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Abstract

We fabricated a glucose biosensor based on glucose oxidase (GOx) immobilized in a
Poly (L-lysine) (PLL) and reduced graphene oxide-zirconium oxide composite (RGO-ZrO,).
First, a simple single step electrochemical approach was used to prepare the RGO-ZrO,
composite and its successful formation was confirmed by various techniques. Then, a mixture of
GOx and PLL was immobilized to form the RGO-ZrO, composite. Direct electrochemistry of the
GOx was attained for the composite film showing well-defined redox peaks centered at the
formal potential -0.403 V. Notably, the peak to peak separation (AE,) was very low (27 mV),
while the heterogeneous rate constant for the fast electron transfer was calculated to be 5.03 (+
0.14 s™) revealed. The composite film modified electrode exhibited excellent electrocatalytic
ability through the reductive detection of oxygen. A glucose biosensor was developed using the
GOx-PLL/RGO-ZrO; composite film modified electrode which functioned using differential
pulse voltammetry (DPV). The fabricated biosensor exhibited good electrocatalytic ability for
the determination of glucose with excellent analytical parameters such as wide linear range of
0.29 mM to 14 mM and high sensitivity of 11.65 (+ 0.17) pA mM™ ecm™. The sensor results also
exhibited appreciable repeatability, reproducibility and stability. Good recovery rates were

achieved for the real sample studies proving the promise and practicality of the proposed sensor.

Keywords: Reduced graphene oxide, zirconium oxide, glucose oxidase, electrochemistry,

biosensor.
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1. Introduction

Graphene is a two-dimensionally arranged carbon nanomaterial that has become a rising
star among other carbon nanomaterials due to its exceptional electronic, mechanical and thermal
properties. | Over the past decade, graphene and graphene composites have enjoyed widespread
applications in numerous research areas including electronics, * supercapacitors, > Li-ion
batteries, ° fuel cells, ’ sensors, ® and biosensors. ° Chemical oxidation of graphite to graphene
oxide (GO) and the subsequent reduction is the most popularly used approach for preparation of
a scalable quantity of graphene. ® > GO, an oxygenated derivative of graphene is the important
starting precursor compound for the preparation of graphene-based composites. '* Notably, GO
has a random arrangement of sp’/sp’ hybridized carbon atoms with plenty of oxygenated
functional groups, which make it highly dispersible in aqueous solutions, whereas graphene does
not have oxygen functionalities. '*"'> Recently, numerous efforts have been made to explore the

17 and

preparation of graphene-based composites with metal nanoparticles, '® metal oxides,
polymers. '® Among the aforementioned composites, the graphene-metal oxide composites have
drawn considerable attention for use in supercapacitors, 17 solar cells, ¥ Li-ion batteries, 20 fuel

cells, ' and sensors. ** ** Remarkably, the graphene-metal oxide composites exhibit excellent

synergistic effects between the graphene and metal oxides. **

Zr0O; is an important transition metal oxide having lower toxicity and higher chemical

inertness, which make it more environmentally friendly. **n addition, it is highly biocompatible,

25,26

cheap to produce, thermally stable and electrochemically active. Its excellent electrocatalytic

properties make it a good candidate for an active electrode material for the electrocatalysis of

26-29

various important analytes. Electrodeposition of ZrO, on a self-assembled monolayer

template has been used for the fabrication of a modified gold electrode that can be employed for

3
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the sensitive determination of parathion. ** Liu et al. developed an electrochemical DNA
biosensor based on the incorporation of ZrO, in a boron doped diamond modified electrode. 31
Specifically, ZrO, has been shown to have good potential for the detection of organophosphate
pesticides and nerve agents. > Recently, Gong et al. reported a simple electrochemical method
for the fabrication of a ZrO, decorated graphene hybrid for the sensing of methyl parathion.”®
Poly (L-lysine) (PLL) is a biocompatible polycationic homopolymer which is very useful in

promoting cell adhesion and drug delivery. ****

Positively charged PLL has been successfully
assembled onto a graphene surface as a linker as a consequence of the formation of the covalent
amide group. >* PLL has drawn substantial attention in the fabrication of biosensors because of
its excellent ability to facilitate the transfer of electrons between the biomolecules and the

electrode surface. * Therefore, in the present work, PLL is used to immobilize glucose oxidase

(GOx) onto a graphene-ZrO, composite film modified electrode.

Rapid and accurate determination of the blood glucose level is very important from the
clinical analysis perspective to control diabetes. *> Glucose oxidase (GOx) is the most widely
employed enzyme to make selective and sensitive glucose biosensors. The GOx enzyme, isolated
from Aspergillus Niger, consists of two identical polypeptide chains each containing
FAD/FADH; as the redox prosthetic group. *> *® The key to the fabrication of efficient glucose
biosensors is the preparation of an appropriate matrix for the immobilization of GOx on the
electrode surface. *® Several successful approaches have been developed over the past years for
the immobilization of GOx on various film modified electrodes, such as covalent attachment, 37
electrostatic interactions, ** and physical adsorption. *° Some of the reported glucose biosensors
include, electro generated magnetic nanoparticles,” reduced graphene oxide (RGO)-multiwalled

carbon nanotubes (MWCNTSs), ° ZrO,/Pt-PLL,*' MWCNT-Chitosan/CdSe@CdS composite
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matrices, ** sol-gel derived ZrO,/nafion composites, ** reduced graphene oxide (RGO)/ZnO

4

composites, ** carbon nanotubes (CNTs)/chitosan matrices, ** gelatin-MWCNTs, * nitrogen-

doped graphene, *® and GOx-graphene-chitosan modified electrodes. *’

In the present study, we fabricate a combined RGO/ZrO, composite with PLL which is
capable of immobilizing a high amount of GOx and study its direct electrochemistry. The
promotion of the direct electron transfer of GOx at the RGO-ZrO, modified electrode and its
successful application for biosensing indicate that RGO-ZrO; could be a good candidate material
for the immobilization of biomolecules and the fabrication of a third-generation of biosensors.
The function of the fabricated GOx-PLL/RGO-ZrO, modified electrode as a biosensor for the
sensitive determination of glucose is demonstrated. The electrochemical characteristics and
performance of the GOx-PLL/RGO-ZrO, modified electrode with respect to the linear range, fast
response, low detection limit, high affinity, satisfactory reproducibility and accepted stability are

investigated in detail.
2. Experimental Procedure
2.1. Apparatus

The electrochemical measurements were carried out using a CHI 405 electrochemical
workstation. Electrochemical studies were carried out with a conventional three electrode cell
consisting of a modified glassy carbon electrode (GCE) as a working electrode (area 0.071 cm?),
Ag/AgCl (saturated KCl) as a reference electrode and PT wire as a counter electrode. Scanning
electron microscopic (SEM) and atomic force microscopic (AFM) characterization were carried
out using the S-3000H, Hitachi and CSPM4000, Being Nano-Instruments respectively. Energy-

dispersive X-ray (EDX) spectra studies were acquired using the HORIBA EMAX X-ACT
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(Model 51-ADDO0009, Sensor + 24V=16 W, resolution at 5.9 keV = 129 eV). The Raman spectra
were obtained using the Micro-Raman spectrometer (RENISHAW in the Via system, U.K) with
a 514.4 nm He/Ne laser. UV—visible absorption spectroscopy measurements were carried out by
using a Hitachi U-3300 spectrophotometer. Powder X-ray diffraction (XRD) studies were
performed with an XPERT-PRO (PANalytical B.V., The Netherlands) diffractometer using Cu
Ka radiation (k=1. 54 A). EIM6ex ZAHNER (Kroanch, Germany) was used for the
electrochemical impedance spectroscopy (EIS) studies. X-Ray photoelectron spectroscopy (XPS)
was carried out using at PHI 5000 Versa Probe equipped with an Al Kalpha X-ray source

(1486.6 eV).
2.2. Materials

The zirconyl chloride octahydrate (ZrOCl,. 8H,0), graphite (powder, <20 um), poly-I-
lysine (PLL) and glucose oxidase (GOx, from Aspergillus Niger) were purchased from Sigma
Aldrich and used as received. All the reagents were of analytical grade and used without any
further purification. All the solutions were prepared using double distilled water.
Electrochemical studies were performed with a 0.05 M phosphate buffer solution (PBS) prepared
from Na,HPO, and NaH,PO,. A stock solution of glucose was prepared in PBS (pH 7) and the

solution was kept aside for one day to complete mutarotation.
2.3. Electrochemical fabrication of RGO/ZrO; composite modified electrode

Graphite oxide, synthesized from graphite using Hummer’s method ** was then dispersed
in water (0.5 mg/ml) and exfoliated by ultrasonication to produce graphene oxide (GO). Prior to
electrode modification, the GCE surface was polished with a 0.05 pm alumina slurry and

Buehler polishing cloth before being cleaned well with water. Afterwards, the RGO/ZrO,
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composite for fabrication of the GCE was applied in a single step electrochemical process.
Briefly, 5 pL of the GO dispersion was drop cast onto the GCE surface and dried under ambient
conditions. The GO modified GCE was then moved to an electrochemical cell containing 5 mM
ZrOCl,.8H;0 in PBS (pH 5). In the next step, 10 consecutive cyclic voltammograms (CVs) were
recorded in the potential range between 0 and -1.5 V at a scan rate 20 mV/s. The resulting
RGO/ZrO, composite film modified GCE was rinsed with water and dried. Then 75 puL of the
GOx-PLL mixture (1:10) was dropped and spread out onto the surface of the RGO-ZrO,/GCE
and allowed to dry at room temperature. The modified electrode is now the GOx-PLL/RGO-
ZrO; (scheme 1). We optimized the amount of PLL and the coverage required to get the
maximum GOx redox peak currents. The maximum redox peak currents were observed when the

ratio of GOx to PLL was 1:10, so this was the ratio used in subsequent experiments.
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GO,-PLL/IRGO-ZrO,

Scheme 1. Schematic representation of the preparation procedure for the GOx-PLL/RGO-ZrO,

composite.

3. Results and discussion

3.1.1 SEM and EDX studies

The SEM image of the GO (Fig. 1A) portrays the characteristic wrinkled, crumpled and
sheet like arrangement of GO sheets. The SEM image of ZrO, (Fig. 1B) shows a closely
assembled network of ZrO, particles while the SEM image of RGO-ZrO, (Fig. 1C) presents a

new morphology with a uniform distribution of numerous ZrO; particles on the surface of the
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RGO sheets with a particle size ranging in a few micrometers. The morphology of the RGO-
ZrO, composite reveals a uniform decoration of numerous ZrO, particles over the entire region
of the RGO sheets. The composite has a very good porous structure which can offer a good
platform for the immobilization of enzymes or proteins. The SEM image of GOx-PLL/RGO-
ZrO, (Fig. 1D) shows the complete coverage of RGO-ZrO; by GOx-PLL. The amount of GOx
immobilized on the modified electrode surface (I) is calculated to be 1.57x10™"° mol cm™
(calculated in the section 3.3). The AFM and Raman spectroscopy results also confirmed the

successful formation of RGO-ZrO; from GO and ZrO; (see Fig. S1 and Fig. S2).
[Fig. 1]

The EDX spectrum of GO (Fig. 1E) shows the presence of carbon and oxygen signals
with a weight percentage of 54.44 and 45.56% respectively. The oxygen signal reveals the
successful formation of GO from graphene. EDX spectra were obtained for the ITO glass and the
corresponding signal was deleted for the sake of clarification. The EDX spectrum of ZrO, (Fig.
1F) exhibited the signals for zirconium and oxygen with a weight percentage of 35.85 and
64.15%, respectively. The EDX spectrum of RGO-ZrO, (Fig. 1G) showed the signals for C, O
and Zr with weight percentages of 15.33, 50.72 and 32.95%, respectively. The Zr signals
revealed the incorporation of ZrO, into the RGO sheets. While the EDX spectrum for the GOx-
PLL/RGO-ZrO; exhibited the signals indicating the presence of C, O and Zr, with weight

percentages of 19.60, 59.59 and 20.81%, respectively (Fig. 1H).

3.1.2 XRD and XPS studies
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175 The XRD patterns for RGO (a), ZrO; (b) and the RGO-ZrO, composite (c) are presented
176  in Fig. 2A. The XRD image of RGO shows a broad (0 0 2) diffraction peak at approximately
177  24.2°, which can be interpreted as disordered stacked graphitic sheets, indicating that the GO has
178  been reduced to RGO, while ZrO, exhibits its characteristic diffraction peaks at 26 = 30°, 35°,
179  38°and 52°. Interestingly, the fact that the RGO-ZrO, composite exhibits all the aforementioned
180  diffraction peaks reveals the successful incorporation of ZrO; into RGO sheets. 49

181 [Fig. 2]

182 The XPS spectrum of the RGO-ZrO, composite shows the presence of the elements of
183  ZrO, and carbon (Fig. 2B). The peaks in the wide-scan XPS spectrum of RGO-ZrO,; (Fig. 2B)
184  correspond to the characteristic peaks of C 1s, O 1s, and Zr 3d, indicating the existence of
185  carbon, oxygen and Zr elements in the sample. This result is consistent with the EDX elemental
186  analysis. The signal for C 1s obtained at the C=C/C—C (284.5 eV), C-O/C-0O-C (hydroxyl and
187  epoxy groups, 286.4 eV), C=0 (carbonyl groups, 287.8 eV), and O—C=0 (carboxyl groups,
188  289.0 eV) indicates the presence of graphene sheets (see Fig. 2C), whereas signals corresponding
189  to ZrO,, such as O 1s, were observed at 532.6. Additionally, the peaks located at 182.8 and 185.4
190 eV can be attributed to the spin—orbit splitting of the Zr 3d components, Zr 3d s, Zr 3d 3/, (see
191  Fig. 2E). The binding energy of O 1s in zirconia is located at 530.1 eV. The peak positions and
192 their relative intensities are basically consistent with those for the standard cubic structure of
193  zirconia. It is noted in Fig. 2D that the peaks of Zr 3d and O s shift to higher binding energies
194  with increasing particle diameter. Thus, the XPS results also confirm the presence of the various
195 elements in the RGO-ZrO, composite *” and are in good agreement with the XRD results.

196

197  3.1.3 UV-visible spectroscopy and EIS studies

10
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Fig. 3A shows the UV-visible spectrum of GOx and PLL-GOx. The UV-visible spectrum
of GOx exhibits two well-defined absorption peaks at 380 and 455 nm which are characteristic
of the oxidized form of the FAD group present in GOx. The two peaks exhibited in the UV-
visible spectra of PLL-GOx and GOx-PLL/RGO-ZrO, are similar in position and shape
indicating that the original structural confirmation and native structure of GOx has not been

altered during the immobilization process. *'

[Fig. 3]

34 a5 the

EIS experiments were carried out in a PBS (pH 7) containing 5 mM Fe(CN),
supporting electrolyte at a potential of 0.5 V vs. a saturated Ag/AgCl, in the frequency range
between 0.1 Hz to 1 MHz. Fig. 3B shows the real and imaginary parts of the impedance spectra
represented as Nyquist plots (-Zim vs Zre) for bare GCE (a), RGO-ZrO, (b), GOx/RGO-ZrO; (c)
and GOx-PLL/RGO-ZrO, (d). The impedance values were fitted to the standard Randle's
equivalent circuit (see the inset to Fig. 3B) comprised of the charge transfer resistance (Ret),
ohmic resistance of the electrolyte solution (R;), Warburg impedance (Z,,) and surface double-
layer capacitance (Cqj). The semicircles obtained at a lower frequency correspond to a diffusion
limited electron-transfer process and those obtained at a higher frequency represent a charge-
transfer limited process. The EIS results of the bare GCE showed a semicircular area with Ret
554Q) with decreased in diameter upon modification with RGO-ZrO, Ret 30612, indicating the
increased conductivity at the electrode surface, which can be attributed to the excellent
conducting properties of the RGO sheets. The EIS results for the GOx-PLL/RGO-ZrO, show a

tremendous increase in the diameter of the semicircle and a significant increase of the value of

Ret to 978Q). The increase in the Ret value is indicative of increased electrical resistance at the

11
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221  electrode surface due to the insulating bulky protein structure of the GOx. Remarkably, the
222 extent of the increase in the electrical resistance upon GOx immobilization is a measure of
223 amount of immobilization. An Ret of 978C2 was observed when the GOx was immobilized along
224  with PLL onto the RGO-ZrO,, whereas an Ret of 703Q2 was observed when the GOx was
225  immobilized without PLL. The electrical resistance was higher in the PLL incorporating
226  electrode indicating that PLL plays a significant role towards enabling high GOx loading, a
227  results which is further confirmed by the CV studies discussed in section 3.2.

228

229 3.2 Direct electrochemistry of GOx

230 The direct electrochemistry of GOx at the GOx-PLL/RGO-ZrO,/GCE was examined by
231 cyclic voltammetry in N, saturated PBS (pH 7) at a scan rate of 50 mV s (Fig. 4A). No
232 noteworthy redox peaks were observed for the RGO-ZrO,/GCE (curve a), whereas a pair of
233 sharp well-defined redox peaks with a formal potential (E*') of -0.416 V (FAD/FADH,) were
234  observed for the GOx-PLL/RGO-ZrO, (curve c¢). These revealed the direct electron transfer of
235 GOx. The greatly enhanced peak currents and very low peak to peak separation ((AE,) 27 mV)
236  show the fast and efficient electrical communication between the modified electrode surface and
237  the active GOx sites. The large surface area and high conductivity of the composite are the
238  probable reasons for the greatly enhanced direct electrochemical behavior of the GOx. In order
239  to understand the role of PLL, we carried out cyclic voltammetry without the addition of PLL
240  into the electrode matrix. The feeble redox pairs of GOx with £ -0.417 V and AE, 125 mV
241  observed at the GOx/RGO-ZrO,/GCE (curve b) show the lack of efficient electrical
242  communication of the modified electrode with the GOx. On the other hand, the direct electron

243 transfer of GOx was greatly enhanced after the inclusion of PLL into the electrode matrix. This

12



Page 13 of 33

244
245
246
247
248
249
250
251
252
253

254

255

256

257
258
259
260
261
262
263
264

265

RSC Advances

result shows the crucial role of PLL towards promoting electrical communication between the
modified electrode surface and the GOx. The stability of the GOx-PLL/RGO-ZrO, in PBS (pH 7)
was also studied by scanning 500 continuous potentials at a scan rate of 50 mVs™. It was found
that 94.42% of the initial peak current was retained even after 500 continuous cycles, revealing
the outstanding stability of the modified film (Fig. S3A). On the other hand, for the GOx/RGO-
Zr0,/GCE, only about 79.87% of the initial peak current was retained after 500 continuous
cycles (Fig. S3B), showing the poor stability of the electrode without PLL. We also investigated
the individual role of RGO and ZrO, towards the direct electrochemistry of the GOx and glucose
sensors and assessed their special roles (Fig. S4). On the whole, GOx-PLL/RGO-ZrO, has been
proved to be an excellent matrix for the direct electrochemistry of GOx, creating a good

biocompatible environment for maintaining the bioactivity of the enzyme.
[Fig. 4]
3.3 Effect of scan rate and different pHs

The effect of the scan rate on the redox behavior of GOx in PBS (pH 7) was examined.
There was a linear increase in both /,, and /. as the scan rate increased from 0.1 to 1 V s! (Fig.
4B). A plot of the peak current versus the scan rate reveals a linear relationship which shows that
the direct electron transfer of GOx is a surface-controlled process (inset to Fig. 4B). The linear
regression equations for the anodic and cathodic process can be expressed as I./uA = 40.83
(0.38)v/ (LA/Vs )+ 4.54(x0.13)/ pA, R*=0.996 and I,./uA = -38.85 (£0.25)v/(uA/Vs™) - 4.016
(+0.14)/pA, R*=0.995, respectively.

The heterogeneous electron transfer rate constant (ks) between GOx and the modified

electrode was calculated using the Laviron eq. (1) %, (nAE, > 0.200 V),

13
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266

267 Log (k/s =a log(1 —a )+ (1 —a)loga—log[(RT/nFv)(1/s)] — a(l — a)nFAE,/23RT (1)

268

269  where « is tge charge transfer coefficient (calculated to be 0.5 using the Tafel equation), % v is
270  the scan rate in V s, # is the number of electrons, and the other parameters R, T and F represent
271  their usual meanings. The kg value at the GOx-PLL/RGO-ZrO, is calculated to be 5.03 s'l, which
272 is comparatively larger than the values reported in the literature, for instance for the MWNT-
273  Chitosan/CdSe@CdS composite (1.56 s™) **, glucose oxidase-graphene-chitosan (2.83 s™), ¥’ or
274  MWNT-coated electrospun gold fibers (1.12 s™). *® The comparatively higher k value achieved
275  for the GOx-PLL/RGO-ZrO, is indicative of the occurrence of rapid electron transfer between
276  the active redox sites for GOx at the modified electrode surface. The amount of electroactive
277  GOx available on the electrode surface (I) was calculated to be 1.568x10™'° mol cm™, which is
278  higher than the theoretical monolayer coverage of GOx. **

279 The redox coupling of GOx at the GOx-PLL/RGO-ZrO; is confirmed by the stable well-
280  defined and voltammetric redox peaks exhibited over the entire pH range from 1 to 9 (Fig. S6A).
281  The pH and E* (Fig. S6B) are plotted and who a linear relationship. The respective linear
282  regression equation can be expressed as E°/V = -0.0414 (= 0.51) /V — 0.0578 (= 0.40) pH/
283 (V/pH), R*= 0.998. Here the slope value is -57.8 V/pH, which is close to the theoretical value
284  obtained with the Nernst equation (-58.6 mV/pH) for the transfer process for an equal number of
285  protons and electrons. Thus, the electron transfer process of the FAD/FADH, redox couples
286  reported in this study involves an equal number of protons and electrons which is consistent with

287  the results reported in the literature. > *

288 3.4 Determination of glucose

14
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Fig. 5 shows CVs for GOx-PLL/RGO-ZrO, in an oxygen saturated PBS (pH 7) for
various glucose concentrations obtained after additions of 1 mM (b to e). A sharp voltammetric
peak is observed in the presence of glucose at a potential of -0.45 V which is responsible for the
electrochemical reduction of oxygen. The reactions occurring at the electrode surface can be

explained as follows:

Glucose + GOx (FAD) — Gluconolactone + GOx (FADH,), (2)
GOx (FADH,) + O, — GOx (FAD) + H,0,, 3)
0, + 4H" + 4¢” — 2H,0. 4)

The glucose was oxidized by the GOx to form gluconolactone, while the oxidized form
of GOx (FAD) was converted to the reduced form of GOx (FADH;) (eq. 2). Subsequently, the
FADH, was reoxidised to form FAD by consuming oxygen (eq. 3). Finally the reductive
detection of oxygen consumption was monitored at a potential of -0. 45 V (eq. 4). There was a
decrease in the peak reduction current responsible for the reduction of oxygen upon addition of
the glucose. The linear decrease in the reduction peak current with the consumption of oxygen
revealed the efficient electrocatalytic reduction of oxygen at the GOx-PLL/RGO-ZrO,/GCE. As
expected, the GOx-PLL/RGO-ZrO,/GCE exhibited better electrocatalytic activity for glucose
biosensing than the GOx-PLL/ZrO,/GCE or GOx-PLL/RGO modified GCE (See Fig.S5A and
B). It is known that very high over-potentials are required for the electrocatalytic activity of
glucose at the GOx-PLL/ZrO,/GCE and thus no obvious redox peaks were observed in this
electrochemical window (See Fig.S5B). In comparison with those for the GOx-PLL/ZrO,/GCE
and GOx-PLL/RGO modified GCE, a remarkable decrease in reduction current and positive shift

15
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312 of the peak potential can be observed for the GOx-PLL/RGO modified GCE, however it
313  demonstrated less electrocatalytic activity than that of the GOx-PLL/RGO-ZrO,/GCE. All these
314  observations indicate the excellent electrocatalytic capability of the GOx-PLL/RGO-ZrO,/GCE
315  for glucose biosensing (See Fig. 5). We speculate that it was the high surface area of the RGO-
316  ZrO, films that increased the capacity for GOx-PLL immobilization, facilitating faster electron-

317  transfer kinetics for glucose biosensing and electrocatalytic activity.
318 [Fig. 5]

319 Further, we also investigated the contribution of PLL towards glucose biosensing. Fig. S7
320  (A) shows the CVs obtained at the GOx/RGO-ZrO,/GCE (A) in the absence (a) and presence of
321 3 mM glucose (b) in PBS (pH 7) at a scan rate 50 mV s™. In the absence of glucose there was a
322 sharp reduction peak observed at the potential of -0.45 V which can be attributed to the oxygen
323  reduction. No obvious increase in the peak current was observed upon the addition of glucose,
324  indicating that the modified electrode did not have the electrocatalytic ability to sense glucose.
325  Fig. S7 (B) shows the CVs obtained at the GOx-PLL/RGO-ZrO; (A) in the absence (a) and
326  presence of 3 mM glucose (b) in PBS (pH 7). A sharp increase in the peak current was observed
327  upon addition of 3 mM of glucose indicating the excellent electrocatalytic ability of the PLL
328  containing modified electrode for glucose biosensing. Thus PLL plays a major role in the GOx-
329  PLL/RGO-ZrO, composite towards the determination of glucose.

330

331 3.5 Biosensing of glucose at GOx-PLL/RGO-ZrO,/GCE

332 Fig. 6A shows the DPVs for the GOx-PLL/RGO-ZrO; in an oxygen saturated PBS (pH

333 7) with various concentrations of glucose. In the absence of glucose, a sharp peak was observed

16
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at the potential -0.4 V which can be ascribed to the reduction of oxygen. There was a decrease in
the peak current after the addition of 0.29 mM glucose. The peak current decreased linearly upon
further addition of glucose indicating the consumption of oxygen after each addition. This could
be attributed to the good electrocatalytic ability of the GOx-PLL/RGO-ZrO, modified electrode
for the efficient reduction of oxygen, which would indirectly assist in the monitoring of the
concentration of glucose.

[Fig. 6]

A linear calibration plot was made between the concentration of glucose and the peak
current (Fig. 6B). The linear regression equation can be expressed as Ip(nA) = 2.797 (= 0.041) +
100.6 (= 0.072) Cglycose (mM), R*> = 0.992. The fabricated biosensor exhibited a wide linear range
between 0.29 and 14 mM. The sensitivity of the biosensor calculated from the slope of the
calibration plot was determined to be 11.65 (+ 0.17) pA mM™ cm™. The limit of detection (LOD)
was calculated to be 0.13 (= 0.021) mM. Here, the LOD was calculated using the formula, LOD=
3 sp/S, where sy 1s the standard deviation of ten blank measurements and S is the sensitivity. >4
The important analytical parameters were compared with those for reported for other sensors
available in past studies (Table 1). As can be seen from Table 1, the GOx-PLL/RGO-ZrO,
offered a quite comparable analytical performance. The results revealed the good capability of
the sensor towards the determination of glucose. The DPV technique, which is very sensitive,
selective and does not require hydrodynamic conditions as in the case amperometric technique,

was used.

[Table 1]

3.6 Determination of glucose in urine samples

17
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356 The practicality of the proposed sensor was also investigated by testing urine samples
357  collected from a diabetes patient. The amount of glucose present in the urine sample was pre-
358  determined by photometric analysis with a ROCHE COBAS C 111 ANALYZER to be 6.423
359  mM. Then the amount of glucose was also determined using the GOx-PLL/RGO-ZrO2 modified
360 electrode via DPV. The standard addition method was adopted to calculate the concentration of
361  glucose and it was found to be 6.744 mM, a result which is in good agreement with the
362  photometric analysis. This confirms that the proposed sensor can be useful for the determination

363  of glucose present in human urine samples.

364 Next, urine samples collected from a healthy man were diluted in 0.1 M PBS at a
365 ratio of 1: 100. Known concentrations of glucose samples were spiked into the urine samples
366  which were analyzed using the GOx-PLL/RGO-ZrO2/GCE (Fig. S8). Fig. S8 presents the CVs
367  obtained for the GOx-PLL/RGO-ZrO2/GCE for urine samples without (a) with 1 mM (b), 2 mM
368 (c), 3 mM (d) and 4 mM glucose (e); the scan rate was 50 mV s-1. Recovery rates were
369  calculated from the CV results. Comparison of the values for the spiked samples and determined
370  samples exhibited good recoveries from 97 to 102.5%, as shown in table 2. Good recoveries
371  achieved for the determination of glucose in the spiked human urine samples revealed the
372  practicality of the proposed biosensor.

373 3.7 Stability, repeatability and reproducibility studies

374 The repeatability of using the same GOx-PLL/RGO-ZrO, modified electrode was
375  examined. In the tests we used 1 mM of glucose in a 0.1 M pH 7.0 PBS. Results showed that the
376  relative standard deviation for 5 determinations was 2.57 % (see Fig. S9). In addition, the
377  relative standard deviation of the current signals for measurement of 1 mM glucose in 0.1 M pH

378 7.0 PBS for 6 independently prepared biosensors was determined to be 2.6 %, which proves the

18
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good reproducibility of the biosensor preparation process (see Fig. S10). On the other hand, the
long-term stability of the proposed biosensor was also estimated by measuring its response to a 1
mM glucose solution after the electrode had been stored in a dry state at 4 °C for 1 month. The
biosensor retained 94.4% of its original response after 1 month, which proves that the RGO-ZrO,
efficiently maintained the activity of GOx (see Fig. S11). The appreciable stability, repeatability
and reproducibility results achieved indicate that the GOx-PLL/RGO-ZrO, modified electrode
based sensor is a versatile sensor for the determination of glucose.

4. Conclusion

A GOx-PLL/RGO-ZrO, modified electrode was prepared by a simple electrochemical
process. The direct electrochemistry of the GOx showed greatly enhanced redox peak currents
and fast electron transfer constants. The modified electrode exhibited excellent electrocatalytic
ability towards the determination of glucose by the reductive detection of oxygen. The developed
biosensor exhibited good analytical parameters for efficient glucose determination by the DPV
technique. In addition, the sensor offered good repeatability, reproducibility and stability results.
The excellent performances of the prepared composite film can also be explored for the

immobilization of other redox enzymes or proteins.
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Comparison of the electroanalytical parameters of the GOx-PLL/RGO-ZrO, with other GOx-

based modified electrodes

Electrode Method Linear range/mM Sensitivity Ref.
uA/mM/cm2
- DP 01-1.11 -
GOX-"PMB@SiO3(nano) v 0.0 55
GOX/(SiO,-"PA) DPV 0.016 -8 - 56
GOx/colloidal Au cv 0.04 - 0.28 8.4 57
“PDDA-GOx/AWCNT | ~mperometry 0.5-5.0 2.5 58
dOOPPy—nano AWGOx Amperometry 1- 8 - 39
GOx/SnS /Nafion/GCE | AAmperometry 0.025-1.1 7.6 60
2
GOx/Pt° FCNA/GCE | AAmperometry 0.5-8.0 6.0 61
Nafion/GOx/Ag/ | ‘xmperometry | 0.05-L1.1 3.1 62
'Pdop@CNT/GCE
RGO/Ag/GOx cv 0.5-12.5 3.84 63
- +
GOx-PLL/RGO-ZrO, bPV 0.29 -14 11.65 (+0.17) 5
ur
work

* poly(methylene blue) b phytic acid © Poly(diallyldimethylammonium chloride) 4 overoxidized

polypyrrole ‘flower-like carbon nanosheet aggregation. 'polydopamine.
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Figure Captions

Fig. 1 SEM images of GO (A), ZrO; (B), RGO-ZrO, (C) and GOx-PLL/RGO-ZrO; (D). EDX

images of GO (E), ZrO; (F), RGO-ZrO; (G) and GOx-PLL/RGO-ZrO, (H).

Fig. 2 (A) XRD patterns of RGO (a), ZrO, (b) and RGO-ZrO, composite (c). (B) XPS spectrum
of RGO-ZrO, composite, (C) C 1s XPS spectra of RGO-ZrO, composite, (D) deconvoluted O 1s

spectra of RGO-ZrO, composite, (E) Zr 3d core-level spectrum of the RGO-ZrO, composite,

Fig. 3 (A) UV-Vis spectra of GOx, GOx-PLL and GOx-PLL/RGO-ZrO,. (B) Nyquist plots from
EIS results for bare GCE (a), ZrO,/GCE (b), RGO-ZrO,/GCE (c), GOx-PLL/RGO-ZrO, (d) in

PBS (pH 7) containing 5 mM Fe(CN)s>"*". Inset: Randles equivalent circuit model.

Fig. 4 (A) CVs of bare (a) RGO-ZrO, (b) and GOx-PLL/RGO-ZrO; (¢) film modified GCEs in
0.05 M nitrogen-saturated PBS (pH 7) at the scan rate 50 mV s™. (B) CVs of GOx-PLL/RGO-
ZrO; in PBS (pH 7) at the different scan rates from 0.1 to 1 V s Inset: Plot of I, and I,,c versus
scan rates. I,/pA is presented as a function of vI(Vs™), Lo/pA = 40.83 (+0.38) v/(uA/Vs'l) +
4.54(+0.13)/uA, R*=0.996 and I,J/uA = -38.85 (£0.25) v/(uA/Vs') - 4.016 (£0.14) /uA,
R?=0.995 respectively. Error bars represent the standard deviation for 3 independent

measurements.

Fig. 5 CVs of GOx-PLL/RGO-ZrO, in oxygen saturated PBS (pH 7) containing various

concentrations of glucose 0 (a), 1 (b), 1.96 (c), 2.91 (d) and 3.84 mM (e) at a scan rate 50 mV s
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Fig. 6 (A) DPVs of GOx-PLL/RGO-ZrO, in oxygen saturated PBS (pH 7) without glucose (a)
and with glucose concentrations ranging from 1 to 7 mM (b to h). (B) Plot of response current vs.
concentration of glucose. Ip(nA) = 2.797 (£ 0.041) + 100.6 (£ 0.072) Cglycose (mM), R* = 0.992.

Error bars represent the standard deviation of 3 independent experiments.

26

Page 26 of 33



Page 27 of 33 RSC Advances

525 Figures

Counts(a.u.)

0 1 2 3 4 5 6 7 8 9
Full Scale 153 cts Cursor: 0.000 keV

Energy/KeV

0
Full Scale 164 cts Cursor: 0.000

Energy/KeV

Full Scale 1021 cts Cursor: 0.000

Energy/KeV

CdUnts(a.u.) "

) 1 2 3 4 5 6 7

Full Scale 121 cts Cursor: -0.120 (0 cts)
526 Energy/KeV
527 Fig. 1.

27



528

529

Intensity(a.u.)

Intensity(a.u.)

RSC Advances
5 .
NT -
s T S
~ =T|,8 g s
3 g\ s 2
o N g 2
e M e 8
W“C',*,,Mﬂh»- "\ Wﬁ ﬂwl i .
a
20 40 60
20/deg
L
B )
3
8
>
=
& e
2 5 & © 7}
N = - ) N E
n< N o . —
oN ], N k
T T T T
200 400 600 800

Binding energy (eV)

C
C1s
C=C
C=0
250 255 250

Binding energy (eV)

O1s

L

530

525 535

Binding energy (eV)

Intensity(a.u.)

180

182

184

186 188

Binding energy (eV)

28

Page 28 of 33

540

Fig. 2



Page 29 of 33

Absorbance(a.u.)

Z IO

530

531

532

RSC Advances

A

A/\Gox-/m{
W
~In\Nl,’\\\h-dﬁfffzz.“..h-n-nqn-n

400

500

600 700

A/nm

200 400 600 800 1000 1200

Z./Q

1000

1500 2000 2500
Z./Q

29

Fig. 3



-2.4 -

-1.8
-1.2
-0.6

IIhA
o

0.6
1.2
1.8

120

180

240

533

534

535

RSC Advances

0.6 0.4 0.2

E/V(vs. Ag|AgCl)

o=

0

0.5
yIVs™

-0.6 -Ol.4 -OI.Z
EIV(vs. Ag|AgCl)

30

0

Page 30 of 33



Page 31 of 33 RSC Advances

-10 -
0 -
e
« 10+ T
=
— 20 -
d
30 -
40 -
| | | |
-8.0 -6.0 -4.0 -2.0 0
o E/V(vs. Ag|AgCl)
537 Fig. 5

538

31



539

540

541

IIuA

20
40
60
80
100
120
140

RSC Advances Page 32 of 33

08 06 -04  -02 0

E/V(vs.Ag|AgCil)

0 5 10 15
[glucose]l/mM

Fig. 6



Page 33 of 33 RSC Advances

Graphical Abstract

OH

GO,-PLL/IRGO-Zr0,

Schematic representation of the preparation procedure of GOx-PLL/RGO-ZrO, composite.



