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Abstract

A novel approach of the immobilization of a highly selective and stable glucose
biosensor based on direct electrochemistry was fabricated by a self-assembly of glucose
oxidase (GOD) on reduced graphene oxide (RGO) covalently conjugated to magnetic
nanoparticles (FesO, NPs) modified on a magnetic screen-printed electrode (MSPE). The
RGO-Fe3;04 nanocomposite has remarkable enhancement in large surface areas, is favorable
environment for enzyme immobilization, facilitates electron transfer between enzymes and
electrode surfaces and possesses superparamagnetism property. The morphology and
electrochemical properties of RGO-Fe;0,/GOD were characterized by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy,
cyclic voltammetry (CV) and amperometry. The modified electrode was a fast, direct electron
transfer with an apparent electron transfer rate constant (k) of 13.78 s™. The proposed
biosensor showed fast amperometric response (3 s) to glucose with a wide linear range from
0.05to 1 mM, a low detection limit of 0.1 uM at a signal to noise ratio of 3 (S/N=3) and good
sensitivity (5.9 uA/mM). The resulting biosensor has high stability, good reproducibility,
excellent selectivity and successfully applied detection potential at —0.45 V. This
mediatorless glucose sensing used the advantages of covalent bonding and self-assembly as a
new approach for immobilizing enzymes without any binder. It would be worth noting that it

opens a new avenue for fabricating excellent electrochemical biosensors.
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1. Introduction

Blood glucose level is usually used as a clinical indicator of diabetes mellitus, which
is a global health problem with devastating social and economic impact [1]. Moreover, the
determination of glucose concentration is also very important in food processing and
fermentation. An electrochemical biosensor is a potential tool and more suitable for point of
care devices than normal conventional methods including spectrophotometry [2], HPLC [3],
fluorescence [4] and chemiluminescence [5]. Glucose oxidase (GOD) modified electrodes
have played a leading role in highly selective blood sugar testing by electrochemical method.
GOD is one of the most extensively researched enzymes for the construction of enzyme-
based glucose biosensors. Since it contains two flavin adenine dinucleotide (FAD) cofactors
as a redox center [6], direct electron transfer (DET) between redox enzymes and the surface
of electrodes can be used to investigate enzyme-catalyzed reactions in biological systems and
electrochemical basis for the study of the structure, kinetics and thermodynamics of redox
transformations of enzyme molecules and metabolic processes involving redox
transformations [7-9]. However, the FAD redox centers in protein molecules are usually
embedded deeply into the large structure of an enzyme. Thus, it is extremely difficult to
observe the direct electrochemistry of GOD with a conventional electrode. Great effort has
been made to develop new mediator-free biosensors and biomedical devices based on DET
by immobilizing enzymes on conducting substrates in order to improve the electron transfer
between the redox centers of GOD and the surface of an electrode. Several methods and
nanomaterials including polymers [10], gold nanoparticles [11], sol-gel matrices [12] and
nanocomposites [13] have been studied to immobilize enzymes which can improve the long-
term stability of biosensor applications. Additionally, nanomaterials can significantly
improve the electroactivity of bioelectrodes because they provide a more efficient electrical

contact with the enzymes’ active sites, an optimal environment for the immobilization of



proteins and other biological molecules, and provide a larger surface area that enables
incorporation of larger enzyme loading. Carbon based nanostructures have been reported for
the immobilization of enzymes in the fabrication of biosensors such as carbon nanotubes [8],
nanoparticles [13, 14] and graphene [15] which can offer direct and fast electron transport to
electron collecting electrodes. In particular, graphene have been proven to be a versatile and
tunable material compared to other materials.

Graphene possesses many unique features such as a large surface area, good electrical
conductivity, and thermal and mechanical properties. The unique properties make graphene
widely employed for various applications such as field-effect transistors [16], gas sensors [17,
18], electromechanical sensors-biosensors [19-21], nanoelectronics [22], batteries [23, 24],
supercapacitors [25] and hydrogen storage [26]. In addition, varieties of hybrid materials
between graphene and other materials such as polymers, metals, metal oxides and even
carbon nanotubes with new functions look promising to be used in varieties of applications.
Immobilization of bioactive molecules on the surface of magnetic nanoparticles is of great
interest, because the magnetic behavior of these bioconjugates is likely to improve and
recovery of biomolecules for biomedical applications [27]. Fe3sO4 NPs as special bimolecular
immobilizing carriers are becoming the focus in many applications [28, 29] due to good
biocompatibility, strong superparamagnetic, low toxicity, large surface-to-volume ratio, high
surface reaction activity, and strong adsorption ability to immobilize desired biomolecules in
an easy preparation process [30]. Therefore, the integration of RGO and Fe3O4 NPs into a
hybrid material with enzymes could afford hybrid nanobiomaterials with synergistic
properties, provide more surface area, offer good biocompatibility for enzymes immobilized,
and enhance functionalities improving electric contact with enzyme active sites and electrode
surfaces; thus, the electron transfer distance will be decreased and then facilitate this process.

As previously reported, [31], it has been shown that RGO-Fe;04 NPs modified glassy carbon



electrodes showed direct electrochemistry of GOD with the physical absorption immobilized
method. The method is simple but this kind of Fe;O, attachment may easily leach out from
the RGO resulting in the stability of biosensors being rather poor.

In this work, the novel, simple and low cost strategy to develop a disposable glucose
biosensor based on direct electrochemistry will be purposed. We used a nanocomposite
between the RGO and Fe3O4 NPs with GOD to increase the immobilization of an enzyme,
enhance the sensitivity and selectivity and especially improve the stability of the electrode
without a binder. Due to Fe3O4 NPs being surrounded by a positive charge, they play an
important role in immobilizing enzymes through electrostatic interaction. GOD is a
negatively charged biomolecule at pH 7.0 [32] that can be easily immobilized onto the
positively charged amino group on an Fe3O4 NPs surface via electrostatic interaction. The
RGO-Fe3;04 nanocomposite was prepared by covalent bonding via coupling agent, EDC and
NHS, and immobilized enzymes by electrostatic interaction, which is extremely strong. This
might be advantageous over physical absorption. The properties of the RGO and Fe3O4 NPs
provide biosensors more efficient conductivity and increase the immobilization of enzymes.
Moreover, this proposed reagentless glucose sensor combines the excellent properties of
MSPE (low cost, mass produced, portable, miniaturized, disposable sensor enabled) with the
advantages of the RGO-Fe3;04 nanocomposite which not only has a great potential to increase
the immobilization of the enzymes but also could be used to attracted enzymes onto electrode
surfaces with a strong magnetic force. The nanocomposite was investigated by the
electrochemical performance of a glucose biosensor by cyclic voltammetry and amperometry.
This biosensor platform might be used in medical devices applications for point of care

devices in the future.

2. Experimental section



2.1. Reagents and materials
Graphene oxide (GO > 99 wt% purity and total thickness < 3nm. Average dimensions

of individual flakes range from 300-800 nm, Glucose oxidase (EC 1.1.3.4 from Aspergillus
niger, 210,000 U/g) Iron (lll) chloride hexahydrate (FeCls;.6H,0), 1-ethyl-3-(3-
dimethyaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), Ammonium
hydroxide (NH;OH), 1,6-Hexanediamine, Glucose, Sodium acetate (NaAc), Ethylene glycol
(EG) was purchased from Sigma Aldrich and used without further purification. A 0.1 M
phosphate buffer saline (PBS, pH 7.0) was prepared by mixing solutions of Na,HPO, and
NaH,PO,. The glucose solution was prepared overnight before use to allow the mutarotation
for 24 hours. All solutions were prepared with deionized water (D).
2.2. Apparatus

All electrochemical experiments were performed with a potentiostat (Metrohm Autolab
PGSTAT302N, Ecochemie, Netherlands) in a conventional three-electrode electrochemical
cell using a magnetic screen-printed electrode (MSPE) as a working electrode, a platinum
electrode as a counter electrode and an Ag/AgCl saturated KCI as the reference electrode.
2.3 Magnetic screen-printed electrode fabrication

The magnetic screen-printed electrode (MSPE) was prepared by a rectangular magnet
sticker (1.5 x 2 mm) put onto the backside of a screen-printed electrode (SPE).
2.4. Preparation of RGO-Fe;0,4 nanocomposite modified electrode

The NH,-Fe;04 NPs were prepared through a solvothermal reaction according to F.
Zhang et al. 2011 [33]. The FesO4 NPs was immobilized on GO using EDC and NHS as
coupling agents by the formation of an amide link between the amino group of FesO4 NPs
and the carboxyl group of GO. 20 mg GO in 60 mL water was ultrasonicated for 3 h, and
then 100 mg EDC and 80 mg NHS were added into the solution of GO. The mixture was

stirred for 30 min and ultrasonicated for another 30 min to form a homogenous suspension.



Next, 20 mg of NH»-Fe304 NPs was added into the suspension solution and the mixture was
subjected to ultrasonication for 30 min. The reaction was carried out at 80 °C for 1 h under
stirring. The GO-Fe304 nanocomposite was obtained by magnetic separation and washed
with water several times.

An RGO-Fe304 nanocomposite based on glucose reduction was prepared. In brief, 40
mg glucose was added into a 25 mL GO-Fe30O, dispersion solution followed by stirring for
more than 0.5 h. and 20 pl ammonia solution (25% w/w) was added into the resulting
dispersion solution. After being stirred for a few minutes, the mixture was again stirred for 60
min at 95 °C. Finally, the resulting stable black dispersion solution was centrifuged and
washed with water several times. The obtained RGO-Fe;0, nanocomposite (1 mg/2.5 mL)
was redispersed in DI water before further use. Finally, the 5 pul RGO-Fe3O, nanocomposite
solution was dropped onto the MSPE surface.

2.5. Preparation of RGO-Fe;0,/GOD nanocomposite modified electrode

GOD was immobilized onto the RGO-Fe;04 nanocomposite modified MSPE through
an electrostatic interaction between positive charges of Fe;O4 and negative charges of GOD.
30 mg GOD was added into 1 mL 0.1 M PBS pH 7.0 solution. The RGO-Fe;0,4
nanocomposite modified MSPE was immersed into the GOD solution (30 mg/mL in 0.1 M
PBS pH 7.0), and then reacted at room temperature for 12 h. The RGO-Fe;0,/GOD
nanocomposite modified electrode surface was washed with DI water to remove unadsorbed
enzyme molecules and allowed to dry at room temperature. The modified electrode was

stored at 4 °C when not in use. The fabrication process is shown in Scheme 1.

3. Results and Discussion
3.1. Characterization of RGO-Fe30,/GOD nanocomposite
The surface morphology of GO characterized by SEM is shown in Fig. 1a. A few layers

of GO sheets appear partially packed with their basal planes, intensely crumpled and folded



into a typical wrinkled structure. These geometric wrinkling and rippling were caused by
nanoscale interlocking of GO sheets. The spherical FesO, NPs were clearly observed as
shown in Fig. 1b and distributed well on the whole surface of a RGO sheet due to the strong
interaction of covalent bond (Fig. 1c). The diameter of FesO4 NPs was about 32 nm. In Fig.
1d, after the immobilization of GOD on the RGO-Fe;04 nanocomposite by electrostatic
force, the nanocomposite showed deposition of a protein globular structure on the uniform
structure and the roughness increased dramatically indicating that the enzymes were
successfully immobilized on the surface of the Fe;0, NPs and the size of particles was

slightly increased. The results confirm the preparation of the nanocomposite.

3.2. Fourier transform infrared (FT-IR) study of RGO-Fe3;0,4 nanocomposite

The GO-Fe304 nanocomposite was obtained from the NHS and EDC and the
condensation reaction between the amino group of Fe;O4 NPs and carboxylic group of GO
which formed a carboxamide bonding. The confirmation of binding between the GO and
Fe3O4 NPs was studied by FT-IR spectroscopy. The FT-IR spectra of the NH,-Fe3O4 NPs
(curve a), GO (curve b), and GO-Fe3O4 nanocomposite (curve c¢) are shown in Fig. 2A. The
band of NH,-Fe;04 NPs, as shown in curve a, was found at 571 cm ™, which corresponded to
the Fe—O stretching vibration, and the two spectrum bands observed at 1630 and 3351 cm™*
were assigned to the N-H bending and stretching vibrations of free amino groups on the
Fe3O4 NPs as reported [34]. The results indicated that the amino group has been grafted onto
the Fe3O4 NPs surface. Fig. 2A curve b shows the FT-IR spectrum of GO, and a strong and
broad absorption at 3401 cm ™ was observed, which was due to the O—H stretching vibration.
The absorptions’ peak at 1724 and 1375 cm™* corresponded to the C=O stretching of
carboxylic acid and carbonyl moieties. For the aromatic C=C and the epoxy group, alkoxy

C-0, stretching vibrations were observed at 1625 and 1084 cm*, respectively [35]. In curve



c, after introducing the Fe3O4 NPs on GO, the FT-IR spectrum of the GO-Fe;0, appeared in
the band at 565 cm ™ and illustrated the Fe—O stretching vibration, confirming the deposition
of Fe3O,4 on GO. Three new characteristic peaks of the amide carbonyl group for GO-Fe304
nanocomposite at 1634 (-CONH amide band 1), 1544 (—NH amide band II), and 1368 cm™
(C—N stretch of amide) appeared, implying that FesO, NPs were successfully linked to the
GO sheet via covalent bonding after the amidation reaction [36]. The two bands at 3284 and
1634 cm™' were attributed to the O—H stretching vibration, and to the N-H stretching
vibrations and the NH; bending mode of the free NH; group, respectively. However, the GO-
Fe30,4 nanocomposite is still composed of functional groups with an oxygen component such
as hydroxyl and ether groups on both sides. Glucose was applied as a reducing agent to
remove oxygen components. The FT-IR spectra of GO-Fe;04 nanocomposite and RGO-
FezO,4 nanocomposite are presented in Fig. 2B, curves a and b, respectively. In the GO-Fe;0,
spectrum, the graph shows the stretching of hydroxyl group at 3284 cm (O-H stretching),
the C=0 carbonyl stretching at 1634 cm ' and 1718 cm™, as well as the C—O epoxide group
stretching at 1060 cm . All these bands related with the oxygen-containing functional groups
mostly remain in the FT-IR spectrum of the GO-Fe;04 nanocomposite. The high intensity of
the main peaks in the GO-Fe30,4 nanocomposite confirmed the presence of a large number of
oxygen functional groups as shown in Fig. 2B curve a. After the GO was chemically reduced,
the characteristic absorption bands of hydroxyl at 3168 cm™* were significantly decreased.
The carbonyl group at 1554 cm™* and 1368 cm *, and alkoxy groups at 1060 cm ™ in curve b
disappeared, indicating the high efficiency of reduction and oxygen-containing functional
groups’ removal from the GO. The absorption band that appears at 1629 cm * may be
attributed to the skeletal vibration of the graphene sheets [37]. Moreover, observing an
additional peak can be ascribed to the lattice absorption of FesO4 NPs at 572 cm ™. These

confirmed that most of the oxygen-containing functional groups were already removed.



3.3. Raman spectroscopy study of RGO-Fe3;04 nanocomposite

Raman spectroscopy was used to investigate the electronic structure of graphene and
characterize the reduction degree of the GO. The Raman spectroscopies of the GO, GO-
Fe;0,4 and RGO-Fe30,4 are shown in Fig. 3. Typically, the Raman spectrum of graphene was
characterized by two fundamental vibrations the G band corresponds to the first order
scattering of the E2g phonon of sp? C atoms (usually observed at ~1575 cmY), a
characteristic band of crystalline graphite, and the D band indicates the reduction in size of
the in-plane sp? domains for the chemical oxidation of graphite (~1350 cm ™) [37, 38]. In the
Raman spectrum of the GO (curve a), the G band is broadened and blue shifts to 1597 cm™,
which is attributed to the presence of isolated double bonds that resonate at higher
frequencies than the G band of graphite. The D band at 1358 cm™* becomes prominent,
indicating the reduction in size of the in-plane sp® domains due to the extensive oxidation. As
shown in Fig. 3 curve c, the Raman spectrum of the RGO-Fe30,4 exhibits D and G at 1346
and 1594 cm %, and the G band of RGO-Fe;0, moves to 1594 cm %, which is closer to that of
graphite, indicating the GO was reduced. The intensity ratio of the D to G peak (Ip/lg) is
found to change inversely with graphitic domain size and widely used to study the crystalline
quality of graphite or graphene after the treatment. The Ip/lg improved from the GO was
0.83, GO-Fe30, (0.89) to RGO-Fe;0, (1.03). This change suggested that more sp® domains
are formed during the reduction of graphite oxide. This increase is due to the decrease of the

sp® in-plane domain induced by the introduction of defects and disorder of the sp? domain.

3.4. Direct electrochemistry of GOD immobilized RGO-Fe3O4 modified electrode
The electrochemical properties of nanocomposite were studied using cyclic
voltammetry. Under appropriate conditions, the DET between the GOD and the substrate can

be observed from the electrochemical response. Fig. 4A shows the cyclic voltammograms of
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GOD-modified different electrodes in the Ny-saturated PBS at a scan rate of 100 mV/s. No
redox peaks were observed for the GOD/MSPE (curve a) and Fe;0,-GOD/MSPE (curve b).
The background current of the Fe;0,-GOD/MSPE was higher than that of the GOD/MSPE,
and is ascribed to the large surface area of the Fe3O4, which showed a distinct
electrochemical response. Fig. 4A, curve c showed a well-defined redox peak with an anodic
peak potential (Eya) at —0.418 V and a cathodic peak potential (Epc) at —0.452 V. The peak
potential separation (4E,) was about 34 mV. These results demonstrated a fast DET kinetics
of the GOD on the surface of the Fe3O4 on the graphene sheet. The well-defined and quasi-
reversible redox peaks suggested a favorable DET between the electrode and the redox
centers of the GOD molecules. The formal potential (E”) obtained by averaging the potential
values of the Ep, and E,c was —0.435 V. This value was close to the standard electrode
potential of —0.483 (vs. Ag/AgCl) for FAD/FADH; at pH 7.0 [39], suggesting that the GOD
molecules retain their bioactivity after the adsorption on the RGO-Fe3;O4 nanocomposite, and
the electrochemistry response of the GOD immobilized on the modified electrode is due to

the redox reaction of the FAD.

3.5. The influence of the scan rate

The effect of the scan rate on the cyclic voltammetric performance at the RGO-
Fe30,/GOD modified MSPE with different scan rates is shown in Fig. 4B, where the redox
processes of the nanocomposite gave mostly symmetric anodic and cathodic peaks (Epa and
Epc) at relatively slow scan rates. When the scan rate increased, the redox potentials of the
GOD shifted slightly. The anodic and cathodic peak currents (lpa, lpc) linearly increased with
the increasing scan rate from 10 to 100 mV/s, indicating that the redox reaction of the GOD
on the RGO-Fe30,4 modified electrode was a quasi-reversible surface-controlled process. The

plot of the cathodic peak current versus the scan rate showed a linear relationship (Fig. 4C)
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with linear regression equations: lp, = 0.0153x+0.0383, I,c = —0.0149x-0.0475 with a
correlation coefficient (R%) of 0.993 and 0.992, respectively. These results demonstrated a
fast DET Kinetics of the GOD on the surface of the graphene.

According to Laviron's equation [40], the plots of the Ep, and E,c versus the logarithm
of the scan rates produced two straight lines with slopes of 2.3RT/(1-a)nF and —2.3RT/anF at
high scan rates (up to 1000 mV/s) as shown in Fig. 4D. The charge transfer coefficient («)
and the heterogeneous electron transfer rate constant (ks) for the proposed electrode were

calculated to be 0.5 and 13.78 s, respectively, according to the following equation:

logk. = alog(l—a) + (L—a)loge —log A1 - AL OEAE, @)
= —_ —+ —_ —_ —_
9% =g a0 e g T T 2 3RT

Where R is gas constant, T is temperature, v is scan rate and AE, is peak separation. This
result confirmed that the RGO-Fe3;0, facilitated the fast electron transfer between the redox-
active site of enzyme and the surface of the electrode. These results suggest that the RGO-
Fe304/GOD provides fast electron transfer kinetics between the redox center of the enzyme
and the surface of the electrode. The superior electron transfer kinetics of graphene can be
ascribed to their unique electronic structures, which are favorable for conducting electrons
from the redox center to the electrode surface. The surface average concentration of GOD (7,
mol/cm?) on the electrode can be calculated from the charge integration of the cathodic peak
in the cyclic voltammogram according to the formula, 7= Q/nFA, where Q is the charge
consumed in C, n is the number of electrons transferred (n=2 for DET of GOD), A is the
electrode area (cm?) and F is the faraday constant. The electroactive GOD concentration on
the RGO-Fe3;0, was estimated to be 4.95 x 10 'mol/cm?, indicating a saturated adsorption of
the GOD the onFe30, surface of the nanocomposite which is higher than previously reported

at a GOD on a mesoporous iron oxide modified SPE [41].
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3.6. The influence of solution pH

It is well known that the direct electrochemistry of a GOD has a two-electron coupled
with two-proton reaction. Therefore, the pH value of the solution should have an effect on the
electrochemical behavior of the GOD on the RGO-Fe;04, and a negative shift of both the
cathodic and anodic peak potentials occurs when the solution’s pH value was increased as
shown in Fig. 5A. The redox potential E” changes linearly as a function of the solution pH
from 4 to 9 with a slope of —52 mV/pH (r* = 0.9989). This slope is close to the theoretical
value of -58.6 mV/pH [42] according to the reaction of equation (2) for a reversible reaction,
indicating two protons (2H") and two electrons (2e") attending in the electron transfer
process. The reaction mechanism can be written as follows:

GOD (FAD) + 2¢” + 2H' <> GOD (FADH,) )

3.7. Electrocatalytic activity of the RGO-Fe3;0,/GOD/MSPE to glucose

In order to study the enzymatic catalytic activity of the GOD adsorbed on the RGO-
Fe;04/MSPE, the experiments were carried out by cyclic voltammetry. Fig. 5B shows the
CVs of the RGO-Fe;0,/GOD/MSPE with different glucose concentration in 0.1 M PBS pH
7.0 at the scan rate of 30 mV s *. Under N,-saturated condition (curve g), a pair of well-
defined and almost symmetrical redox peaks was observed, which indicates that a GOD
adsorbed on an RGO-Fe;04,/MSPE can undergo a reversible direct electrochemical reaction,
and this implies the DET of the GOD for FADH, oxidation and FAD reduction in equation
(2). In Oj-saturated condition (curve a), the reduction peak current of the RGO-
Fe30,/GOD/MSPE was larger than that in the Nj-saturated PBS and the oxidation peak
current was smaller. The reason for this is that the GOD (FADH,) was oxidized to regenerate
the oxidized form of the GOD (FAD) because O is a natural co-substrate for the GOD. It

confirms that oxygen dissolved in the PBS solution was reduced at the electrode according to
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the following equations (3) which was a typical electrochemical catalytic process, in which
oxygen regenerates the GOD (FAD) and enhances the reduction peak current of the FAD.
When glucose was added into this system (curve b-f), the GOD reacted with the glucose and
turned FAD into the reduced form of the GOD (FADH,) as shown in equation (4). Fig. 5B,
curve b-f shows the CVs of the RGO-Fe;0,/GOD/MSPE with various concentrations of
glucose. It was found that the reduction peak currents decrease with increasing glucose
concentration ranging from 0.05 mM to 10 mM due to the enzyme-catalyzed reaction that
occurred and the decrease of the FAD form concentration at the electrode surface, indicating
that the GOD retains its high bioelectrocatalytic activity to the glucose. The results were
consistent with the previous reports [43]. Therefore, based on the decrease of the reduction
current, the concentration of glucose can be detected and used as a biosensor system for

reagentless glucose sensing. The electrocatalytic mechanism can be expressed as follows:

GOD (FADH,) + O, — GOD (FAD) + H,0; 3)

GOD (FAD) + Glucose — GOD (FADH>) + Gluconolactone (4)

3.8. Amperometric response of the glucose biosensor

From the relationship between the decrease of the reduction current and the
concentration of glucose, the amperometry technique was used to perform at the applied
potential of —0.45 V in 0.1 M PBS pH 7.0. Fig. 6A shows typical steady-state amperometric
responses of the RGO-Fe;0,/GOD/MSPE on successive injections of glucose under stirring.
The steady-state current obtained on the RGO-Fe3;0,/GOD/MSPE decreased during the
addition of glucose concentration. The electrocatalytic response was very fast as the
biosensor achieved the maximum response after 3 s when glucose was added into the
solution. As the inset of Fig 6A, the resulting calibration plot is presented over the

concentration range 0.05 to 1.2 mM. It was found that the reduction current response

14



decreased with increasing proportional to the glucose concentration. The plot of current
response vs. glucose concentration was linear in the ranges of 0.05 to 1 mM with the linear
regression equation of y = 5.873x + 0.131 (correlation coefficient 0.993) and a sensitivity of
5.9 nA/mM. The detection limit was calculated to be 0.1 uM at a signal-to-noise ratio of 3
(S/N=3). The comparison of the analytical performance of the developed electrode with some
other previous reports on direct glucose biosensors are summarized in Table 1. It can be seen
that this biosensor exhibits a lower detection limit and a higher sensitivity compared with
other Fe3Oy electrodes and SPE based glucose biosensors. Typically, the DET was extremely
difficult to occur at SPE more than at GCE because of the lower sensitivity and surface area.
The presence of the Fe;O,4 and graphene could increase the conductivity of the electrode and
the GOD could quickly transfer electrons to electrodes. The resulting good performance was
not only due to the strong bonding but the paramagnetism force might reduce the spacing of
enzymes and increase the amount of nanocomposites to entrap into the porous SPE surface.
The apparent Michaelis-Menten  constant (K,?) values were evaluated by an
electrochemical Lineweaver-Burk equation [44, 45] which can provide an indication of the

enzyme-—substrate kinetics.

= ()

Here, lss is the steady-state current, C the concentration of substrate, and Ina.x the
maximum current response. The corresponding plot yielded an “apparent” Ky, of 0.16 mM.
The value was smaller than those reported for the DET of the GOD [31, 46-48] indicating
that it has a higher affinity towards glucose. The good microenvironment due to the
synergistic effect of the nanocomposite might contribute to the improvement of the affinity

and good performances of the biosensor.
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3.9. Repeatability and stability of the RGO-Fe;0,/GOD/MSPE

The reproducibility of the biosensor was investigated by the amperometric method. The
relative standard deviation (RSD) was calculated to be 3.98%, which was determined by 5
different modified electrodes of 0.5 mM glucose. The result demonstrates that the
reproducibility and precision of the sensor was good. The stability was tested by measuring
the decrease in the cyclic voltammetric current during potential cycling in 0.1 M PBS pH 7.0.
The peak height and peak potential of the immobilized enzyme on RGO-Fe;0O,4 remained
nearly unchanged and the amount of the GOD remaining on the electrode surface was almost
98.4% of its initial value after 50 cycles (Fig. S1). Furthermore, the long term stability of the
biosensor exhibited a current response that retention of 95.6% after being stored at 4°C for 1
month which indicated that the nanocomposite modified electrode had high long term
stability due to the strong covalent attachment of RGO-Fe;0,4 and electrostatic attraction of
GOD onto the electrode surface, preventing enzymes from leaking out of the electrode

surface.

3.10. Interference study

Common interference in blood such as ascorbic acid (AA), uric acid (UA), and
dopamine (DA) usually coexist with glucose in human blood, which can interfere with the
current signal. The direct electrochemistry of the GOD could avoid the interferences in the
procedure of detecting glucose. The normal physiological level of glucose is 3 to 8 mM,
which is much higher than those of the interfering species of AA (~0.1 mM) and UA (~0.02
mM). The amperometric current responses of the RGO-Fe;0,/GOD/MSPE to the addition of

0.1 mM UA, 1 mM AA, 1 mM DA and 0.5 mM glucose at the applied potentials of —0.45 V
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in 0.1 M PBS pH 7.0 were evaluated. As can be seen in Fig. 6B, the interference was not

observed. It can prove the selectivity of this biosensor.

4. Conclusions

We have successfully prepared an RGO-Fe30,/GOD nanocomposite modified MSPE
by covalent bonding and a GOD was self-assembled with an RGO-Fe;O,4 applied to it for
constructing a mediatorless glucose biosensor. An RGO-Fe;0,/GOD nanocomposite can
provide a unique microenvironment for direct electrochemistry of a GOD immobilized on the
surface of a modified electrode, which can retain its high electrocatalytic activities. This can
be attributed to the following: (1) the covalent bonding of FesO4 on a graphene sheet and
electrostatic interaction between enzymes on the RGO-Fe3;O4 which enhance the contact and
reduce the spacing of the electrode and redox center of an enzyme, (2) the high conductivity
of graphene which promotes the electron transfer rate, (3) this modified electrode did not use
a binder and adhesive agent that usually block electron transfers at electrode surfaces, and (4)
the use of Fe30O4 NPs not only increases the surface area but also has paramagnetic properties
which makes them easily manipulated by an external magnetic field to prevent the leaching
of enzymes at electrode surfaces. Moreover, the SPE has the advantages of miniaturization,
mass production and low cost, thus it is very useful in a disposable measurement for point of
care devices. The nanocomposite shows an excellent electrocatalytic activity, high selectivity,
sensitivity, wide range and low detection limit. This biosensor fabrication could be applied
for other applications of several analytes in clinical diagnosis, pharmaceutical analysis and in

the field of bio-electrochemistry.
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Figure captions

Scheme 1. Schematic illustration of RGO-Fe;0,/GOD modified MSPE

Fig. 1. SEM images of (a) GO, (b) Fes04 NPs, (c) RGO-Fe;O4 nanocomposite and (d)

RGO-Fe3;04/GOD nanocomposite.

Fig. 2. FT-IR spectra of (A) NH,-Fe3O4 NPs(a), GO (b), GO-Fe;04 nanocomposite (c), (B)

FT-IR spectra of GO-Fe30,4 nanocomposite (a) and RGO-Fe304 nanocomposite (b).

Fig. 3. Raman spectra of GO (a), GO-Fe;04 (b) and RGO-Fe30;4 (¢).

Fig. 4. (A) Cyclic voltammograms of the different modified electrodes with GOD/MSPE
(a), Fes04/GOD/MSPE (b) and RGO-Fe;0,/GOD/MSPE (c) in 0.1 M PBS pH 7.0 with No-
saturated at a scan rate of 100 mV/s. (B) CVs of the RGO-Fe;0,/GOD/MSPE in 0.1 M PBS
pH 7.0 at different scan rates inner to outer: 10, 20, 30, 40, 50, 60, 70, 80 and 100 mV/s. (C)
The relationship of the peak current (Iy) vs. the scan rates. (D) The relationship of the peak

potential (Ep) vs. the logarithm of scan rates (log v).

Fig. 5. (A) CVs of the RGO-Fe;0,/GOD/MSPE in 0.1 M PBS with different pH values of
4,5,6, 7, 8and 9 at a scan rate of 50 mV/s. (B) CVs of RGO-Fe3;0,/GOD/MSPE in 0.1 M
PBS pH 7.0 at a scan rate of 30 mV/s in the presence of various concentrations of glucose (a)
O,-saturated without glucose and with glucose concentration of 0.5 (b), 1 (c), 4 (d), 8 (e) and

10 mM (f) and Ny-saturated without glucose (g).

Fig. 6. Amperometric response of (A) RGO-Fe;0,/GOD/MSPE to successive addition of
glucose concentration at applied potential of —-0.45 V in 0.1 M PBS pH 7.0. Inset is the
calibration curve for glucose obtained at the biosensor. (B) RGO-Fe30,/GOD/MSPE to 1
mM UA, 1 mM AA, 0.5 mM glucose and 1 mM DA at the applied potential of -0.45 V in 0.1
M PBS pH 7.0.
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Tablel  Comparison of analytical performance of DET glucose biosensors based Fe3Oq4
and SPE.
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Tablel  Comparison of analytical performance of DET glucose biosensors based Fe3Oq4
and SPE.
Modified electrodes ks(s) Linear range LOD Immobilized Ky, Ref.
(mmol I'Y)  (umol 17) method  (mM)

Silica sol-gel/PVA/SPE 8.38 0-4.13 9.8 Sol-gel - [49]

Nafion/preanodized SPE 4.38 0.1-09 - Polymer 1.07  [47]
entrapment

Fe304-AuNPs-CS/AuUE - 0.003 - 0.57 1.2 Polymer - [50]
entrapment

AUNPs-PDA-Fe;0,/MGCE 3.8 0.02-1.875 6.5 Polymer 1.67  [48]
entrapment

GNs/ZnO/SPE 3.75 0.3-45 70 Physical - [51]
Absorption

RGO-Fe304/MGCE 3.4 0.05-15 0.15 Physical 0.34 [31]
Absorption

RGO-Fe;04/MSPE 13.78 0.05-1 0.1 Covalent, 0.16  This

electrostatic work

RGO: reduced graphene oxide

GCE: glassy carbon electrode

PVA: polyvinyl alcohol

AUNPs: gold nanoparticles

PDA: poly (dopamine)

MGCE: magnetic glassy carbon electrode
GNs: graphite nanosheets

ZnO: zinc oxide nanoparticles

AUE: gold electrode

CS: chitosan
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Novelty Statement

This is a new approach that reporting the immobilization of glucose oxidase on reduced
graphene oxide (RGO) covalently conjugated to magnetic nanoparticles (Fe;0, NPs) by electrostatic
interaction and modified screen printed electrode. We propose the reagentless with fabrication
method without binder and adhesive agents for immobilized enzyme. Fe;0, NPs increasing surface
area to enhance the immobilization and prevent the leaching of enzymes at electrode surfaces by
magnetic stickers which is improve the stability of the biosensor. Based on this synthesis technique,
it is a good new strategy and simple used to fabrication of third-generation glucose biosensor and
this nanocomposite could be used as a platform for disposable biosensor and biofuel cell
applications.
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Highlights

- The RGO-Fe304/GOD nanocomposite was entrapped on MSPE by magnetic field.

- Glucose oxidase immobilized on RGO-Fe3;04 via electrostatic interaction without a binder.
- A stable and highly selective of glucose biosensor based on direct electron transfer.

- The biosensor could avoid the possible interferences.
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