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This letter demonstrates that a novel, highly efficient enzyme electrode can be directly obtained using covalent attach-
ment between carboxyl acid groups of graphene oxide sheets and amines of glucose oxidase. The resulting biosensor
exhibits a broad linear range up to 28 mM-mm > glucose with a sensitivity of 8.045 mA-cm >-M . The glucose
oxidase-immobilized graphene oxide electrode also shows a reproducibility and a good storage stability, suggesting
potentials for a wide range of practical applications. The biocompatibility of as-synthesized graphene oxide nanosheets
with human cells, especially retinal pigment epithelium (RPE) cells, was investigated for the first time in the present
work. Microporous graphene oxide exhibits good biocompatibility and has potential advantages with respect to cell
attachment and proliferation, leading to opportunities for using graphene-based biosensors for the clinical diagnosis.

Owing to their unique electrical, thermal, and mechanical pro-
perties, graphene and its derivatives, including graphene oxide
(GO), have attracted ever increasing attention in recent years as a
novel class of 2D carbon-based nanomaterials." Of particular
interest is that GO nanosheets are soluble in water and many
other common polar solvents with respect to the formation of
large-scale uniform films on various substrates. Subsequent ther-
mal annealing of the GO films under a hydrogen atmosphere has
been demonstrated to produce graphene sheets, which otherwise
are difficulty to produce because of their poor processability.?®
The direct application of GO in electrically active materials and
devices, however, is still limited by the high electrical resistance
associated with the presence of carboxyl, hydroxyl, or epoxy groups
in GO sheets, as schematically shown in Figure la.”

On the other hand, the presence of oxygen-containing func-
tional groups provides potential advantages to GO for numerous
applications because they can be used to introduce multifunc-
tionalities. For example, Li et al. demonstrated the electrostatic
stabilization of GO colloids via carboxylic acid groups in the GO
sheet.® Because of their interesting electrochemical behavior,
carbon materials including glassy carbon,” carbon paste,'® gra-
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phite,ll carbon fibers,' fullerenes,'® carbon nanotubes,'*' nano-

diamonds,'® and even functionalized graphene nanomaterials'’ "
have been well studied for enzyme immobilization and biosensor
applications. Here, we present a direct, simple way to utilize the
carboxyl groups of GO as a target for the immobilization of enzyme.
The resulting biosensors have been demonstrated to exhibit a linear
response over a broad concentration range up to 28 mM-mm >
glucose with a sensitivity of about § mA-cm >-M ™', These GO-
based glucose sensors also showed excellent reproducibility and
good operation/storage stability, suggesting great potential for a
wide range of practical applications. The as-synthesized GO
nanosheets further exhibited good biocompatibility to human
RPE cells, indicating potential applications for in-vivo clinical
diagnosis of diseases such as diabetic retinopathy.

In a typical experiment, GO is prepared on a Pt disk electrode
(i.d. 1 mm) as described in the Supporting Information. As
schematically shown in Figure Ic, the amine groups of glucose
oxidase (GOx) were covalently attached to the carboxyl acid
groups of GO in the presence of 1-ethyl-3-(3-dimethylamino-
prophy) carbondiimide hydrochloride (EDC) and N-hydroxyl
succinimide (NHS).?

The morphology of the as-prepared GO sheet is determined
using an atomic force microscope (AFM) in a tipping mode. The
AFM micrograph of GO shows that the thickness of the resulting
GO sheets is approximately 1.2 nm, suggesting that the GO film
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Figure 1. (a) Schematic representation of the molecular structure of
a GO sheet, (b) AFM micrograph of the GO sheets, and (c) schematic
immobilization of GOx into GO sheets via peptide bonds between
the amine groups of GOx and the carboxylic acid of GO. (b, Inset)
FTIR spectrum of GO.

consists of a single layer (Figure 1b). The corresponding infrared
(IR) spectrum given in the inset of Figure 1b shows a broad band
at 3100 cm ™! associated with the absorption of hydroxyl group.
A strong band at 1719 cm™' can be attributed to the presence of
carboxyl groups. The band obtained at 1000 cm™ " arises from the
stretching vibration of C—0.

Figure S1 shows cyclic voltammograms (CVs) of the GOx—GO
electrode in 10 mM K4Fe(CN)g/0.4 M phosphate buffer solution
(PBS, pH 7.4) at a scan rate of 50 m-Vs~' compared with the
pristine GO electrode. A couple of well-defined redox peaks were
both found at the GO electrode (pink line) and the GO electrode
after the immobilization of GOx (blue line). During cyclic voltam-
metry, GO was electroreduced, giving rising to the electroactive
performance of the electrode in K4Fe(CN)e whereas the reduction
process is electrochemically irreversible as reported elsewhere.?!
Smaller peak currents and a wider peak potential separation
(AE,) are observed at the GOx—GO electrode, suggesting the
lower electron transfer of the electrode after the incorporation of
GOx. This can be attributed to the native low electron-transfer
rates of GOx.'®

Amperometry has been considered to be an efficient method of
determining the performance of a glucose biosensor.*? A constant
potential (+0.4 V vs Ag/AgCl), where hydrogen peroxide pro-
duced from the oxidation of glucose is oxidized, is applied to the
GOx-immobilized GO electrode. Current responses on the suc-
cessive addition of glucose are recorded. As shown in Figure 2, the
positive current at the GOx covalently attached GO electrode
increases with the gradually injection of glucose (blue line) whereas
no oxidation current is obtained at the pristine GO/Pt electrode
(pink line), confirming that the current response arises from the
oxidation of hydrogen peroxide produced during the enzyme reac-
tion rather than from the direct oxidation of glucose on the electrode.

The calibrated steady-current responses with respect to glucose
concentration at the GOx—GO electrode are shown in the inset of
Figure 2. The steady currents are linear up to 22 mM glucose at
the GOx covalently attached GO electrode with 0.785 mm?
geometric area (i.e., 28 mM/mm?). The linear relationship is
higher than the 15 mM required for practical use in the detection
of blood glucose.
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Figure 2. Typical amperometric responses at the GOx covalently
immobilized GO electrode (blue line) and the pristine GO electrode
(pink line) in 0.4 M PBS (pH 7.4) with the successive injection of 0,
5,10, 15, 20, 25, and 30 mM glucose, respectively. (Inset) Calibra-
tion curve obtained for glucose determination at 0.4 V vs Ag/AgCl
in 0.4 M PBS (pH 7.4).

The sensitivity of the enzyme electrode is determined by the
slope of the calibration curve. The glucose oxidase covalently
linked GO enzyme electrode exhibits a sensitivity of 8.045 mA -
cm ™~ 2-M~". Considering that the content of GO in the resulting
electrode is fairly low, the sensitivity obtained here is quite good.

Quartz crystal microbalance (QCM) measurements were used
to determine the absorption stability of GO—GOx on the Pt
electrode. A thin layer of GO was dropped onto the Pt probe of
QCM. GOx was subsequently immobilized in GO as described
above (Figure S1). The mass change can be determined by the
Sauerbrey equation® (eq 1)

Af = =2f5*Am/A(ugp) ' (1)

where Afis the measured frequency shift, f; is the frequency of the
quartz crystal prior to a mass change, Am is the mass change, A4 is
the piezoelectrically active area, yiq is the shear modulus, and pq is
the density of quartz. The mass change is inversely related to the
frequency shift. As shown in Figure 3, the frequency decreased
slightly with the addition of GO onto the QCM probe, suggesting
the low mass content of GO (from point 1 to 2, Figure 3). The
frequency decreased significantly after the incorporation of
GOk, indicating the successful immobilization of GOx onto GO
(point 3). The frequency increased a bit after soaking GO—GOx
in PBS solution for 1 day (point 4), suggesting the mass loss of the
sample when soaking in PBS. This may be attributed to the loss
of impurities such as unattached GOx, NHS, and EDC. The
frequency remains stable even after soaking in PBS for 7 days
(points 4—10), indicating the good stability of GO—GOx on the
Pt probe. The sample was retained in air for several days, but the
QCM frequencies remained quite stable, suggesting the strong
anti-interference ability of GO—GOx/Pt.

Further evidence for the good stability of GO—GOx/Pt can be
obtained using Raman spectroscopy (Figure S3). As expected,
two well-known peaks at 1338 and 1560 cm ™ attributable to the
D band (induced disorder) and the G band (the symmetric gra-
phitic structure) of graphene®* can be observed from the spectrum
of pristine GO/Pt (blue line, Figure S3). The peak intensity ratio
of the D band to the G band (/p) is around 0.45, which is a
bit higher than that of high-crystalline graphene sheets (normally
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Figure 3. Data points from QCM measurements for (1) the pris-
tine Pt tip, (2) the GO/Pt tip, (3) the GO—GOx/Pt tip, (4) the
GO—GOx/Pt tip after soaking in PBS for 1 day, and (5—10) the
GO—GOx/Pt tip after consecutive soaking in PBS for 2—7 days,
respectively. All data were obtained after complete drying of the
sample.

0.06—0.25).* The presence of oxygen-containing functional
groups in GO gives rise to the relatively higher D band. Two
well-defined peaks are still visible (pink line, Figure S3) after the
incorporation of GOx, followed by soaking the GO—GOx/Pt in
PBS (pH 7.4) over 7 days, confirming the presence of GO in the
resulting enzyme electrode and the good stability of the nanosheet
on the Pt electrode.

The reproducibility of the covalently attached GOx—GO
electrode is evaluated using five enzyme electrodes prepared at
identified conditions on different days. A relative standard
deviation (RSD) of 5.8% was obtained, indicating the satisfied
reproducibility of the resulting enzyme electrode for practical
application. The storage stability is investigated using the
GOx—GO enzyme electrode after having been stored in PBS
(pH 7.4) at4 °C for 1 month before biosensor testing. Only a 20%
decrease in sensitivity was obtained. The decreased sensitivity
may be attributed to the decline in enzyme activity. Therefore, the
directly prepared GOx—GO enzyme electrode exhibits a wide
linearity range, high sensitivity, excellent reproducibility, and
good stability, suggesting potential applications in analyzing
clinical samples over a wide range of physiological conditions.

We also carried out biocompatibility testing on the as-synthe-
sized GO for the purpose of direct utilization of the resulting GO
films as practical biodevices. Retinal pigment epithelium (RPE) is
a neuroectodermal derivative that is essential to the survival of photo-
receptors. In the present study, ARPE-19, a cell line derived from
human RPE, was seeded onto the GO substrate. The cell nuclei
were subsequently stained using 4, 6-diamidino-2-phenylindole
(DAPI). DAPI is a fluorescent stain that binds strongly to DNA.
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Figure 4. Fluorescence micrograph of DAPI-stained ARPE-19
cells growing on the GO film.

The good adhesion and differentiation of ARPE-19 cells on the
GO film is visualized after 72 h of culture time as shown in the
fluorescence micrograph in Figure 4, suggesting excellent bio-
compatibility of the as-prepared GO nanosheets.

Our preliminary work demonstrates the direct, efficient fabri-
cation of glucose biosensors through the covalent attachment
between carboxyl acid groups on GO sheets and the amine of
GOx. The electrochemical performance of the GO electrode dec-
reases after the introduction of GOx because of the weak electron-
transferring nature of GOx. The covalently linked GOx—GO
enzyme electrode shows broad linearity, good sensitivity, excel-
lent reproducibility and storage stability, suggesting GO to be a
highly efficient biosensor electrode. The good biocompatibility of
the GO nanosheets has been illustrated, suggesting the direct
application of the GO electrode on practical biological devices
and in clinical diagnosis. The direct utilization of the functional
groups of GO sheets opens up possibilities for the direct prepara-
tion of novel practical enzyme electrodes from graphene oxide for
a wide range of applications, such as electrochemistry, biology,
and biofuel cells.
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