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Characterization and application of graphene sheets modified glassy carbon electrodes (graphene/GC)
have been presented for the electrochemical bio-sensing. A probe molecule, potassium ferricyanide is
employed to study the electrochemical response at the graphene/GC electrode, which shows better elec-
tron transfer than graphite modified (graphite/GC) and bare glassy carbon (GC) electrodes. Based on the
highly enhanced electrochemical activity of NADH, alcohol dehydrogenase (ADH) is immobilized on the
graphene modified electrode and displays a more desirable analytical performance in the detection of

Iéz ;V;:gg"e ethanol, compared with graphite/GC or GC based bio-electrodes. It also exhibits good performance of
Alcohol dehydrogenase ethanol detection in the real samples. From the results of electrochemical investigation, graphene sheets
NADH with a favorable electrochemical activity could be an advanced carbon electrode materials for the design

Ethanol biosensor

of electrochemical sensors and biosensors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ethanol is the most common poisonous substance involved in
medical-legal cases and it frequently results in a variety of traffic
accidents. Thus the accurate measurement of ethanol concentra-
tion is very important for medicine study and lawsuit cases. Various
approaches have been proposed to meet the rising demands for
ethanol detection [1-4]. These methods usually suffered from
series of problems, e.g. expensive instruments, time-consuming
process and sophisticated operation procedures. Currently the elec-
trochemical biosensors, because of their inexpensive, rapid, reliable
and specific characteristics, have made substantial progress in the
area of ethanol sensing [5,6]. The enzymes normally used in the
developed electrochemical biosensors for ethanol detection are
alcohol oxidase (AOD) or alcohol dehydrogenase (ADH). Generally,
in an ADH based electrochemical biosensor, [3-nicotinamide ade-
nine dinucleotide (NADH) is always involved as a cofactor during
the detection of ethanol, which has attracted considerable atten-
tion [7]. However, the electro-oxidation of NADH at a conventional
electrode takes place at considerable over-potentials, greater than
0.6V (vs. Ag/AgCl) [8]. This over-potential oxidation may lead to
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oxidation of other electro-active species present in the solutions
and interfere with the target analysis [9].

In order to solve these problems, many compounds [10-13]
have been modified on the electrode surface as electron-transfer
mediators to catalyze the oxidation of NADH and fabricate the
electrochemical sensors. However, due to the slower diffusion of
NADH within the immobilized mediators or redox self-exchange
limitation within the film, the electrochemical biosensors usually
displayed relatively low sensitivity. In recent years, carbon based
nanomaterials, owning to their chemical inertness, relatively wide
potential window, low background current and suitability for dif-
ferent types of analysis, have been devoted to constructing series
of biosensors [14,15] and decreasing the high over-potential for
NADH electro-oxidation through improving the electron-transfer
kinetics and minimizing the surface fouling [16-18].

Among these carbon nanomaterials, graphene [19], which is a
two-dimensional monolayer of carbon atoms parked into a dense
hexagonal network structure, has received considerable attention
from both the experimental and theoretical scientific communities
in the last several years [20]. Because of its unique electric, ther-
mal and mechanical properties [21], graphene has provided strong
potentials in synthesizing nanocomposites [22-24] and fabricating
micro-electrical devices and biosensors [24,25]. Fan et al. reported
that graphene oxide could not only facilitate electron transfer but
also keep the bioactivity of metalloproteins at electrode surface
[26]. Recently, Zhou et al. had established electrochemical platform
based on chemo-reduced graphene oxide obtained from a mod-
ified Hummers method [27] and Shan et al. observed that these
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graphene materials displayed enhanced properties when function-
alized by ionic liquids [28]. Therefore, the design and construction
of this kind of materials for electrode modification are becoming
important aspects for improving properties of the electrochemical
biosensors.

In this research, the graphene sheets modified glassy carbon
electrode has been developed for electrochemical sensing of NADH
and ethanol. The advantages of graphene modified electrodes
are studied by the comparison with the conventional graphite
functionalized and bare glassy carbon electrodes for the elec-
trochemical characterization and applications of NADH sensing.
The electrochemical behavior of electro-active compound at the
graphene/GC showed an increase of electron transfer rate com-
pared with graphite modified and bare GC electrodes. Additionally,
based on the better electro-catalytic activity of NADH, the joint
application of graphene and alcohol dehydrogenase (ADH) gave
rise to an ethanol biosensor with high selectivity and sensitivity
in a wide range of detection.

2. Experimental
2.1. Reagents

ADH (E.C. 1.1.1.1, 340U mg!, from Saccharomyces cerevisiae),
bovine serum albumin (BSA), 3-nicotinamide adenine dinucleotide
(NAD*) were purchased from Sigma. Graphite and hydrazine were
purchased from Aldrich. Nicotinamide adenine dinucleotide (oxi-
dized state, NADH) and glutaraldehyde were obtained from Fluka.
All other chemicals were analytical grade and used without further
purification. All solutions were prepared with ultrapure water.

2.2. Synthesis of materials

Graphite oxide (GO) was prepared according to the Stauden-
maier method [29]. A reaction flask containing a mixture of sulfuric
acid (175 mL) and nitric acid (90 mL) and cooled by immersion in
an ice bath. The acid mixture was stirred and allowed to cool for
30 min, and graphite (10g) was added under vigorous stirring to
avoid agglomeration. After the graphite powder was well dispersed,
potassium chlorate (110 g) was added slowly over 30 min to avoid
sudden increases in temperature. The reaction flask was loosely
capped to allow evolution of gas from the reaction mixture and
allowed to stir for 5 days at room temperature. On completion of the
reaction, the mixture was poured into 10 L of deionized water and
filtered. The GO was redispersed and washed in a 5% solution of HCI.
The GO was then washed repeatedly with deionized water until the
pH of the filtrate was neutral. The GO slurry was dried at 60 °C. Over
10¢g of graphite oxide can be produced using the modified Stau-
denmaier method. The obtained graphite oxide (0.2 g) dispersed in
500 mL deionized water was exfoliated to graphene oxide under
ultrasonic treatment for 1h. The resulting homogeneous disper-
sion (10 mL, containing 4 mg graphite oxide) was mixed with 10 mL
of water, 10 mg of hydrazine solution (35 wt% in water, contain-
ing 2.8 mg hydrazine) and 35.0 p.L of ammonia solution (28 wt% in
water) [20,30]. After being vigorously stirred for 30 min, a water
bath (95°C) is launched for 1 h. The resulting mixture was filtered
and washed to get the final graphene.

2.3. Characterizations of materials

X-ray diffraction (XRD) patterns were recorded on the German
Bruker D8 advanced X-ray diffracto-meter using the Ni-filtered
Cu KR radiation with a wavelength of 0.154nm (40 mV work-
ing voltage and 40 mA working current). The samples were first
pressed and then loaded onto the sample plate. The resulting
XRD patterns were recorded and analyzed by the Bruker software

DIFFRAC-XRD Commander. TEM images were directly obtained on
the graphene deposited Cu grid with a JEOL 2011 microscope oper-
ated at 200kV. SEM micrographs were taken with a Philips XL30
microscope operated at 20kV and no coating procedures were
employed. The reduced graphene was sonicated and then deposited
on the sample carrier before SEM observation. XPS measurements
were performed using a RBD upgraded PHI-5000C ESCS system
(Perkin Elemer) with Al Ko radiation (hv=1486.6eV).

2.4. Electrode preparation and modification

Glass carbon electrode (GC, 3 mm diameter) was polished with
1, 0.3 and 0.05 pwm alumina powder sequentially and then washed
with ultrasonication in water and ethanol for 3 min, respectively.
The clean GC electrode was dried at ambient condition. The modi-
fications of graphene and graphite were carried out by pipetting an
aliquot of 6 L their DMF suspensions (5 mg mL~!) uniformly onto
the glass carbon electrode surface. The modified electrodes were
then dried under ambient condition for 2 h.

For fabricating ADH-based bio-electrodes, a 1 wt% aqueous solu-
tion of BSA and ADH at given concentrations was mixed with
the volume ratio of 1:2 to give an ADH-BSA mixture, and 8 L
of the resulting mixture was coated onto the electrodes. A 2 pL
aqueous solution of glutaraldehyde (40 mM) was further pipetted
onto electrodes to cross-link the ADH and 3 pL Nafion polymer
(0.5wt%) was dropped at last onto the electrodes. The prepared
electrodes were air-dried, rinsed with deionized water and used as
ADH/graphene/GC, ADH/graphite/GC and ADH/GC electrode.

After the modification, graphene, graphite and bare GC based
modified electrodes were stored in 0.1 M pH 7.4 phosphate buffer
solution (PBS) for 30 min before the measurement and keptin 0.1 M
pH 7.4 PBS at 4°C when not in use. The real samples were diluted
with 0.1 M pH 7.4 PBS in appropriate concentration and used with-
out other pretreatment.

All electrochemical measurements were carried out at a CHI
660C electrochemical workstation (Chenhua Instrument Co. Shang-
hai, China) assembled with three-electrode system.

3. Results and discussion
3.1. Characterization of graphene

The graphene used here is prepared using the reported
oxidation-reduction method based on the graphite oxide [20],
which is easily obtained after acid oxidation of normal graphite
via the modified Staudenmaier method [29]. The resulting graphite
oxides are exfoliated to graphene oxides by ultrasonic dispersion
[31]. The obtained graphene oxides are finally reduced to graphene
by hydrazine [30]. In a manner that parallels previous results [20],
a monolayer structure of graphene is observed through the atomic
force microscope (AFM) with a height profile plot showing the
thickness less than 1 nm shown in Fig. ST1A. The scanning electron
microscope (SEM) and TEM images (Fig. S1B and C) also display the
very thin layer of graphene.

The X-ray diffraction (XRD) patterns in Fig. 1 show that a typ-
ical spectrum of graphite phased carbon with a very sharp peak
at 260=26.6°, which corresponds to the diffraction of (00 2) plane,
being the interlayer distance of dyg =0.336 nm. A typical oxida-
tion yields the appearance of diffraction peak of the graphite oxide
at 26 =14.2° without the peak of dgg visible in graphite due to
the insertion of carboxyl groups to the graphite layers [29,32].
In the case of graphene and graphene oxide, no peaks can be
observed, indicating a complete exfoliation of the original multi-
layered structure in graphite and graphite oxide [29].
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Fig. 1. XRD patterns of graphite, graphite oxide, graphene oxide and graphene.

In order to further confirm the reduction process, we employed
XPS analysis for the graphite oxide and graphene obtained. As
shown in Fig. 2, the graphite oxide/graphene materials contained
O and C with the chemical binding energies of O 1s (~530eV) and
C 1s (~280eV) respectively, according to the XPS survey spectrum
[33,34]. It is observed the O content decreased significantly in the
case of graphene compared to the graphite oxide, indicating that
chemo-reduction has been well performed and graphene have been
successfully synthesized with low content of oxygen.

3.2. Electrochemical characterization of the graphene/GC
electrode

[Fe(CN)g]3-/4~ couple is widely used as an electrochemical
probe to investigate the properties of the modified electrodes.
Fig. 3A shows the voltammetric response of [Fe(CN)g]>~/4~ at the
bare GC, graphite and graphene modified electrodes. The bare GC
electrode gives the reversible electrochemical response for the
probe. Compared with the bare electrode, cyclic voltammograms of
the graphite modified electrodes show less reversible response due
to the weaker conductivity of graphite assembled layers. However,
after functionalized with graphene, the peak-to-peak potential
difference is similar as the bare electrode, indicating that the well-
defined graphene film possesses the essential surface structure and
electronic properties to support the rapid electron transfer in this
redox system. Fig. 3B shows CVs of graphene, graphite and bare GC
electrodes in 0.1 M pH 7.0 phosphate buffer solutions acquired at a
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Fig. 2. XPS spectra of graphite oxide and graphene.

A 3004

0.0 02 04 06
E/V vs.SCE

204 --

0.0 0.5
E/V vs.SCE

Fig.3. (A)Cyclicvoltammograms for GC(solid line), graphite (dotline) and graphene
(dash line) modified GC electrodes in 10 mM [Fe(CN)g |*~ with 2 M KCl as electrolyte
at a scan rate of 50mVs~1, and (B) 0.1 M pH 7.0 PBS between —0.2V and 0.8 V. Scan
rate: 50mVs-'.

scan rate of 50 mV s~!. From the double layer capacitance of all the
electrodes, the graphene modified electrode displays the highest
charging current, indicating an expanded electrochemical active
surface area on the modified electrode [35]. According to Eq. (1)
[36]:

Q = (2nFADY?71/2¢,)t1/2 1)

where Q is the absolute value of the reduction charge, n is the num-
ber of electrons for the reaction, F is the Faraday constant, A is the
apparent electrode area, D, is the diffusion coefficient of the oxi-
dized form, hexacyanoferrate (D, =1.183 x 10> cm? s~1), C, is the
bulk concentration of the oxidized form (C, =10 mM), and t is the
time [32]. From the slop of the Q-t!/2 line, the sequence of values of
A for the different electrodes is graphene/GC (0.127 cm?) > bare GC
(0.092 cm?) > graphite/GC (0.074 cm?2). The larger value of appar-
ent electrode area (A) can be observed at graphene functionalized
electrode and might be a promising material for electrochemical
sensing applications.

3.3. Electrocatalytic oxidation of NADH on the graphene/GC
electrodes

In order to make a further understanding towards the elec-
trochemical properties of graphene, the electro-oxidation of
nicotinamide adenine dinucleotide hydrate (NADH), which has
received intensive interest for the development of amperometric
biosensors and bio-electronic devices associated with NAD*-
dehydrogenase [7,37] was also investigated. Fig. 4A shows the
comparison of CVs of 5mM NADH at different electrodes. The
electro-oxidation exhibits an irreversible anodic peak at 0.64V on
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Fig. 4. (A) CVs of 5mM NADH at graphene/GC (dash line), graphite/GC (dot line)
and bare GC (solid line) electrodes in 0.1 M pH 7.0 PBS. Scan rate: 50 mV s~'. (B) DPV
for 5mM NADH at graphene/GC (dash line) and bare GC (solid line) electrodes in
0.1 M pH 7.0 PBS. Conditions: Incr E, 4 mV; amplitude, 50 mV; pulse width, 50 ms;
pulse period, 200 ms. (C) Current-time response curves for bare GC (at 0.65V, line
a), graphite/GC (at 0.65V, line b) and graphene/GC (at 0.5V, line c) electrodes with
successive addition of NADH in stirred 0.1 M pH 7.0 PBS solution. Inset: calibration
curves for NADH at bare GC (a), graphite/GC (b) and graphene/GC (c) electrodes.

the bare GC electrode. At the graphite/GC electrode, a decreased
peak current suggests graphite modified layers partly blocked the
electron transfer between NADH and the electrode surface. In the
case of graphene/GC electrode, the anodic potential of NADH in
pH 7.0 PBS shifts negatively to 0.5V with an increased current sig-
nal in comparison with the bare and graphite modified electrodes.
This peak potential for NADH at the graphene/GC is quite similar
to the results obtained from the carbon nanotube functionalized
electrode under the same condition [38].

The voltammetric behavior of graphene/GC electrode in NADH
solution was further studied by differential pulse voltammetry
(DPV)in the presence of 5 mM NADH as shown in Fig. 4B. In contrast
to bare GC electrodes, the peak potential is negatively shifted from
0.64Vt00.5Vwhentheelectrodeis modified by the graphene layer.
There is no peakat 0.5 Vin the absence of NADH. Therefore, the peak
current at 0.5V can be assigned to electro-catalytic oxidation of
NADH by modified graphene at GC electrode. Compared with bare
and graphite GC electrodes, the electro-oxidation current of NADH
increased 20% and 50%, respectively. These results indicate that the
presence of graphene films makes the electron transfer much eas-
ier, which may provide more favorable sites for bio-molecules and
would be beneficial for accelerating electron transfer between the
electrode and the species in solution.

To evaluate the analytical performance of the graphene/GC elec-
trodes, the amperometric response towards the oxidation of NADH
at graphene/GC was also recorded at 0.5 V with successive addition

CH;CH,0H
H++NAD+ b

CH;CHO

Graphene ADH GC

Fig. 5. Scheme of bio-electrocatalysis of ethanol on ADH/graphene modified glass
carbon electrode.

of NADH (Fig. 4C). Well-defined steady state current were obtained
at graphene/GC electrode, and the currents increased step wisely
with successive additions of NADH. The response time (reaching
90% of maximum response) was less than 10s indicating a fast
process and well catalytic oxidation of NADH by graphene. Com-
pared with graphite/GC and bare GC electrodes (both at 0.65V),
the graphene modified electrode displayed wider linear range
(0.05-1.4 mM, Fig. 4C inset), lower detection limit (20 wM) and
higher sensitivity (12.6 ,AmM~1). The analytical performance of
graphene/GC electrode is comparable to the reported carbon nan-
otube modified electrodes [38]. In addition, another attractive
feature of the graphene/GC electrode is its stable amperometric
NADH response. In a stirred NADH solution (1 mM), the amper-
ometric response of the graphene/GC electrode remained 80% of
its initial value after 60 min experiment, while only 45% and 25%
are observed at the graphite/GC and bare electrodes respectively,
reflecting the better anti-fouling properties during the oxidation
process of NADH on the graphene/GC electrode. This feature is
very promising for real applications. Compton has reported that at
carbon-based electrodes, the dense edge-plane-like defective sites
on carbon materials had the effect of resistance to fouling [39].
According to Raman characterization from the literatures [40-42],
graphene has more edge-plane-like defective sites compared to
graphite, which may play an important role in minimizing passiva-
tion effects for NADH oxidation at graphene assembled electrode.
The improved electron transfer kinetics of graphene/GC electrode
could also contribute to the response stability.

3.4. Amperometric biosensing for ethanol

Because of the better electro-catalytic activity of the
graphene/GC electrode towards the oxidation of NADH, an
amperometric ethanol biosensor was constructed by integration of
ADH with graphene/GC electrode. In an ADH based electrochemical
biosensor, ethanol is oxidized to acetaldehyde by a coenzyme,
NAD* which is necessary to accept electrons from ethanol with
the aid of ADH. Concurrently, NAD* is reduced to NADH which can
be regenerated and recycled at the electrode surface by releasing
electrons and proton. The whole process can be illustrated in Fig. 5.

Since the ethanol biosensor response depends on the amount
of the immobilized enzyme, various enzyme loadings were pre-
pared by using different concentrations of ADH (4-10mgmL-1),
as shown in Fig. 6A. The ethanol biosensor response increased by
raising the concentration of ADH from 4 to 8 mgmL~'. However,
a reduced response was obtained with higher enzyme contents of
10mgmL-!. As a result, $mgmL~! ADH was chosen as the opti-
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Fig. 6. Amperometric responses of ADH/graphene/GC electrodes at (A) different
concentrations of ADH, (B) different pH of PBS solutions and (C) different tempera-
tures for 2 mM ethanol with 5mM NAD* in 0.1 M PBS.

mum enzyme modification for the biosensor fabrication. The effect
of pH and temperature on the response of the biosensor was also
investigated for 2 mM ethanol with 5mM NAD* (Fig. 6B and C).
The prepared biosensors exhibited good behaviors in abroad range
of pH values (6.0-8.0) and temperature (15-35°C). The highest
amperometric responses were observed at pH 7.4 and 30 °C, respec-
tively.

Under the optimized condition, the performance of
Nafion/ADH/graphene/GC electrode was then evaluated by
amperometric response experiment. Fig. 7A shows the steady-
state response of Nafion/ADH/graphene/GC electrode with an
applied potential of 0.5V for different additions of ethanol in a
stirred 0.1 M pH 7.4 PBS at 30 °C. The response of this biosensor was
rather fast and the response time was less than 10s. The current
increased linearly with ethanol concentration over the range from
0.2 to 21.0mM (Fig. 7B). The detection limit was estimated to
be 0.025mM. Comparison of the results with literature data is
given in Table S1. The electrode-to-electrode reproducibility of
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Fig. 7. (A) Current-time curve for Nafion/ADH/graphene/GC (at 0.5V) electrode
with successive addition of ethanol, 1.5mM each injection in stirred 0.1 M pH 7.4
PBS solution containing 5 mM NAD* at 30°C. (B) Calibration curve for ethanol at
Nafion/ADH/graphene/GC electrode. Standard deviation was got from three differ-
ent electrodes.

this biosensor was determined with the addition of ethanol under
0.5V using different enzyme electrodes. It shows an acceptable
reproducibility with a relative standard derivation (R.S.D.) of less
than 5.6%. The stability of the immobilized enzyme electrode
was also examined. When not in use, the electrode was stored in
100 mM pH 7.4 PBS at 4°C in a refrigerator. After two weeks, the
amperometric responses towards 5mM ethanol of the modified
electrode remained 89% of its initial value. This high stability can
be attributed to the compatibility of the graphene and strongly
interaction between enzyme and graphene.

The specificity of Nafion/ADH/graphene/GC was also carried out
with other lower molecular weight alcohols and possible inter-
ferences, as shown in Fig. 8. It was revealed that under the same
condition, the Nafion/ADH/graphene/GC electrodes exhibited lit-
tle amperometric response to physiological level of interferences
and other low molecule weight alcohols. This observation is quite
similar with the results obtained from ADH/mesoporous carbon/GC
electrode [43]. These results demonstrate that this biosensor has
good stability, reproducibility and selectivity, as required for the
determination of ethanol.

2 1004

"N

Relative response to ethanol (%

UA MeOH 1-Prop 1-But

Fig. 8. Comparison of the biosensor response in the presence of low weight alco-
hols and possible interferences (1 mM ethanol, methanol, 1-propanol and 1-butanol;
0.2 mM ascorbic acid, dopamine and uric acid), the response of 1 mM ethanol as the
reference. Measurements were performed at 30+0.5°C in 0.1 M pH 7.4 PBS with
5mM NAD*.
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Table 1
Determination and recovery results of ethanol in alcohols by the biosensor.
Sample Nominal (%, v/v) Biosensor (%, v/v) C (ethanol) Recovery (%) R.S.D. (%)
Added (mM) Found (mM)?
0.50 0.48 94 4.7
White spirit 40.0 38.9 £ 0.6 1.50 1.47 98 5.6
3.00 3.24 108 35
0.50 0.52 104 6.1
Red wine 1255 12.8 £ 0.5 1.50 1.43 95 2.8
3.00 3.10 103 4.9
0.50 0.51 102 3.8
Beer 3.7 39+03 1.50 1.60 107 5.2
3.00 2.80 93 6.4
3.00 2.80 93 6.4

2 Average of three measurements.

3.5. Determination of ethanol in alcoholic beverage

In order to evaluate the application of this biosensor, the
proposed Nafion/ADH/graphene/GC electrode was tested for the
determination of ethanol in three different alcoholic beverages:
white spirit, red wine and beer. Each sample was diluted with PBS
solution (0.1M pH 7.4) such that the diluted sample contained
approximately 1.5mM of ethanol in the reaction medium. The
results of each beverage obtained at this biosensor were in good
agreement with those certified by the manufacturers (Table 1).
Furthermore, the recovery measurements for ethanol were also
performed in these samples and the results are summarized in
Table 1. The application results demonstrate that this biosensor
offers an accurate method for the determination of ethanol in real
samples.

4. Conclusions

The advantages of graphene sheet modified glass carbon elec-
trodes for the electrochemical biosensing are evaluated. The
electrochemical activity of graphene/GC electrode was investigated
with electro-active molecular, which show a remarkable increase
in the rate of electron transfer compared with graphite/GC and
bare GC electrodes. Furthermore, on the basis of well electrocat-
alytic activity at the graphene/GC electrode towards NADH, ADH
was immobilized on the graphene/GC electrode to show faster and
selective response with wider linear range and lower detection
limit. Moreover, the accurate determination of ethanol in real sam-
ples demonstrates the great potential of this proposed biosensor
for practical applications. Above all, graphene sheet, with favorable
electrochemical activity, may open up a new challenge to explore
a range of electrochemical sensing and bio-sensing applications.
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