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Abstract

The authors demonstrate efficient direct electron transfer from the enzyme glucose oxidase to vertically aligned gold nanorods
with a diameter of ~160 nm and a length of ~2 pum that are covalently linkage to a 3-dimensional network of reduced graphene
oxide nanosheets. The assembly can be prepared by a 2-step electrochemical procedure. This hybrid structure holds the enzyme
in a favorable position while retaining its functionality that ultimately provides enhanced performance for enzymatic sensing of
glucose without utilizing mediators. The nanorod assembly was applied to the voltammetric detection of glucose. Figures of merit
include an electrochemical sensitivity of 12 uA-mM '-cm 2 (obtained from cathodic peak current at a voltage of —0.45 V vs. Ag/
AgCl), a 3 uM detection limit (at signal/moise =3), and a wide linear range (0.01-7 mM). The hybrid nanostructure has a
heterogeneous electron transfer rate constant (ks) of 2.9 s '. The high electrochemical activity is attributed to the synergistic
effect of a large active surface and an enhanced electron transfer efficiency due to covalent amide linkage.
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Introduction

Electrochemical biosensors based on the direct electro-
chemistry of enzymes without the assistance of mediators
have gained considerable attention due to their outstand-
ing features such as high selectivity, good sensitivity and
comparative low cost [1, 2]. Many efforts have been car-
ried out to develop nanomaterials including metals [3],
metallic oxides [4] and carbon nanostructures [5] as ma-
trices for enzyme immobilization to achieve direct
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electron transfer of redox enzymes. In this context, gold
nanostructures with excellent catalytic and electron trans-
fer properties have been extensively used in biosensors
due to their biocompatibility and high effective surface
area [6, 7]. Gold nanomaterial such as nanorods (NRs)
can improve the sensitivity of the electrochemical sensors.
However, to achieve the high surface of these
nanomaterials, orientation of the AuNRs is an important
factor. Vertically aligned NRs have shown more function-
ality than nanorods with random configuration [8, 9]. On
the other hand, carbon nanomaterials with unique fea-
tures such as a high surface-to-volume ratio, high elec-
trical conductivity, chemical stability and robust mechan-
ical strength are frequently incorporated as sensing ele-
ments [10]. Graphene, a single layer of carbon atoms
with 2D honeycombed lattice, has a unique ability to
promote fast electron transfer kinetics for a wide range
of electroactive species [11, 12]. The absorption or co-
valent attachment of enzymes to functional groups of
graphene enables direct electron transfer from the redox
groups of enzymes such as glucose oxidase (GOx) to the
electrode surface. Combining these materials with noble
metal nanostructures simplifies enzyme immobilization
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and enhances the surface area [13]. Many studies have
shown that hybrid graphene/gold biosensors offer a fa-
vorable microenvironment for facilitating direct electron
transfer between enzyme and the electrode [14].
Improved performance and stability for cholesterol detec-
tion by gold nanoparticles (NPs) decorated graphene
nanoplatelets [11] and enzymatic glucose detection by
graphene/polyaniline/gold nanoparticles nanocomposite
modified glassy carbon electrode [1] have also been
demonstrated.

The authors show that covalent amid conjugation of an
enzyme model to reduced graphene oxide (rGO) nano-
sheets enhances the direct charge transfer to gold nano-
structures. This finding is of particular importance for the
fabrication of next generation enzymatic biosensors based
on carbon-metal hybrid nanocomposites. A two-step elec-
trochemical procedure was employed to prepare the conju-
gated enzyme/graphene nanosheets/gold nanorods assem-
bly. The procedure is schematically shown in Fig. 1.
Vertically aligned arrays of gold were prepared by
template-assisted electrochemical growth. Then, the
enzyme-graphene oxide nanosheets were assembled into
three-dimensional networks and electrochemically
immobilized onto the gold arrays where the graphene ox-
ide sheets were reduced simultaneously. It is shown that
the high-surface area of the hybrid structure and the direct
electron transfer from the immobilized enzyme to the gold
nanostructure facilitated by the graphene network provide
a favorite platform for electrochemical enzymatic detection
of biomolecules.

Experimental
Materials

HNO; (65%), HSO4 (95-98%), H,0, (30%), HCI1 (37%),
KMnO,, NaNOs, uric acid (UA) and ascorbic acid (AA)
were obtained from Merck (Darmstadt, Germany, http://
www.merckmillipore.com), D-(+)-glucose (>98%) and
dichloromethane (99.8%) were purchased from Samchun
chemical Co. (Seoul, Korea, http://www.samchun.com).
Glucose oxidase (GOx, EC 1.1.3.4) from Aspergillus
Niger (Type X-S) was obtained from Sigma-Aldrich (St.
Louis, MO, USA, https://www.sigmaaldrich.com).
Nucleopore track-etched polycarbonate (PC) membrane
(diameter = 25 mm) with a pore size of 100 nm and a thick-
ness of 6 um was purchased from Whatman Ltd., UK.
Graphite powder and other reagents employed were of an-
alytical grade and used as received without any purifica-
tion. All aqueous solutions were prepared in deionized (DI)
water (>18 MQ-cm).

@ Springer

Instruments

Topographic image of the GO sheets was gained using an
atomic force microscope (AFM, CP-Research, Veeco
Instruments Inc., USA) in non-contact mode. UV-visible
spectrum of GO suspension was recorded on a spectrometer
(Lambda 35, Perkin-Elmer, USA) from 200 to 900 nm. X-
ray diffraction (XRD) patterns were collected with an X-ray
diffractometer (Philips, X’pert PRO, The Netherlands)
using Cu K« radiation (A = 1.54 A). Scanning electron mi-
crographs were taken out on a field emission scanning elec-
tron microscope (MIRA 3, TESCAN, Czech Republic)
with energy dispersive X-ray spectroscopy (EDS) equip-
ment at an accelerating voltage of 15 kV. X-ray photoelec-
tron spectra were recorded on an X-ray photoelectron spec-
trometer (8025-BesTec, Germany) equipped with an Al K«
X-ray source (h, =1486.6 eV) in ultra-high vacuum. All
electrochemical studies were performed at room tempera-
ture using an Autolab PGSTAT302N electrochemical work-
station (Eco-Chemie, The Netherlands) with a conventional
three-electrode configuration consisting of the modified
electrodes as working electrodes, a platinum (Pt) wire as
auxiliary electrode, and Ag/AgCl (in saturated KCl) as the
reference electrode. The details of analytical procedures are
explained in Electronic Supplementary Material (ESM).

Preparation of graphene oxide nanosheets

Graphene oxide nanosheets were prepared from the graph-
ite powder using modified Hummer’s method as described
elsewhere [15, 16]. Chemical oxidation of graphite powder
was performed by a NaNO3;/KMnO4/H,SO, mixture, as
explained in ESM. The product was ultrasonically exfoliat-
ed to obtain individual graphene oxide sheets. According to
AFM analysis presented in ESM (Fig. S1a), the thickness of
graphene oxide sheets was about 1 nm, revealing that com-
plete exfoliation of graphite oxide was achieved. The suc-
cessful synthesis of the GO was also confirmed by UV-Vis,
XPS and Raman spectroscopy (Fig. S1b to S1d).

Fabrication of Au nanorods array

For the electrodeposition of gold nanorods (AuNRs), at first a
thin film of gold (~30 nm) was sputtered onto one side of the
PC template to make it conductive. Before Au electrodeposi-
tion, the PC membrane was ultrasonicated in DI water for
5 min in order to wet inside the pores. The electrodeposition
of AuNRs was performed at ambient temperature in a two-
electrode cell, as shown in Fig. S2. The Au-backed template
was placed on a copper sheet to serve as the working electrode
and a Pt plate was used as a counter-electrode. The distance
between the two electrodes was kept at 10 mm. The working
solution was 5 mL gold (IIT) solution (0.1 wt.%) which was
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Fig. 1 Schematic of procedures
used for the preparation of
enzyme-functionalized graphene o
networks immobilized onto R~
vertically aligned gold nanorods
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prepared by dissolving 1 g gold foil (99.99%) into aqua regia
solution as described in ESM. AuNRs were deposited into the
pores of PC membrane by applying a constant potential of
—4.0 V on Cu sheet for 40 min. Next, a thin layer of nickel
was electrodeposited onto back-side of the AuNRs using a
mixture of 70 g'L~' NiSO, -7H,0, 20 g'L~' NiCl,:6H,0
and 15 g'L ™' HyBOs. The electrodeposition was performed
at a potential of —3.0 V for 10 min to increase the strength
of the electrode. After Ni electrodeposition, the PC template
was attached nickel-side down on a conductive copper tape
and the template was dissolved by immersing in dichloro-
methane for 30 min. Then, it was washed with deionized water
and dried in air.

Fabrication of hybrid enzyme/reduced graphene
oxide/gold nanorod electrodes

For enzyme immobilization, 5.0 mg GOx powder was dis-
solved in 1.0 mL of 0.1 M phosphate buffer (PB, pH 5.0).
The solution was then mixed with GO suspension (1.0 mg-
mL ") ata 1:1 ratio (v/v). Then, 10 uL of GOx/GO mixture
was drop casted onto AuNRs electrode and the electrode
dried at room temperature. The prepared electrode, which is
denoted as GOx/GO/AuNR, was gently washed with deion-
ized water to remove loosely adsorbed enzyme molecules.
Finally, GOx/rGO/AuNR electrode was obtained using five
consecutive cyclic voltammetry (CV) of GOx/GO/AuNR in
0.01 M nitrogen saturated phosphate buffer (pH 7.0). The
successive CVs were carried out in potential range from 0
to —1.3 V at a scan rate of 50 mV-s ' [17]. Moreover,
AuNRs, rGO/AuNR and GOx/AuNR were prepared for
comparison. In order to explore the role of gold morpholo-
gy, enzyme-graphene oxide assembly was immobilized on
planar gold substrates that is denoted as GOx/rGO/Au

H,0, FAD Glucose

Potential 2 =¥ o)

(uonezijiqoww pue uoINPaY |EIIWAYI0IIII|I)

(planar). The enzyme-modified electrodes were stored in
4 °C when not in use.

Results and discussion
Choice of materials

The choice of materials is the most important step in the de-
sign of a biosensing system. In this context, gold nanorods,
especially with vertical orientation have gained considerable
attention for electrochemical biosensing with some advan-
tages over gold nanoparticles including high surface area
and fast electron transport characteristics [18]. On the other
hand, graphene oxide and its derivatives with 2-dimensional
structure and oxygen functional groups provide a suitable ma-
trix for biomolecules immobilization. Moreover, GO is pro-
duced from cheap graphite without metallic impurities that
makes it a better choice for many applications as compared
with carbon nanotubes (CNT) [19]. So, utilizing rGO/gold
nanorods array as the electrode material for GOx immobiliza-
tion can be a promising platform for sensitive detection of
glucose.

Electrochemical reduction of GO nanosheets
and electrode stabilization

During successive CVs, the electrochemical reduction of
graphene oxide nanolayers is susceptible. Fig. S3 shows the
cyclic voltammogram (5 cycles) of the enzyme-graphene ox-
ide immobilized AuNR during the reduction process at a scan
rate of 50 mV-s . At the first cycle, an intense reduction peak
is seen at ~ —0.9 V, which is ascribed to the reduction of
various functional groups on GO sheets [5]. This peak is not

@ Springer



Page 4 of 8

Microchim Acta

Fig. 2 Characterizations of the
prepared nanostructures. (a) to (c)
SEM images show the structure
of the gold nanorod array (d)
SEM images determine folded
and wrinkled graphene
nanosheets embedded in the gold
nanorods arrays
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detected after further potential cycling; however, a pair of
redox peaks emerges in the potentials around —0.5 V that
corresponds to redox couple of GOX(FAD)/GOx(FADH,).
This experiment confirmed conjugation of the enzyme-rGO
nanosheets on AuNRs. This procedure was employed to re-
duce the surface functional groups of GO nanosheets (forming
rGO) and to stabilize the electrodes for further studies.

Characterizations of the electrodes

The structure of the functionalized hybrid nanostructure is
shown in Fig. 2. Electrochemical deposition of gold inside
PC template resulted in the formation of gold nanorods with
diameters of about 160 nm. The density of gold nanorods is
ca. 3x10° numbermm 2 with a length of ~2 um (Figs. 2a to
2¢). Coating of graphene nanosheets formed a three-
dimensional network of graphene embedded into the gold
nanorods structure (Figs. 2d). EDS (Fig. S4a) confirmed the
presence of gold, carbon and oxygen. The thin folded and
wrinkled morphology of graphene enhances the electrode ac-
tive surface area of the hybrid system to attain improved elec-
trocatalytic performance.

@ Springer

FTIR measurements indicated change in the absorption
band after conjugation and electrochemical process (Fig.
S4b). The synthesized graphene oxide had different oxygen
functional groups including stretching vibrations of C-O in
alkoxy (at 1052 cm ') and epoxy (at 1236 cm '), C=0
stretching of the carboxylic group (at 1675 cm ™), in plane
vibrations of sp*hybridized C=C (at 1605 cm™ '), and OH
and the absorbed water molecule (at 3400 cm ') [20, 21].
The IR spectrum of the model enzyme (glucose oxidase)
showed the N — H stretching vibrations at 3305 cm ', the am-
ide I at 1656 cm ™' (the C=0 stretching vibrations of the pep-
tide bond groups), amide II at 1538 cm ! (the N—H in-plane
bending and C — N stretching modes of the polypeptide
chains), and C-O stretching vibrations at 1102 cm ! bands
[22, 23]. After consecutive cyclic voltammetry of the
enzyme-graphene oxide, the successful reduction of GO was
confirmed by the decrease in the intensity or disappearance of
various functional groups peaks (Fig. S4b). On the other hand,
in the immobilized enzyme, the amide I and II bands were
shifted slightly. These changes in the absorption bands sug-
gested a covalent linkage of free amino group of enzyme to the
carboxylic group of rGO nanosheets [24].
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Fig. 3 (a) Effect of scan rate (from 10 to 300 mV-s '; from inner to outer)
on CVof the enzyme-functionalized graphene/gold arrays in Nj-saturated
phosphate buffer (pH 7.0). Inset shows variations of cathodic and anodic
peak currents as a function of scan rate. (b) Effect of buffer pH (from 3 to
9) on CV of enzyme-functionalized graphene/gold arrays in oxygen-free
phosphate buffer at a scan rate of 50 mV-s . The inset shows the formal
potential versus pH
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Fig. S4c shows XRD pattern of the hybrid nanocomposite.
The characteristic peaks of gold (JCPDS cards Au: No.04—
0784) were detected. The other diffraction peaks were related
to the substrate while the characteristic peaks of graphene
were not visible due to its low volume fraction. However,
the XRD pattern of pristine graphene oxide exhibited the dif-
fraction peak at about 11.3° corresponding to the (001) crys-
talline plane with an interlayer spacing of ~ 0.78 nm.

Electrochemical properties of the enzyme electrode

The direct electrochemistry of immobilized GOx on different
electrodes was assessed by cyclic voltammetry in Nj-saturated
phosphate buffer (Fig. S5a). In general, the 3D GOx/rGO/AuNR
electrode demonstrated the best performance with enhanced re-
dox peak current (See ESM for more details). The results indi-
cated the important role of Au morphology and the graphene

network on enzyme immobilization. The hybrid nanostructure
facilitated the direct electron transfer from the active site of
GOx to the electrode. It seems that the higher effective surface
area of gold nanorods provides more sites for enzyme immobi-
lization. Moreover, as shown in Fig. S5b CVs of the GOx/rGO/
AuNR electrode remained almost unchanged even after 20 con-
secutive scans in N,-saturated buffer (pH 7.0), demonstrating the
good stability of the immobilized GOx on the electrode surface.

To further investigate the direct electron transfer between
the enzyme and gold nanorods supported by rGO, the effect of
scan rate and buffer pH were studied under nitrogen atmo-
sphere. Fig. 3a shows that both anodic and cathodic peak
currents increased with the scan rate in a linear way with
marginal changes in the corresponding potentials and 1./,
ratio (approximately equal to unity). Therefore, it was sug-
gested that a quasi-reversible surface-controlled redox reac-
tion controlled the electron transfer process, as expected for
immobilized systems [25]. On the other hand, there is a linear
relationship between the peak potential and the logarithm of
scan rate at high scan rates (Fig. S6). According to Laviron’s
model [26] for nAE, >200 mV:

Ep=E' + [RT/(1=0)nF)In[(1-0) /m] (1)
Epe = E°—(RT /onF) Injor/m) (2)
logk, = alog(1—«)

+ (1—a)loga—log(RT /nFv)—a(l—a)nFAE, /2.3 RT
(3)

where m is (RT/F) (kynv), o is charge transfer coefficient, & is
the rate constant of the electrochemical reaction (s7), F is
Faraday constant, n is the number of electron transferred in
the rate-determining step, and other parameters have their
usual meanings. From the slope of two straight lines in Fig.
S6, a was calculated as 0.43. Based on Eq. 3, the value of &
was determined to be 2.9 s'l, which is higher than those re-
ported for GOx@flower-shaped graphene microelectrode
(2.18 s [27], Nafion/GOx/AuNP@MoS, (1.10 s~ ') [2]
and Nafion/GOx/rGO (0.96 s ") [28].

As the redox reaction of FAD/FADH, couple in the en-
zyme is a proton-coupled electron transfer reaction [5], pH
of the working solution affects the electron transfer process.
As shown in Fig. 3b, both anodic and cathodic peak potentials
of the FAD/FADH, redox couple in the GOx modified elec-
trode were negatively shifted with the pH change from 3 to 9.
The formal potential showed a linear relation with buffer pH
with the slope of =53.2 mV-pH ~' (R? = 0.9979). This value is
close to the theoretical value (about —59 mV-pH ' at 25 °C)
obtained from the Nernst equation for reduction reaction of
GOx(FAD), indicating that two electrons and two protons are
involved in the electron transfer process. In order to simulate

@ Springer
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Fig. 4 Effects of oxygen and glucose concentration on the redox reaction
of the 3D hybrid electrode. (a) CV responses in Nj-saturated PB and in
the air-saturated PB before and after addition of glucose (final
concentration of 2.0 mM). (b) CV responses in various concentrations
of glucose in 0.01 M PB solution (from 0 to 6 mM) at a scan rate of

the physiological environment, phosphate buffer with pH val-
ue of 7.0 was used for further investigation.

Electrocatalytic behavior of the hybrid electrode

The role of dissolved oxygen in the electrolyte (0.01 M PB at
pH 7.0) on the redox reactions was studied. Fig. 4a indicates

50 mV-s L. (c) DPV curves in 0.01 M PB (pH 7.0) containing different

concentration of glucose at a scan rate of 10 mV-s . (d) Dependence of

the peak current measured at potential of —0.45 V (vs. reference electrode)
on the glucose concentration

significant difference in CV responses of the 3D hybrid nano-
composite in air-saturated and nitrogen-saturated solutions. In the
deoxygenated solution, near symmetrical redox peak of FAD/
FADH, couple in the GOx was visible. However, in the presence
of dissolved oxygen, the reduction peak current of GOx(FAD)
was enhanced dramatically, while the oxidation peak current was
reduced. This indicated that GOx(FADH,), which was generated

Table 1 Figure of merits for the hybrid electrode as compared with other enzymatic glucose biosensors
Electrode Method Linear range (mM)  Detection limit (uM)  Sensitivity (uA'me1 ~cm72) Ref.
rGO-GOx/GCE® Amperometry ~ 0.1-27 - 1.85 [17]
Graphene/CNT®/ZnO/GOx DPV 0.01-6.5 45 536 [31]
HNT®/AgNP/GOx cv 0.2-6 - 52 [32]
GOx/Graphene/PANI/AUNP/GCE ~ Amperometry  0.004—1.12 0.6 - [1]
GOx/Au nanoprism/Chitosan/GCE CV 0.05-1.2 10 11.83 [29]
Graphene/MWCNTs!®/AuNP/GOx Amperometry  0.01-2.0 4.1 0.695 [30]
2.0-52 950 0.238
GOx/Graphene/ AuNP/GCE Amperometry ~ 0.02-2.26 4.1 3.844 [33]
GOx/rGO/AuNR DPV 0.01-7.0 3 12 This work

(a) Glassy Carbon Electrode; (b) Carbon Nanotube; (c) Halloysite nanotubes; (d) Polyaniline; (e) Multiwalled Carbon Nanotubes
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Table 2 Determination of

glucose in human serum samples Serum Sample Measured Concentration (mM) Relative Error (%)
(n=3)

Commercial glucometer The hybrid electrode RSD (%)

5.85+0.11 571+0.25 443 239

5.57 +0.09 5.35+0.11 2.08 3.94

4.53 £0.06 437+0.12 2.70 3.53

by reduction of GOx(FAD) in the cathodic half cycle, catalyzed
the oxygen reduction reaction according to following equation:

GOx (FADHz) + 02—>GOX (FAD) + H202 (4)

Thus, the dissolved oxygen increased the reduction peak cur-
rent. A new reduction peak was also appeared at about —0.35 Vin
the air-saturated phosphate buffer that is due to the oxygen reduc-
tion on the electrode surface. After the addition of glucose to
0.01 M air-saturated PB (pH 7.0), the cathodic peak current de-
creased due to consumption of dissolved O, during the enzyme-
catalyzed reaction between the GOx(FAD) and glucose (Eq. 5).

GOx (FAD) + Glucose—GOx (FADH,)

+ Gluconolactone (5)

The sensing response of the 3D hybrid nanocomposite was
studied by CV measurements in air-saturated buffer (pH 7.0)
(Fig. 4b). As seen, with increasing the biomolecule concentra-
tion, the reduction current gradually decreased. The response
of the electrode based on a decrease in the reduction current is
useful for the development of a sensitive biosensor.

Differential pulse voltammetry (DPV) was employed to
obtain the calibration plot. DPV responses of the hybrid
electrode at different concentrations of the glucose in
buffer (pH 7.0) are shown in Fig. 4c. The curves
displayed well-defined reduction peak at a potential of ~
—0.45 V, while the cathodic peak current was reduced
with the successive addition of the biomolecules. Fig. 4d
shows a linear relationship (R?=0.9988) between the ca-
thodic peak current and the concentration in the range of
0.01 to 7 mM. The sensitivity of 12 pA‘mM '-cm 2 was
calculated from the slope of the calibration plot. The limit
of detection of 3 uM (Signal/Noise =3) was obtained
which is lower than that of electrodes such as GOx/Au
nanoprism/chitosan and graphene-multiwalled carbon
nanotubes/AuNP/GOx biosensors [29, 30]. Table 1 com-
pares the analytical features of the prepared electrode with
some enzyme-based glucose biosensors. The satisfying
performance of the modified electrode can be ascribed to
the combination of excellent electrocatalytic properties
with large surface area provided by the 3D hybrid
structure.

Selectivity, repeatability and real sample analysis

The specificity of the GOx/rGO/AuNR biosensor for glucose
was evaluated using the DPV method. The voltammetric re-
sponse of the hybrid electrode in 0.01 M PB containing 2 mM
glucose in the absence and presence of 0.5 mM AA or 0.5 mM
UA is shown in Fig. S7. No obvious change in the catalytic
current was noticed in the presence of these electroactive spe-
cies. The results determined good selectivity of the 3D bio-
sensor that can be due to the low working potential. Also,
repeatability of the hybrid biosensor was investigated by four
successive voltammetry measurements in buffer containing
5 mM glucose. The relative standard deviation (RSD) was
only 1.8%, suggesting a good repeatability.

Finally, the practical applications of the hybrid electrode
for glucose detection in human blood serum was studied and
the glucose concentration in real samples was measured by the
electrode. As can be seen in Table 2, the results determined
from the hybrid biosensor were in good agreement with those
obtained by the commercial glucometer. These results suggest
that the 3D hybrid electrode has a great potential for enzymat-
ic biosensing applications.

Conclusions

In summary, enzyme-functionalized graphene networks
immobilized on vertically aligned gold nanorods were fabri-
cated. Enhanced electron transfer from the enzyme to the gold
nanostructure by covalent conjugation with 3D networks of
rGO nanosheets was shown. It was demonstrated that a quasi-
reversible surface-controlled redox reaction controlled the
electron transfer process. The redox reaction of the enzyme
on the electrode surface was demonstrated to vary with pH,
scan rate, and oxygen concentration in the buffer. To show the
potential application of the hybrid biosensor, in vitro glucose
detection in phosphate buffer and human blood serum was
examined. A wide linear range, low-level detection limit, good
selectivity and high sensitivity were revealed the high electro-
chemical activity of the hybrid electrode. Nonetheless, the
sensitivity was lower than that of enzyme-free sensors.
Moreover, it should be mentioned that the control of enzyme
orientation on the electrode remained a main challenge that
affected the reproducibility of the biosensor.
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