be attributed to the reduction of residual molecular
oxygen to hydrogen peroxide,36 while the second reduction
feature can be assigned mainly to the reduction of carbonyl
and epoxy groups.37,38 In the consecutive cycles, a noticeable
reduction in cathodic current can be observed, indicating that a
significant portion of the oxygen functional groups was
reduced during the first cycle. Thus, rGO sheets with different
relative content of oxygen-containing groups were prepared by
subjecting the electrodes to different reduction cycles. Partially
electrochemically reduced GO (pErGO) and fully electro-
chemically reduced GO (ErGO) were obtained after 1 and 10
cycles, respectively.

Figure 1. Surface pressure vs subphase area plot corresponding to the
formation of the LB assembly of GO onto ITO-coated glass. Dashed
lines correspond to different compression stages of GO monolayer.
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The inset in Figure 2 shows the Nyquist plots for the
different electrodes in PBS buffer containing 1 mM
ferrocenemethanol. Data could be fitted by a Randles
equivalent circuit, RS(CPE[RCTW]), where RS is the solution
resistance, CPE accounts for the double layer capacitance, RCT
is the Faradaic charge-transfer resistance, and W is the
Warburg impedance, which results from the impedance of
the current due to diffusion from bulk solution to the interface.
It can be observed that the semicircle diameter becomes
smaller with increasing number of reduction cycles, which
indicates a lower charge-transfer resistance (RCT) between the
redox mediator and the electrode surface. The RCT of GO/
ITO was 2.70 kΩ, while this value decreased to 1.15 and 0.09
kΩ for pErGO and ErGO, respectively. This can be attributed
to the improved electro-transfer properties provided by the
removal of the oxygen-containing functional groups.

XPS Characterization of GO Films. The electrochemi-
cally reduced GO/ITO electrodes were further characterized
by XPS, as shown in Figure 3 for the C 1s photoionization
region. GO supported on ITO prior to any electrochemical
treatment exhibited two broad peaks at a binding energy range
of 281−291 eV. Deconvolution of this signal showed the
presence of six contributions, as in Table 1 shows. The intense
peak with binding energy of 284.6 eV can be assigned to
graphitic carbon (sp2-bonded C), while the component peak at
285.3 eV can be attributed to sp3-bonded C. Together, these
signals account for 47.7% of the total C 1s intensity. Peaks at
286.3, 287.0, 288.1, and 289.2 eV are assigned to C−OH
(hydroxyl), C−O−C (epoxy), C�O (carbonyl), and C(�
O)OH (carboxyl) groups, respectively.25−28 From the
percentages listed in Table 1, it can be seen that the carbonyl
groups are the dominant surface oxygen-containing functional
group on GO.

The effect of the electrochemical reduction on the surface
oxygen content of the electrodes can be observed in the C 1s
XPS spectra of pErGO and ErGO. In both samples, the most
evident change is the decrease of the C�O-associated peak at
288.1 eV. In the case of pErGO, the relative intensity of the

C�O signal reduced from 23.2 to 10.2%, while for ErGO, the
contribution from carbonyl groups to the total amount of C
was further reduced to 5.5%. This change was accompanied by
an increase in the relative intensity of the C−OH signal (15.2
and 9.9% for pErGO and ErGO, respectively) as a
consequence of the reduction of C−O−C and C�O
moieties.39 The relative intensity of the C(�O)OH signal,
on the other side, remained nearly invariable between
conditions confirming that the reduction potential limit was
not negative enough to promote the reduction of the carboxyl
groups.40 The intensity of the peak assigned to the sp2 C�C

Figure 2. Cyclic voltammograms corresponding to the electro-
chemical reduction of GO/ITO in PBS pH 7.4 at 50 mV/s. The black
line arrow indicates the direction of the potential scan. The inset
shows the Nyquist plots for GO/ITO (blue circles), pErGO/ITO
(magenta triangles), and ErGO/ITO (green squares) in PBS
containing 1 mM ferrocenemethanol.

Figure 3. C 1s XPS spectra of a GO-based electrodes before
electrochemical treatment (GO) and after electrochemical reduction
performed by cyclic voltammetry at 50 mV/s in PBS pH 7.4 for one
(pErGO) and ten cycles (ErGO), respectively.

Table 1. Binding Energy and Percent Atomic Ratios (%)a

Fitted from C 1s XPS Spectra

signal peak binding Energy (eV) GO sample pErGO ErGO

sp2-C 284.6 20.6 26.7 41.2
sp3-C 285.3 27.1 23.9 28.2
C−OH 286.3 7.9 15.2 9.9
C−O−C 287.0 16.8 19.6 10.5
C�O 288.1 23.2 10.2 5.5
O�C−OH 289.2 4.5 4.4 4.6

aValues are calculated relative to the signal of the total amount of C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03220
ACS Omega 2023, 8, 27566−27575

27569

https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03220?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bonding increased with the reduction process, which is
consistent with the partial restoration of the sp2 carbon
network of graphene.14 Meanwhile, the contribution of the sp3

carbon to the total C envelope showed no significant
differences.

The results obtained from the XPS data confirm that
electrochemical reduction of LB GO films supported on ITO,
as conducted here, was effective to prepare rGO-based
electrodes with different degrees of oxidation. Partial reduction
of GO provided substrates with reactive surface oxygen groups
as binding sites, while partially maintaining the electrical
performance of graphene as expected from the level of sp2

structure restoration.
Assembly of GOx onto LB GO Thin Films. GO/ITO

electrodes subjected to electrochemical reduction, as described
in the previous section, were treated with a solution of GOx in
PBS buffer to build-up the chemoresponsive biointerfaces.
Epoxy and carbonyl groups on the surface of GO can be used
for the conjugation of GOx in a simple one-step procedure.
Terminal primary amine groups in lysine residues of GOx react
with epoxy and carbonyl groups to form secondary amines and
Schiff bases, respectively.41 Therefore, tuning the content of
oxygen surface functional groups allows for controlling GOx
loading and consequently the responsiveness of the GOx-
containing assembly.

To assess the capacity for functionalization of the GO-based
electrodes, SPR experiments were conducted under saturation
conditions, i.e., 10 μM GOx. GO was first deposited on gold-
coated glass slides by LB deposition following the same
procedure as described for the preparation of GO/ITO
substrates. Electrochemical reduction of GO to produce
pErGO and ErGO was carried out using an electrochemical
flow cell integrated within the SPR setup. Figure 4 depicts

changes in the angle of minimum reflectance (θmin) when GOx
interacts with the GO-based gold-coated sensors. SPR signal
originates from changes in the refractive index as buffer
solution is displaced by the adsorbed molecule. The initial
exposure to the GOx solution led to a rapid increase in θmin
followed by a plateau for all the substrates. Rinsing with PBS

buffer to remove unbound GOx did not evidence major
changes in θmin demonstrating that the enzyme was efficiently
bound to the substrate.

It can be observed that the GOx loading capacity of the
substrates increases with the oxidation degree of GO, which is
consistent with the surface concentration of epoxy and
carbonyl groups obtained by XPS. The SPR angular shifts
were converted into mass uptake using the de Feijter equation
(Table S2).29,30 The SPR signal change corresponding to the
adsorption of GOx on GO was 0.30°, which translates into
1.05 × 10−12 mol/cm2, while protein coverage on pErGO and
ErGO was 0.92 × 10−12 mol/cm2 and 0.46 × 10−12 mol/cm2,
respectively. Furthermore, the ratio between the mass uptake
of GOx and the combined relative concentration of C−O−C
and C�O obtained by XPS was similar for all the studied
conditions (Table S2). Similar results were obtained when
GO-based surfaces were functionalized with aminoferrocene
using the same procedure as that used for GOx. N 1s and C 1s
XPS spectra analysis confirmed that large amounts of C−NH−
C and C�N−C were formed, consistent with Schiff bases and
secondary amines as result of the reaction between carbonyl
and epoxy groups with amino groups, respectively (Figure S3,
Tables S3 and S4). These results confirm that, under the
experimental conditions employed, the immobilization of GOx
proceeds mainly through covalent bonding, rather than by π-
stacking interactions as reported for other proteins.42 Non-
covalent π−π stacking occurs between the rings of graphene or
its derivatives, and aromatic amino acids on the surface of the
protein.43 In the case of GOx, these hydrophobic interactions
might be hampered because of the highly glycosylated nature
of the enzyme.44

Electrocatalytic Behavior of GOx-Functionalized GO-
Based Electrodes. The cyclic voltammograms in Figure 5
exhibited well-defined oxidation and reduction peaks of
ferrocenemethanol for all the studied GOx assemblies in the
absence of glucose (black trace). However, a closer inspection
at the electrochemical response reveals that the more oxidized
the graphene is, peak currents decreased, while peak-to-peak
separation increased (Table S5). This behavior is consistent
with an increment in the number of defects into the GO
sheets, which in turn results in an increased work function and
decreased electrical conductivity,45,46 in agreement with our
previous EIS measurements (Figure 2). Increasing the
oxidation level of graphene has a deleterious effect on its
electron transfer activity, but on the other side, it leads to
higher enzyme loadings, as was revealed by SPR (Figure 4). To
assess how these features impact on the chemoresponsive
activity of the bioassemblies, we measured the enzymatic
activity of GOx toward glucose oxidation by cyclic
voltammetry in the presence of ferrocenemethanol as redox
mediator (Figure 5).47

During the oxidation of glucose, the flavin prosthetic group
of GOx, FAD, is reduced to FADH2 by accepting electrons
from glucose. FADH2 is then oxidized back to FAD by reacting
with the oxidized form of ferrocenemethanol.48 The working
electrode potential is swept linearly in the anodic direction to
regenerate the oxidized form of the redox mediator, which
triggers the enzymatic process to continue in a cycle. Typical
catalytic waves in the presence of increasing concentration of
glucose are evidenced for the different GOx-functionalized GO
electrodes under different oxidation conditions (Figure 5).
Interestingly, the electrochemical response reached its highest

Figure 4. Time-resolved SPR sensorgrams for the adsorption of GOx
in PBS buffer onto GO (blue), pErGO (magenta), and ErGO
(green).
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value for GOx/pErGO electrodes where both enzyme density
and electrical conductivity have intermediate levels.

In Figure 6, the bioelectrocatalytic current, jcat, is plotted as a
function of the concentration of glucose for the different GOx/

GO electrodes. The value of jcat is obtained from the
experimental data presented in Figure 5 by subtracting the
voltammetric curve in the absence of glucose. All conditions
showed a typical Michaelis−Menten49 behavior where the
initial rise in catalytic current is linear (0−3 mM glucose). At
high substrate concentration, the reaction rate reaches a
plateau as the enzyme active site is saturated with substrate, as
reported for similar systems.50−52 The apparent Michaelis−
Menten constants (Km) were estimated for the different GOx
assemblies and presented in Table 2. It is observed that the
electrodes containing pErGO yielded the higher sensitivity
followed by ErGO and GO, respectively. Values in the same
order of magnitude were measured for the enzyme free in
solution (Figure S6, Table S6), suggesting that the adsorbed
GOx on the GO-based interface retains its catalytic activity to a
great extent. Moreover, no structural changes were observed

that might compromise the integrity of the bioelectrodes
(Figures S7 and S8). Interestingly, Jcat,max takes its maximum
value for pErGO, albeit the surface concentration of GOx is
not the highest compared to the other conditions. The
improvement of the bioelectrocatalytic response when pErGO
is used as scaffold for the immobilization of GOx may be
attributed to an enhanced electron transfer between
ferrocenemethanol and the electrode surface. This is consistent
with the results obtained for ErGO, where although the surface
coverage of GOx is less than half of that of GO, the
bioelectrocatalytic currents measured were higher. These
findings highlight the relevance of tuning the surface chemistry
of GO sheets in order to maximize the responsiveness of the
biointerface.

The fabricated bioelectrodes exhibited a sensitivity that
ranges from 8.3 to 16.1 μA mM−1 cm−2 for GO with different
degrees of oxidation with a linear range up to 3.5 mM for
pErGO (Table 3). The pErGO electrodes exhibited a
detection limit of 22.3 μM for glucose determination, whereas
the GO and ErGO electrodes displayed higher values of 57.9
and 59.1 μM, respectively. The comparison of the responsive
LB GO electrodes presented in this work with other GOx GO-
based electrodes is shown in Table 3. Our approach yielded
bioelectrodes with moderate sensitivity in comparison with
other similar works,53−64 with the pErGO electrode showing
the highest performance among our tested set. This can be
attributed to the lower enzyme coverage obtained when GOx
is linked to the surface of GO through direct covalent binding
in contrast with approaches based on polymer-based
composite materials.53,55,56,59,60,62,64 However, it is noteworthy
to highlight that in terms of efficiency per enzyme unit, the
enzymatic GO-based electrodes presented in this work
demonstrate clear superiority. This indicates an effective
harnessing of the catalytic potential of the enzyme, maximizing

Figure 5. Voltammetric response of GOx assemblies in the presence of increasing amounts of glucose (0−10 mM), with 1 mM ferrocenemethanol
as redox mediator, in PBS pH 7.4 at 22 °C. Scan rate: 10 mV/s.

Figure 6. Catalytic response of GOx-coated GO-based electrodes as a
function of the concentration of glucose with 1 mM ferroceneme-
thanol as redox mediator, in PBS pH 7.4 at 22 °C. Scan rate: 10 mV/
s.

Table 2. Michaelis−Menten Kinetics Parameters for the
Different GOx Assembliesa

GO pErGO ErGO

Km (mM) 1.7 ± 0.1 1.7 ± 0.3 2.6 ± 0.2
Jcat,max (μA/cm2) 35.9 ± 0.5 53.2 ± 2.0 39.5 ± 0.8

aParameters obtained from nonlinear regression fitting to the
Michaelis−Menten equation using the data presented in Figure 6.
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its utilization. These characteristics indicate that the attach-
ment of GOx onto GO as described here allows unrestricted
access to its active site without impairing its catalytic activity.

The interaction of graphene derivatives and enzymes has
been previously investigated. During the adsorption process,
enzymes undergo structural and functional changes. Wei and
Ge reported that GO inhibited the activity of catalase by
inducing the loss of α-helix and unfolding of the protein
skeleton.65 Similar effects were observed by other groups for
different proteins.66−69 This is also the case for GOx.70−72

Liang et al. reported that upon GOx adsorption on GO a
massive structural rearrangement takes place, which is
responsible for shortening the distance of FAD to the surface
of GO.71 As a result, direct electron transfer of GOx is
facilitated but enzyme activity is lost. However, this effect is
attenuated by reducing the density of oxygen-containing
groups on GO. Even so, in terms of the electrode activity
toward glucose oxidation, it is crucial to adjust the surface
chemistry of GO that favor enzyme loading without
compromising enzyme activity and electron transfer function-
ality.

■ CONCLUSIONS
In this study, we developed functional bioelectronic platforms
by adsorbing GOx on GO/ITO electrodes. Our aim was to
optimize the surface chemistry of GO for improved perform-
ance in biosensing applications. The presence of oxygen
functional groups on GO enabled direct immobilization of
GOx onto the electrodes by contacting them with the enzyme
solution. By controlling the surface chemistry of GO, we could
modulate the enzyme loading and overall chemoresponsive-
ness of the enzymatic electrodes. The immobilization of GOx
on GO-based films was primarily governed by the reaction
between the primary amine groups in lysine residues of GOx

and the epoxy and carbonyl groups on the GO surface. As
expected, reducing the oxygen content of GO (ErGO) resulted
in decreased GOx loading capacity while increasing the
electrical conductivity of the films. This emphasized the
importance of chemically adjusting the oxidation state of GO
to enhance the efficiency of the electrochemical transducer.
Through systematic analysis, we found that optimal
responsiveness of the enzymatic films could be achieved by
adjusting the oxygen content of GO to intermediate values
(pErGO). We demonstrated that under the immobilization
conditions used, the catalytic activity of GOx toward glucose
oxidation was comparable to that observed in solution. The use
of Langmuir−Blodgett assembly to prepare GO-based electro-
des with electrochemically tuned surface chemistry proved to
be a versatile strategy for creating highly functional interfaces.
The presence of oxygen functional groups on the GO surface
made it attractive for direct enzyme immobilization. Compar-
ing with other sensors, enzymatic GO-based electrodes in this
study show superior efficiency per enzyme unit, effectively
utilizing the catalytic potential of the enzyme without
compromising its activity. This approach can be extended to
other biomolecules and substrates with large surface areas,
enabling the development of various biosensing platforms
beyond electrochemical readout. For example, we showed that
SPR sensors coated with GO exhibited high sensitivity to
interfacial molecular binding, which could be further enhanced
by tuning the oxygen content of GO.

■ ASSOCIATED CONTENT
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Table 3. Comparison of the Performance of Different Graphene-Based GOx Electrodes

modified electrode
sensitivity (S)

(μA mM−1cm−2)
LODa
(μM)

linear range
(mM)

S/ΓGOx
b

(μA·ng·mM−1) fabrication method refs

ErGO-MWCNT/Nfc 7.95 4.7 0.01−6.5 1.39 × 10−4 physisorption 53
rGO-AuNPs/GCEd 0.083 10.0 1.0−8.0 1.47 × 10−6 physisorption 54
rGO-HAp/GCEe 16.9 30.0 0.1−11.5 6.54 × 10−5 physisorption 55
GR/MnO2/Nff 3.3 10.0 0.04−2 1.18 × 10−4 physisorption 56
GN/FAD/apo-GOxg ND 110 1.4−11.0 mediated covalent

binding
57

rGO-PtNPs-/GCEh 27.5 1.2 2−10 6.3 × 10−3 mediated covalent
binding

58

ErGO-PLL/GCEi 8.00 2.0 1.0−9.0 3.04 × 10−3 physisorption 59
AuNPs/PANI/rGO/NH2-MWCNTsj 246.0 63.0 1−10 physisorption 60
DGNs/GREk ND 22.0 0.1−10 mediated covalent

binding
61

CNT/PEIl 63.4 70 0.07−0.7 physisorption 62
GO-AuNP/GFEm ND 1.2 ND physisorption 63
GA/cGO-CS/Au@Pdn 64.2 10.4 0.02−4.2 cross-linked 64
pErGO/ITO 16.1 22.3 0.1−3.5 0.11 direct covalent binding this work
GO/ITO 8.3 57.9 0.1−3.0 0.05 direct covalent binding this work
ErGO/ITO 9.1 59.1 0.1−3.5 0.12 direct covalent binding this work
aLOD is calculated as 3Sb/S, where Sb is the standard deviation of the blank signal and S is the sensitivity. bS/ΓGOx is the sensitivity normalized by
the GOx surface coverage (Γ). cMWCNT multiwalled carbon nanotubes; Nf nafion. dAuNPS gold nanoparticles; GCE glassy carbon electrode.
eHAp hidroxiapatite. fGR graphene; MnO2 manganese dioxide. gGN graphene nanoribbons; FAD flavin adenine dinucleotide; apo-GOx
apoenzyme glucose oxidase. hPtNPs platinum nanoparticles. iPLL poly-(L-lysine). jPANI polyaniline; NH2-MWCNTs amine terminated
multiwalled carbon nanotubes. kDGNs dendritic gold nanostructures; GRE graphitic rod electrode. lCNT carbon nanotubes; PEI
polyethyleneimide. GFE graphite fiber electrode. nGA glutaraldehyde; cGO carboxylated GO; CS chitosan; Au@Pd gold-palladium core shell
nanoparticles.
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