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This study represents a novel template demonstration of a glucose biosensor based on mercaptophenyl
boronic acid (MBA) terminated Ag@AuNPs/graphene oxide (Ag@AuNPs–GO) nanomaterials. The nano-
composites were characterized by transmission electron microscopy (TEM), X-ray photoelectron spec-
troscopy (XPS), and X-ray diffraction (XRD) method. The TEM image shows that Ag@AuNPs in the
nanocomposite is in the range of diameters of 10–20 nm. The nanocomposite was used for the determi-
nation of glucose through the complexation between boronic acid and diol groups of glucose. Thus, a
novel glucose biosensor was further fabricated by immobilizing glucose oxidase (GOD) into MBA termi-
nated Ag@AuNPs–GO nanocomposite film (MBA–Ag@AuNPs–GO). The linearity range of glucose was
obtained as 2–6 mM with detection limit of 0.33 mM. The developed biosensor was also applied success-
fully for the determination of glucose in blood samples. The concentration value of glucose in blood sam-
ples was calculated to be 1.97 ± 0.002 mM from measurements repeated for six times.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Because of the importance of determination of glucose and
decreasing of complications in diabetes patients, important re-
searches have been performed for clinical purposes [1–8]. Never-
theless, many materials such as acetaminophen, uric acid, and
ascorbic acid can interfere with the determination of glucose. In
addition, a large amount of sample volume is needed for glucose
determination. So, the simpler and cheaper methods can be signif-
icant in terms of clinical benefit.

Surface-enhanced Raman spectroscopy (SERS), which is based
on the enhancement of Raman signal on different surfaces, is an
important method because it is highly sensitive, time-saving, and
widely applicable [9–13]. Several studies about the determination
of glucose on SERS were reported [14–16]. For instance, Peltier
et al. developed the SERS biosensor based on the zone of electro-
magnetic field enhancement [17], and the SERS sensor was de-
signed on alkane-thiolate tri(ethylene glycol) monolayer [18].
Dinish et al. developed a SERS substrate with nanostructures fabri-
cated on silicon wafer using a deep UV lithography for glucose
sensing [19]. Mattei et al. prepared a SERS-active silver surface
based on the action of a chemical-etching solution containing the
ionic or molecular species [20]. Oh et al. developed a novel SERS
substrate of glass nanopillar arrays with nanogap-rich silver
nanoislands at wafer level [21]. Cejkova et al. developed copper
SERS-active substrates [22]. Costa et al. investigated SERS on cop-
per electrodes in 1-n-butyl-3-methylimidazolium tetrafluorobo-
rate [23]. In addition, colloidal suspensions of silver and gold
nanoparticles were successfully synthesized by laser ablation using
water as the solvent, and excellent SERS results were found on Au
films [24]. Baniukevic et al. described a magnetic gold nanoparticle
in SERS-based sandwich immunoassay for BLV antigen gp51 detec-
tion using different specific antibody immobilization methods [25].

Nanocomposites have aroused extensive interest due to ther-
mal, chemical, physical, and catalytic properties [26]. Because of
the large surface area, graphene/graphene oxide has been an
attractive nanomaterial [27]. Hence, there are many reports about
composites which integrate graphene oxide or graphene with dif-
ferent nanoscaled materials [28]. Among them, metal–graphene
nanocomposites are very useful for various engineering
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Scheme 1. The proposed structure of MBA–Ag@AuNPs–GO nanocomposite.
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applications such as fuel cell catalysis [29–31], batteries [32,33],
production of hydrogen [34,35], semiconductor photocatalysts
[36,37], and drug delivery and biosensors [38–42]. The reason for
this widespread use is electrochemically active surface areas with
metal–graphene nanocomposites, and hence, a more rapid and
sensitive current response between electrode and target molecules
is provided.

In this study, a glucose determination is performed using SERS,
which is based on a novel MBA–Ag@AuNPs–GO nanocomposite.
We report a facile, cost-effective, and environmentally friendly
method. The proposed structure of the synthesized MBA–Ag@AuN-
Ps–GO nanocomposite is shown in Scheme 1. The MBA–Ag@AuN-
Ps–GO nanocomposite shows excellent SERS activity as SERS
substrates. Further, when GOD was immobilized into MBA–
Ag@AuNPs–GO nanocomposite film, the SERS substrates showed
appropriate linear range for determination of glucose. More impor-
tantly, the developed SERS substrates were applied to human blood
serum for determination of glucose.
2. Experimental

2.1. Reagents

Graphite powder (Sigma–Aldrich), hydrogen tetrachloroaurate
hydrate (HAuCl4) (Sigma–Aldrich), b-Cyclodextrin (b-CD), Silver ni-
trate (AgNO3), p-aminothiophenol (ATP) (Sigma–Aldrich), triso-
dium citrate dihydrate (Na3C6H5O7�2H2O) (Sigma–Aldrich), 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC) (Sigma–Aldrich), hydrogen peroxide (H2O2) (Merck), potas-
sium permanganate (KMnO4) (Merck), sulfuric acid (H2SO4)
(Merck), and other chemicals were of reagent grade quality. GOD
(100–250 units/mg from Aspergillus niger) and bovine serum albu-
min (BSA) were purchased from Sigma–Aldrich. Human serum
albumin (HSA), complement III (C3), and transferrin were supplied
from the Central Institute of Hygiene in Turkey (Ankara). Glucose
stock solutions were stored at room temperature before use. All
the experiments in aqueous media were performed with ultra pure
quality water.

2.2. Instrumentation

DeltaNu Examiner Raman Microscopy system (Deltanu Inc., Lar-
amie, WY) with a 785 nm laser source, a motorized microscope
stage sample holder, and a cooled charge-coupled device (CCD, at
0 �C) detector was used to detect GOD. The instrument parameters
were as follows: 20� objective, laser spot size of 30 mm, laser
power of 150 mW, and acquisition time of 50 s. Baseline correction
was performed for all of the measurements.

TEM measurements were performed with a JEOL 2100 HRTEM
instrument (JEOL Ltd., Tokyo, Japan) to examine the morphology
of graphene oxide and Ag@AuNPs–GO.

An ES300 electron spectrometer with Mg Ka X-rays was used
for XPS measurements, which were performed at 90� electron
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take-off angle. The pressure was maintained at 10�7 Pa. The sample
for XPS measurement was prepared on a clean glass slide by plac-
ing one drop of the nanostructure and then allowing them to dry in
air.

A Rikagu Miniflex X-ray diffractometer using monochromatic
Cu Ka radiation operating at a voltage of 30 kV and current of
15 mA was used for X-ray diffraction measurements of the nano-
composites. A scanning speed of 2� 2h/min and a step size of
0.02� were used to examine the samples in the range of 5–75� 2h.
2.3. Preparation of AgNPs and Ag@AuNPs

The initial silver colloids were synthesized according to the fol-
lowing procedure [43]. AgNO3 was reduced by b-CD in aqueous
media. The reaction mixture was heated until the color of solution
converted into pale yellow. The color of pale yellow indicated the
formation of silver nanoparticles (AgNPs). After that, HAuCl4 solu-
tion (1 mM) was added to the colloidal silver solution for the prep-
aration of Ag@AuNPs. Then, the solution was incubated for 15 min
at room temperature. After incubation, the solution was heated on
a water bath. The color of solution was changed from pale yellow
to pink, which indicates the formation of Ag@AuNPs.
2.4. Preparation of GO

GO was synthesized according to modified Hummers method
[44–46]. A mixture containing 25 mL of H2SO4 (98%), 5 g of
K2S2O8, 5 g of P2O5, and 5 g of graphite powder was placed in a
flask and was kept at 80 �C for 6 h. The mixture was cooled to
20 �C and diluted with ultra pure 1 L water and left for 12 h. The
pre-oxidized carbon material was filtered and washed with ultra
pure water. The pre-treated graphite was diluted with 250 mL of
H2SO4 (98%) at 0 �C. 30 g of KMnO4 was added in the suspension
and cooled to 20 �C. After the KMnO4 saturation, the flask was
heated to about 35 �C. The mixture was stirred at this temperature
for 4 h and then diluted with 500 mL of ultra pure water in the ice
bath. The resulting mixture was stirred for 2 h. The mixture was di-
luted with 2 L of ultra pure water. Then, the suspension was trea-
ted with 40 mL of H2O2 (30%). The color of the suspension changed
from brownish to brilliant yellow, and the mixture was stirred un-
til the end of the bubbling. The synthesized GO was filtered and
washed with 0.1 M HCl and ultra pure water three times, respec-
tively. The GO was precipitated by using an ultracentrifuge and
dried under the atmospheric air conditions.
Fig. 1. TEM images of (a) GO and (b)
2.5. Preparation of Ag@AuNPs–GO and MBA–Ag@AuNPs–GO
composite

The synthesized GO was dissolved in ethanol with the aid of
ultrasonic agitation for 1 h, resulting in a homogeneous black sus-
pension (2 mg mL�1 GO). To ensure the surface activation of car-
boxylate groups of GO, the GO suspension was allowed to react
with 0.2 M EDC solution for 8 h. The activated GO suspension
was mixed well with 1.0 mM ATP at 1:1 volume ratio for 2 h. In
a typical experiment of self-assembly, the aqueous dispersion of
Ag@AuNPs (1 mg mL�1) was mixed with the aqueous dispersion
of ATP functionalized GO (0.1 mg mL�1) at a 1:1 volume ratio
and sonicated for 15 min to form a homogeneous mixture. The
mixture was then kept undisturbed under ambient condition for
12 h (Ag@AuNPs–GO). The self-assembled monolayer MBA–
Ag@AuNPs–GO composite was formed by adding MBA (20 mM)
solution on Ag@AuNPs–GO nanocomposite at a 1:1 volume ratio
for 30 min.
2.6. Detection of glucose using SERS

GOD aqueous solutions with various concentrations (2.0–
6.0 mM) were immobilized into MBA–Ag@AuNPs–GO nanocom-
posite on the surface of glass slide for 15 min. The average value
of SERS spectra for B–O peak was obtained. The Raman spectra cor-
responding to each concentration of the GOD were recorded. The
band intensity at 1070 cm�1 versus the GOD concentration was
plotted. The data of calibration equation were calculated from
the calibration curve.
3. Results and discussion

3.1. Characterizations of the nanocomposites

The morphologies of the GO and the Ag@AuNPs–GO nanocom-
posites were investigated using the JEOL 2100 HRTEM at an accel-
erating voltage of 200 keV. A drop of sample was deposited on a
polymeric grid dried at room temperature under an argon gas
stream. TEM images of the GO and the Ag@AuNPs–GO nanocom-
posites are shown in Fig. 1a and b, respectively. As shown in
Fig. 1a, the TEM image of the GO appears pellucid and creased. This
image exhibits its mono- or multi-layer planar sheet-like morphol-
ogy. As shown in Fig. 2b, Ag@AuNPs nanocomposite has been seen
as dark dots with a mean diameter of 10–20 nm on a lighter shaded
substrate corresponding to the planar GO sheet.

To show attachment of Ag@AuNPs with MBA junction on the
GO, XPS experiments were performed and the narrow region XPS
Ag@AuNPs–GO nanocomposites.



Fig. 2. The narrow region of XPS spectra of the nanocomposite for the deconvolution spectra of the C1s, N1s, B1s, Au4f, and Ag3d.
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spectra are shown in Fig. 2. The C1s, N1s, B1s, Au4f, and Ag3d spectra
indicate the formation of the MBA–Ag@AuNPs–GO nanocomposite.
The C1s core-level spectra of the MBA–Ag@AuNPs–GO nanocom-
posite were curve-fitted in Fig. 2. The peaks at 281.7 eV,
283.0 eV, and 285.7 eV are assigned to CH, CN, and CONH, respec-
tively [47–49]. The peak located at 398.7 eV in the N1s narrow re-
gion is assigned to C–N groups in the covalent attachment of the
carboxyl group of the GO with the amino group of the ATP [47].
S2p region was curve-fitted with two components by a doublet
(2p1/2 and 2p3/2) due to the spin-orbit coupling. It is thought that
the peak observed at 163.0 eV indicates that the sulfur atom in
the nanocomposite was grafted with the AuNPs. The peak at
162.0 eV can be assigned to free mercapto group in unreacted
ATP. The peak signal at 83.0 eV indicated the functionalization of
Au with sulfur [50]. Ag3d region is characterized by a doublet
3d5/2 and 3d3/2 signals at 367.0 and 373.0 eV, respectively, corre-
sponding to the presence of Ag� [50]. The peak observed at about
190 eV is assigned to the B–C bond [1,51]. The successful synthesis



Fig. 3. XRD patterns of the nanocomposite (inset: the XRD patterns of graphite).

Fig. 4. Raman spectra of (a) the ATP functionalized GO and (b) the Ag@AuNPs–GO
nanocomposite.
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of the nanocomposite is also confirmed by XRD measurements. The
XRD patterns of the graphite and as-synthesized MBA–Ag@AuNPs–
GO nanocomposite are shown in Fig. 3. As seen in the inset of Fig. 3,
the XRD patterns show a very intense and narrow peak at
2h = 26.5� corresponding to the (002) planes of GO layers. The
weak peaks at 2h = 44.6� and 2h = 54� corresponded to (101) and
(004) planes of GO layers, respectively [52]. In Fig. 3, a broad peak
Fig. 5. Optimization of experimental parameters: effect of (a) temperature,
at 2h = 20–28� confirms that the structure expansion as oxygen-
containing groups incorporates between the carbon sheets during
the course of strong oxidation. The formations of Au� and Ag� were
confirmed by 2h = 38.5� and 44.6� peaks, which indicate the (111)
and (200) crystalline planes of Au�, and by 2h = 39.3� and 45.2�
peaks, which indicate the (111) and (200) crystalline planes of
Ag� [53–75].

The ATP functionalized GO and Ag@AuNPs–GO nanocomposites
were also characterized by using a Raman Microscopy (DeltaNu
Examiner Raman Microscopy system). The Raman spectra of the
ATP functionalized GO and Ag@AuNPs–GO nanocomposites are
shown in Fig. 4. The bands at 890 cm�1 and 1340 cm�1 are assigned
to the C–COO� stretching vibration and COO� symmetric stretch-
ing vibration, respectively. The bands at 665 cm�1 and 474 cm�1

can be assigned to C–S stretching vibrations of the probe, which
indicate that thiol group reacts with the AuNPs [50]. The amide
band is very weak and appears in the range of 1500–1550 cm�1

in the Raman spectra of the ATP functionalized GO [50]. A strong
and reliable SERS signal has been detected in the Ag@AuNPs–GO
nanocomposite. As seen from the Raman spectra of the Ag@AuN-
Ps–GO, Ag@AuNPs can be used to increase Raman signal intensities
dramatically for the ATP functionalized GO that does not get the
significant Raman signals.

3.2. Optimization of the experimental conditions

The experimental parameters for the determination of glucose
were optimized with regard to reaction time, concentration of
MBA, and reaction temperature. Fig. 5a demonstrates that the SERS
signal increases up to 35 �C and then gradually decreases. It is
thought that the MBA film is not stable at temperatures higher
than 35 �C. Hence, the optimized temperature was chosen as
35 �C. In terms of probe preparation, the most suitable concentra-
tion of MBA was 20.0 mM for the determination of glucose
(Fig. 5b). The Raman spectra were obtained with an increasing
reaction time after immobilization of glucose in MBA–Ag@AuN-
Ps–GO film. The SERS signal increases up to 15 min, and then, the
SERS response decreases and stays almost constant, as shown in
Fig. 5c. Thus, we chose 15 min as optimum reaction time.

3.3. Detection of glucose at MBA–Ag@AuNPs–GO film using SERS

Fig. 6a demonstrates the SERS spectra containing different con-
centrations of glucose. All the SERS spectra of solutions containing
(b) concentration of MBA, and (c) reaction time (for 2.0 mM glucose).



Fig. 6. Symmetric B–O stretching bands of (a) MBA–Ag@AuNPs–GO nanocomposite
after complexation with glucose and (b) curve-fitting of the Raman shift of the
MBA–Ag@AuNPs–GO: In the presence of different concentrations of range from
2 mM to 6 mM GOD.

Table 1
Data of the calibration curves for the proposed method (n = 6).

Regression equation y = �7355.6x + 7672
Standard error of the slope 0.44
Standard error of the intercept 0.69
Correlation coefficient (R2) 0.9930
Linearity range (mM) 2.0–6.0
Number of data points 5
LOD (mM) 0.33
LOQ (mM) 1

y = ax + b; y: Raman intensity, x: glucose concentration (mM), a: slope, b: intercept.
LOQ: Limit of quantification, LOD: Limit of detection.

Fig. 7. Raman spectra of (a) standard glucose solution of 2.0 mg/mL and (b) 2.0 mg/
mL glucose solution containing the proteins such as HAS, C3, and transferrin.

Table 2
The recoveries of glucose in blood samples (n = 6).

Added glucose (mM) Found glucose (mM) Recovery (%) RSD

3.0 2.9 ± 0.02 96.67 4.1
4.0 3.8 ± 0.04 95.00 2.7
5.0 5.2 ± 0.05 104.00 3.1
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different concentrations of glucose immobilized into MBA–
Ag@AuNPs–GO nanocomposite were corrected by the blank solu-
tion containing mercaptophenyl boronic acid terminated Ag@AuN-
Ps/graphene oxide nanomaterial. The boronic acid groups of the
nanomaterial in the blank solution are not in complexation with
diol groups of glucose. The SERS spectrum of the blank solution
was subtracted from the SERS spectra of the mercaptophenyl boro-
nic acid terminated Ag@AuNPs/graphene oxide nanocomposite.
The SERS spectra of MBA–Ag@AuNPs–GO were fitted by using Ori-
gin Pro. 7.5 and are shown in Fig. 6b. The SERS peak of B–O stretch
at 1070 cm�1 was utilized for assessment of glucose amount (as
shown in Fig. 6b). The data of calibration curves are given in Ta-
ble 1. So, the concentration of glucose in blood samples was calcu-
lated to be 1.97 ± 0.002 mM for six times repeated measurements.
Therefore, the Ag@AuNPs–GO nanocomposite is used as a novel
glucose sensor. The reproducibility of the developed biosensor
was also investigated using 2.0 mM glucose. The relative standard
deviation (RSD) was 2.9% with a series of six experiments. These
results indicated that the MBA–Ag@AuNPs–GO film ensures suit-
able microenvironment for GOD to perform SERS activity.

The long-time stability of the developed biosensor was explored
over 30 days. The Ag@AuNPs–GO nanocomposite was stored at
4 �C. The nanocomposite was used for the analysis of 2.0 mM glu-
cose every 3 days. The obvious change in SERS spectrum of 2.0 mM
glucose immobilized into MBA–Ag@AuNPs–GO nanocomposite
was not observed over this period. So, we can say that the devel-
oped biosensor had good stability.
3.4. Selectivity

To investigate the selectivity of the analytical system, the influ-
ence of several proteins was studied. 200 lL of MBA–Ag@AuNPs–
GO solution was immediately added into the mixture of 10 lL of
40 mM glucose in citrate buffer (0.1 M, pH 5.0) and 10 lL of
60 mg/mL BSA solution. Hence, about 3.0 mg/mL BSA solution
was obtained. After stirring at room temperature for 15 min, SERS
spectrum of the final solution was recorded. The decrease in SERS
signal caused by the addition of BSA at 1070 cm�1 was negligible.
The effects of 10.0 mg/mL HAS, 1.0 mg/mL C3, and 1.0 mg/mL
transferrin were evaluated by the same way. The significant
change in SERS spectrum is not observed (Fig. 7). So, glucose was
selectively detected in the presence of the other proteins by means
of SERS.

In addition, the recovery experiments were performed with dif-
ferent glucose concentrations (3.0, 4.0, and 5.0 mM glucose). The
results are presented in Table 2. Closeness of the results to
100.00% showed that recovery of the developed biosensor was very
good.

4. Conclusion

In this study, a novel glucose biosensor was developed on mer-
captophenyl boronic acid terminated Ag@AuNPs/graphene oxide
nanomaterials. The developed biosensor exhibited a linear range
of glucose detection between 2.0 and 6.0 mM, and the detection
limit was 0.33 mM. The developed glucose biosensor was success-
fully applied to human blood sample. It could provide high selec-
tivity in the presence of proteins. Thus, compared to the other
analytical methods, the SERS method can offer a number of advan-
tages such as selectivity, high speed of analysis, and cost-
effectiveness.
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