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Abstract
An easily prepared biosensor based on reduced graphene oxide (rGO) and glucose oxidase (GOx) enzyme was developed to
monitor the enzymatic hydrolysis process of the second-generation (2G) ethanol process from green coconut biomass. The rGO-
GOx biocomposite that modified a glassy carbon (GC) electrode was characterized by morphological, electrochemical and
spectrophotometric techniques showing that the GOx enzyme was immobilized on the rGO. The parameters for glucose deter-
mination were optimized by square wave voltammetry (SWV). The developed biosensor was applied for the determination of
glucose during the enzymatic hydrolysis step, showing that the process can be stopped with 12 h of reaction. Thus, an important
achievement of this analysis is the reduced time to get a valuable result for the test, saving time and reducing the cost of the 2G
ethanol process.
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Introduction

Brazil has a large cultivable land area, being one of the coun-
tries with the highest amount of biomass, being the fourth
largest producer of coconut in the world. The green coconut
(Cocus nucifera L.) has a high biomass content; 80 to 95% of
the fruit is disposable and not eatable, being responsible for
70% of the garbage generated in Brazilian’s beaches [1, 2].
Coconut lignocellulosic biomass has drawn the attention of
researchers due to its application in technologies for renew-
able fuel production. Coconut fiber is one of the most abun-
dant residues of lignocellulosic material; therefore, the coco-
nut husk presents itself as a biomass that can be used for the
production of second-generation ethanol (2G ethanol), and
moreover, it is a low-cost raw material [3].

First-generation ethanol (1G ethanol) is derived from the
fermentation of sugars from sugarcane or starch, which are
also sources of food, while 2G ethanol is derived from the
fermentation of sugars obtained from lignocellulosic biomass,

reusing residues [4]. In general, the raw materials used in the
production of 2G ethanol are agricultural, industrial and urban
waste and wood originating from cultivated forests. In this
context, coconut fiber is a waste generated in high quantity
and presents as a potential biomass for the production of 2G
ethanol [5].

Monitoring glucose levels during alcoholic fermentation is
one of the most important key factors to achieve successful
ethanol production. The excess of the substrate can inhibit the
enzymatic hydrolysis by glucose oxidase enzyme (GOx),
which is an oxirreductase enzyme that catalyzes the oxidation
of β-D-glucose using molecular oxygen as an electron accep-
tor, generating hydrogen peroxide (H2O2) which can be quan-
tified by electrochemical techniques according to eq. 1 and 2
[6].

Glucoseþ O2 →
GOx

gluconic acidþ H2O2 ð1Þ

H2O2 →
electrochemical oxidation

O2 þ 2Hþ þ 2e− ð2Þ

The amount of glucose during fermentation process to
generate alcohol is a crucial step. Chromatographic, spec-
trophotometric, colorimetric and enzyme-based protocols
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have been well established for monitoring glucose.
However, these techniques offer some limitations and ex-
pensive materials, such as clean-up steps, high quality
solvents, solid phase extraction and trained staff. To over-
come such limitations, electrochemical biosensors based
on glucose oxidase have been extensively investigated
due to its low-cost, easy preparation and reproducibility
[7]. Due to its outstanding properties, graphene and
graphene-like materials are coming to the forefront of
electrochemical biosensors research. High electronic mo-
tility (about 200,000 cm2 V−1 s−1), good biocompatibility
and large specific surface area make these materials inter-
esting choices for enzyme immobilization. Reduced
graphene oxide (rGO) is a graphene-like material that
has been extensively used in the preparation of electro-
chemical biosensors. Several reports demonstrate the easy
enzyme immobilization of different enzymes, such as
laccase [8], acetylcholinesterase [9] and GOx [10, 11] by
physical entrapment in rGO structural defects or direct
covalent bond in residual carbonyl groups [12–16].

Samphao et al. [7] investigated a GOx-based biosensor
using a core shell Fe3O4@Au nanoparticles for detection of
glucose with a LOD of 0.1 mmol L−1, being successfully
applied for honey wine monitoring. Pakapongpan et al. [17]
developed a biosensor using rGO modified with Fe3O4 nano-
particles for GOx immobilization; the proposed biosensor de-
tected glucose levels ranging 0.05 to 1 mmol L−1 with a LOD
of 0.1 μmol L−1. There are several reports about glucose mon-
itoring, precisely those aiming for food quality control.
However, monitoring glucose levels in fermentation process
for fuel production is a novelty approach for enzymatic
biosensors.

In that way, this paper presents for the first time an enzy-
matic biosensor based on GOx immobilized on rGO substrate,
for detection of glucose during the enzymatic hydrolysis of
2G ethanol production from green coconut biomass. The elec-
trochemical behavior of the proposed biosensor as well as the
viability for process monitoring is discussed in detail.

Methodology

Chemicals and solutions

All solutions were prepared with water purified from a
Millipore ultrapure water system with resistivity ≥
18 MΩ cm (Millipore). All reagents used in this study were
of analytical grade and were used without further purification.
Graphene oxide, glucose oxidase from Aspergillus niger Type
X-S, lyophilized powder, 100,000–250,000 units/g solid
(without added oxygen) and glucose were purchased from
Sigma-Aldrich (Germany).

Apparatus

Cyclic voltammetry (CV) and square-wave voltammetry (SWV)
experiments were performed using a model PGSTAT128N
Autolab electrochemical system (Metrohm) equipped with
NOVA 2.0 software (Metrohm). The cell was assembled con-
ventionally with a three-electrode electrochemical system: bare
GC, GC/rGO or GC/rGO-GOx as the working electrode (diam-
eter: 3 mm); Ag/AgCl/KCl (3.0 mol L−1) as the reference elec-
trode; and a Pt plate as the auxiliary electrode. All experiments
were carried out at a controlled temperature (25 ± 1 °C).

Electrochemical experiments

Electrochemical characterization of the GC/rGO/GOx elec-
trode was performed using CV in 0.2 mol L−1 phosphate buff-
er solution (PBS) pH 7.0 with a scan rate of 50 mV s−1 and in
0.1 mol L−1 KCl solution (pH 7.4) containing 5 mmol L−1

[Fe(CN)6]
3−/4− with a scan rate of 50 mV s−1. The EIS spectra

were scanned from 107 to 10−2 Hz frequency range and 10mV
amplitude, with 20 data points per frequency decade. The
impedance spectra was recorded in open circuit potential
(OCP) conditions in 0.1 mol L−1 KCl solution (pH 7.4) con-
taining 5 mmol L−1 [Fe(CN)6]

3−/4−. Fitting and calculation to
equivalent electrical circuit, Rs, CPE, α and Rct values were
performed using electrochemical circle fit tool in Nova 2.0
software. The surface morphology of each material was char-
acterized by scanning electron microscopy (SEM) and the
images were recorded using a model Quanta 200 (FEI
Company, Hillsboro, USA). The ultraviolet-visible (UV-Vis)
spectroscopy characterization was performed in a spectropho-
tometer BEL Photonics UV-M51 model.

Fabrication of GC/rGO-GOx biosensor

Reduced graphene oxide was synthesized by a simple two-
step chemical reduction using SDS and NaBH4, as described
elsewhere [8, 18, 19]. Prior to electrode modification, the GC
was polished with an alumina slurry solution (0.05 μm). Then,
the electrodes were sonicated for 5 min in ethanol and 5min in
ultrapure water. A suspension containing 25 μg/mL of rGO
and 3 mg/mL of glucose oxidase was prepared. A 10-μL
aliquot of the rGO-GOx composite dispersion was dropped
onto the GC electrode surface and dried at approximately 4 °C
in the refrigerator for 2 h until an adsorbed film was observed
in the electroactive area.

Second-generation ethanol production

Collection and processing of Cocus nucifera L.

The Cocus nucifera L. husk was collected manually in the
premises of the Sao Paulo State University/School of
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Agricultural Science (UNESP/FCA). The husks were rinsed
with water, then manually cut into small pieces that were oven
dried (Imarvil) at 60 °C for 7 days. After drying, the coconut
was ground in a Willey-type knife mill (Marconi) with a 20
mesh sieve (0.841 mm).

Biomass pretreatment

The pretreatment was conducted in combination of mechani-
cal and chemical steps. For this purpose, 75 g of biomass was
placed in two reaction flasks, each receiving 375 mL of NaOH
(17.5% v/v). The mechanical stirrer was inserted into the re-
action medium and operated for 20 min at a speed of
1500 rpm. The biomass was vigorously rinsed with tap water
in a 200 mesh sieve (0.074 mm) for the removal of any chem-
ical residue.

Enzymatic hydrolysis

For the enzymatic hydrolysis step, 25 Erlenmeyers were
placed each with 2.5 g of biomass (dry weight) and
100 mL of deionized water. Prior to hydrolysis reaction,
the pH of the reaction was measured and corrected to
values between 4.8 and 5.0 (pH-meter Lucadema, model:
mPA210), with citric acid (C6H8O7) or sodium hydroxide
(NaOH) solutions, both prepared at 1.0 M concentration.
In order to minimize contamination, a sterilization step
was applied by autoclaving at 121 °C for 15 min at a
pressure of 1.1 kgf/cm2. With bioreactors at room temper-
ature, 1.5 mL of commercial Novozymes enzyme
(CellicCTec3) was inoculated into the reaction medium
under sterile conditions. The procedure was followed by
incubation of the bioreactors in a shaker incubator
(SOLAB, model: SL-222) at 50 °C, with rotation of
150 rpm. Different reaction times were studied to assure
maximum yield, as following: 3, 6, 12, 24 and 48 h. After
incubation process, the bioreactors were placed in a ther-
mostatic water bath (Ethik Technology, model: 500-1D) at
100 °C for 10 min to inactivate the enzymes. Finally, the
hydrolyzed solutions were filtered in a vacuum pump
(Biothec) using 12-mm diameter filters, and the liquids
were kept at − 20 °C.

Glucose analysis

The developed biosensor was applied for the determination of
glucose during the enzymatic hydrolysis step of 2G ethanol
production. For this purpose, the reactions times of 3, 6, 12, 24
and 48 h of the hydrolysis reaction were analyzed in triplicate
using the standard addition method.

Results and discussion

Morphological, electrochemical and spectroscopical
characterization of the biomaterial

Scanning electron microscopy (SEM) experiments were used
for the characterization of the proposed biosensor and the
micrographs are presented in Fig. 1. Figure 1a displays images
of rGO, in which the material displays a wrinkled structure
with plenty of corrugations. On the other hand, Fig. 1b shows
the images of the rGO/GOx biocomposite, where it is possible
to observe the immobilization of the glucose oxidase onto
rGO due to its structural defects. These clusters can incorpo-
rate and immobilize enzymes, providing an excellent material
for biosensing measurements since no cross-linking agent is
needed [8], facilitating the preparation process of the biosen-
sor and minimizing the blocking of the enzymes active site.

Fig. 1 FEG-SEM micrographs for a rGO and b rGO-GOx biocomposite
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CVexperiments in the presence of the [Fe(CN)6]
3−/4− redox

couple were also performed for the electrochemical character-
ization of the materials. Figure 2A shows the voltammetric
profiles for the three different electrodes: (a) GC/GO, (b)
CG/rGO and (c) GC/rGO/GOx in 0.2 mol L−1 PBS pH 7.4,
0.1 mol L−1 KCl containing 5.0 mmol L−1 of the redox couple
[Fe(CN6)]

3−/4− with a scan rate of 50 mV s−1. The
voltammetric profiles show well-defined oxidation and reduc-
tion peaks for the GC/rGO (curve b) and GC/rGO-GOx (curve
c) electrodes due to the Fe3+/Fe2+ redox couple in the poten-
tials of + 0.36 Vand + 0.10 V (curve b) and in the potentials of
+ 0.48 V and − 0.06 V (curve c), respectively. The GC elec-
trode modified with GO (curve a) also showed oxidation and
reduction peaks due to the Fe3+/Fe2+ redox couple in the po-
tentials of + 0.29 V and + 0.13 V, respectively. However, the
GC/rGO electrode (curve b) showed a 2.5-fold increase in the

peak current compared to the GC/GO electrode (curve a). This
increase is due to the presence of defects introduced in its
structure, as well less oxygen atoms increase the electron
transport. Compared to GC/rGO-GOx biosensor, the GC/
rGO electrode showed a 1.2-fold increase in the peak current.
Through the reduction in peak currents in the GC/rGO-GOx
biosensor, it is possible to identify the immobilization of the
enzyme, since it reduces the number of active sites that act on
the redox couple electrochemical process [Fe(CN)6]

3−/4−.
The electrochemical enhanced properties of GO and rGO

were also verified using EIS in order to quantify the charge
transfer resistance (Rct) values for the electrode process.
Figure 2B displays the Nyquist plots for GC/GO, GC/rGO
and GC/rGO-GOx electrodes in the presence of
5.0 mmol L−1 of the redox couple. Nyquist plots were used
to analyze EIS data and presented with the equivalent circuit
inset. The EIS plots exhibited Rs for GC/GO about 49.3 Ω,
which was larger than GC/rGO (46.9 Ω). The fitted value of
Rct obtained for GC/GO and GC/rGO was 1.52 kΩ and
2.84 kΩ, respectively. The value of Rs was 55.0 Ω for GC/
rGO-GOx and the fitted value of Rct obtained was 3.20 kΩ,
indicating a decrease in the electron transfer showing that the
enzyme was immobilized. The lower value of Rct for rGO was
also observed in previous publications, indicating the im-
provement in electron transfer of this material [20, 21]. This
behavior is in agreement with CVexperiments that rGO has a
higher peak current response for the redox couple.

The UV-Vis spectroscopy was also used to characterize
the materials. This is a physical technique used in the
study of electronic transitions of molecules in colloidal
solutions and biological molecules, but it can also be used
in the quantitative analysis of diluted absorbent species
concentration. In Fig. 3, the characterization of GO spec-
trum shows characteristic absorption bands at 230 nm and
300 nm. The absorption at 230 nm corresponds to the
transitions π→ π* of the aromatic rings bonds C=C, al-
ready at 300 nm the absorption corresponds to the transi-
tions of type n→ π* of the connections C=O. In the rGO
spectrum, it is possible to observe a displacement of the
absorption peak of 230 nm to 260 nm, which indicates
that the crystalline structure of the oxidized graphene
was partially reconstituted and the disappearance of the
peak at 300 nm demonstrates that there was a deoxygen-
ation of the graphene. In the rGO-GOx biocomposite
spectrum, it is possible to observe peaks at 210 nm,
275 nm, 380 nm and 450 nm. These last two are related
to the electronic transitions type π→ π* along the three
cycles of the isoaloxazine ring present in the FAD portion
incorporated in each monomer of the enzyme, and the
peak at 275 nm is related to the presence of the aromatic
amino acid chain of GOx.

Cyclic voltammetry was applied on the evaluation of direct
electrochemistry of the proposed biosensor. Figure 4 shows

Fig. 2 ACVexperiments for the electrodes: (a) GC/GO, (b) CG/rGO and
(c) GC/rGO-GOx in 0.2 mol L−1 PBS pH7.4, 0.1 mol L−1 KCl containing
5.0 mmol L−1 of the redox couple [Fe(CN6)]

3−/4− with a scan rate of
50 mV s−1. B Nyquist diagram for the electrodes: (a) GC/GO ( ), (b)
GC/rGO ( ) and (c) GC/rGO-GOx (■) in the same solution described
above. In detail: equivalent electric circuit
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the voltammetric profiles for the two different electrodes: (a)
GC/rGO and (b) GC/rGO-GOx in 0.2 mol L−1 nitrogen-
saturated PBS pH 7.0 with scan rate of 50 mV s−1. The elec-
trochemical characterization brings evidence that the enzyme
was immobilized in the material of interest. No electrochem-
ical process was observed in the voltammetric response using
the GC/rGO electrode (curve a). However, the GC electrode
modified with the rGO-GOx composite showed oxidation and
reduction peaks at − 0.40 V and − 0.45 V, respectively. The
rGO-GOx shows well-defined redox couple with a peak to
peak separation (ΔEp) of 50 mV. The low ΔEp value indicates
a fast electron transfer process. These electrochemical pro-
cesses are in agreement with other works described in the
literature [10, 11].

Optimization of biosensor analysis and composition
parameters

The effect of enzyme concentration on the GC/rGO surface
was investigated for sensitive electrochemical detection of
glucose by SWV, in 0.2 mol L−1 nitrogen-saturated PBS
pH 7.0 as presented in Fig. 5. The amount of GOx was opti-
mized in the range of 0.2 to 4.0 mg mL−1 and the SWV
experiment was recorded in the potential range of + 1.0 to −
1.0 V, with amplitude of 25 mVand frequency of 10 Hz. The
cathode peak current increased with the amount of enzyme
glucose oxidase on the surface of the electrode up to the
amount of 3.0 mg/mL, reaching the maximum current in that
value. Higher concentrations of GOx decreased the cathode
peak current response, due to reduction in the conductive area
of the biosensor. Therefore, according to these results, a con-
centration of 3.0 mg mL−1 of glucose oxidase was used in the
preparation of the biosensor.

Furthermore, the effect of pH and SWV parameters was
also investigated. The pH study using the GC/rGO-GOx bio-
sensor was performed by SWV in 0.2 mol L−1 PBS varying
the pH at 6.0, 6.5, 7.0, 7.5 and 8.0 to determine the best
cathode peak response (Ipc). This experiment showed that
the cathode peak current presents a maximum value at
pH 7.0, decreasing to the higher pH values. Therefore, accord-
ing to these results, a 0.2 mol L−1 PBS pH 7.0 was used in
analysis of glucose. The parameters of the SWVanalysis, such
as pulse amplitude and frequency, were studied. For pulse
amplitude optimization, the values of 1, 5, 10, 15, 20, and
30 mVwere analyzed and the best cathode peak was obtained
at 30 mV. For the optimization of the frequency, the values of

Fig. 3 UV-Vis spectra of the materials GO ( ), rGO ( ) and rGO-GOx
( )

Fig. 4 CVexperiments: (a) GC/
rGO electrode and (b) GC/rGO-
GOx biosensor in 0.2 mol L−1

PBS pH 7.0 in N2 saturated
atmosphere with scan rate of
50 mV s−1
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1, 5, 10, 15, 20, 25, 30, 50, 70, and 100 Hz were analyzed. For
frequencies above 25 Hz and below 20 Hz, a high signal
distortion was observed, and therefore was disregarded. The
best cathode peak with a lower signal distortion was 10 Hz.
Therefore, the pulse amplitude and frequency parameters used
in SWV were set at 30 mVand 10 Hz, respectively.

Analytical characteristics and determination
of glucose content during 2G ethanol production

SWVexperiments were carried out in triplicate using the op-
timized experimental parameters described above to obtain an

analytical curve for determination of glucose with the GC/
rGO-GOx biosensor. The analytical response shown in
Fig. 6 has a linear response in the range 0.5 to
3.0 mmol L−1, in agreement with the following equation:

I %ð Þ ¼ 10:56þ 25:21 Glucose½ � ð3Þ

with a correlation coefficient of 0.96 (n = 7). The limit of
detection (LOD) obtained was 0.51 mmol L−1, which was
determined using a 3σ/slope ratio, where σ is the standard
deviation of the mean value for 10 voltammograms of the
blank. Wang et al . [10] found a similar LOD of

Fig. 5 Effect of amount of
enzyme in the composition of the
biosensor

Fig. 6 SWV voltammograms for
GC/rGO–GOx biosensor, with
the optimized parameters and in
the range from 0.5 to
3.0 mmol L−1 of glucose
concentrations. Inset: linear
dependence of the peaks current
with glucose concentrations
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0.7 mmol L−1 using a sensor based on graphene and CdS
nanocrystals. The proposed electrode was evaluated using
CV experiments in the range of 2.0–16 mmol L−1 of glucose
in order to develop a novel immobilization matrix for en-
zymes. In addition, an electrode decorated with chitosan/
multi-walled carbon nanotubes/graphene quantum dots-gold
nanoparticles was investigated on the determination of glu-
cose in the range of 0.1–5000 μmol L−1, with a LOD of
64 nmol L−1 [22].

After obtaining the analytical parameters, the proposed bio-
sensor was evaluated on the determination of glucose concen-
tration during the hydrolysis step of 2G ethanol production.
As previously discussed, five reactions times were analyzed in
triplicate using the SWV optimized parameters. In addition,
the samples of glucose were diluted previous to determination,
using an aliquot of 500 μL of the sample in 20 mL of PBS
solution. Table 1 summarizes the glucose content of the sam-
ples analyzed using the GC/rGO-GOx biosensor. From
Table 1, we can observe that the glucose concentration was
practically double when the hydrolysis time is increased from
3 to 6 h. In the 12 h time, the glucose concentration was 20%
higher compared to the 6 h time. When analyzing longer re-
action times of enzymatic hydrolysis, we can observe that the
glucose concentration values are practically constant.
According to the Student’s t test, there were no significant
differences between the population means at reaction time of
12, 24 and 48 h, at the 95% confidence. Therefore, the enzy-
matic hydrolysis time could be interrupted in 12 h of reaction.
Thus, an important achievement of this analysis is the reduced
time to get a valuable result for the test, saving time and
reducing the cost, stopping the process at 12 h time.

Conclusions

The GC/rGO-GOx biosensor was successfully characterized
and optimized in order to improve the electrochemical quan-
tification signal of glucose. The 2G ethanol process control
was optimized by the use of the biosensor reducing the enzy-
matic hydrolysis time and the overall cost of the process.
Therefore, the developed biosensor can be an efficient tool
for the electrochemical determination of glucose during the
production of 2G ethanol.

Funding information FAPESP (grants 2017/03925-6 and 2017/24274-
3).
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