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Abstract

The use ofmetal oxide nanoparticles for the development of cost-effective glucose biosensors has been
receiving increased attention. Enzymatic and non-enzymatic glucose sensor using polyethylene glycol
(PEG) graftedmanganese ferrite (PEG-MnFe2O4) nanoparticles (NPs)modified onto a glassy carbon
electrode (GCE) is reported in the present study. XRD andRaman studies confirmed the cubic spinel
structure ofMnFe2O4.The immobilization of glucose oxidase (GOx) onPEG-MnFe2O4

(GOx@PEG-MnFe2O4)was validated using FTIR andTGA. Sensing electrodes exhibitedwell-defined
redox peaks in 0.1Mphosphate buffered saline (PBS) solution at pH7.4 against the reference electrode
Ag/AgCl. GOx@PEG-MnFe2O4/GCEdisplayed a sensitivity of 1.985 μAmM−1 cm−2 in the linear
range of 1 to 20mMwith a limit of detection (LOD) of 0.132mMwhereas non-enzymatic sensor
exhibited a sensitivity of 1.044 μAmM−1 cm−2 in the linear range of 1 to 10mMwith a LODof
0.099mM.The lowerMichaelis constant (Km

app) value indicates greater affinity towards glucose for the
enzymatic sensor. GOx@PEG-MnFe2O4 revealed selectivity specifically for glucose over various
interferants such as fructose, lactic acid, sucrose, uric acid and ascorbic acid. In addition, this
enzymatic sensor demonstrated better reproducibility and lifetime.

1. Introduction

Diabetesmellitus commonly referred to as diabetes is one of themajor health concerns affecting vastmajority of
theworld population. As estimated by the International Diabetes Federation (IDF), one in every 10 people
suffers fromdiabetes and approximately 463million adults in the age group of 20 to 79 years are having diabetes
[1]. Diabetes is a condition resulting from the lack of insulin in bodywhich causes abnormally high blood-
glucose concentration (hyperglycemia).Monitoring the glucose level is a critical factor for the treatment of
diabetes as higher dosage ofmedicine can trigger glucose level to drop below the normal (hypoglycemia).
Reusable type glucose sensors are not commercially available and the development of such reusable sensors can
revolutionize thefield.Many glucose sensors (both enzymatic and non-enzymatic) are being developed inwhich
the enzymatic typemakes use of an enzyme for direct reactionwith glucose aiding for electron transfer while
non-enzymatic sensors cause the direct oxidation of glucose.

Enzymatic electrochemical glucose sensors have been receiving immense attention for blood glucose
detection due to its high sensitivity, selectivity and low limit of detection (LOD). Among thewidely used
enzymes, glucose oxidase (GOx) catalyses glucose oxidation in presence of oxygen toD-glucono-1,5-lactone
which then hydrolyses to gluconic acid and hydrogen peroxide whereas the enzyme glucose dehydrogenase
catalyses glucose toD-glucono-1,5-lactone [2]. GOx is considered as the gold standard for enzymatic glucose
sensing owing to its high specificity to glucose. GOx is a homodimeric enzymewithflavin adenine dinucleotide
(FAD) bound non-covalently to its active sites [2]. However, direct electron transfer between enzymes and
electrode can lead to very less sensitivity. The activity of electrode can be enhanced by conjugating nanomaterials
based on carbon [3–7], noblemetals [8] alongwith their alloys [9–11], transitionmetals [12] and their oxides
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[13, 14] or alloys [15]whichwill aid in the electron transfer as amediator to the sensing electrode. In spite of the
fact that enzymatic glucose sensors possess high selectivity and stability, their use is restricted due to poor
enzymatic activity influenced by pH, humidity, thermal conditions and presence of chemicals which degrade the
enzyme [8]. These drawbacks propelled extensive research in the field of non-enzymatic sensors, out of which
transitionmetals and their alloys have been proven to bemost effective with high selectivity and sensitivity [14],
however, the associated high cost limits their usage. Lee et al reported the performance of enzymatic and
nonenzymatic glucose sensors using nanostructured Au–Ni alloy. This work demonstrated the superior
performance of the enzymatic glucose sensor with sensitivity of 1.302 μAmM−1with LODof 0.29 μM
validating excellent selectivity, stability and linear range comparedwith non-enzymatic sensorwith sensitivity
0.9601 μAmM−1with LODof 5.84 μM [16]. In a similar study,Mohapatra et al. investigated enzymatic and
non-enzymatic glucose sensors using a carbon nano-onionmodified sensor possessing a higher sensitivity for
the enzymatic onewith 26.5 μAmM−1 cm−2with LODof 0.21 mMcompared to the non-enzymatic with
21.6 μAmM−1 cm−2with LODof 0.09 mM [3]. All these experimental investigations suggested the potential of
NPs-based glucose bio-sensors for improving the sensing performance with high stability, sensitivity, selectivity
and LOD.

Spinel ferrites have been reported to increase the electronic conductivity, structural stability and reversibility
of the electrodematerial which can improve the performance of electrochemical sensing devices [17].
Manganese ferrite (MnFe2O4), one of the spinel ferrites, possesses beneficial properties such as enhanced
electrical andmagnetic properties with thermal and chemical stabilities, has been applied in various fields such
as batteries [18], ferrofluids [19], catalysts [20] and biomedical applications [21, 22]. In the present study,
MnFe2O4has been chosen for glucose sensing owing to its excellent biocompatibility apart from the above-
mentioned advantages. In order to improve themonodispersity and structural stability of the nanoparticles
(NPs), conducting polymers such as polyethylene glycol (PEG), polyethylenimine (PEI), polyvinyl alcohol
(PVA), polyaniline (PANI) are being extensively investigated for biosensing applications [23]. Polymers can act
as coatings which provide electrostatic, steric, or electrosteric repulsive forces betweenmagnetic nanoparticles
(MNPs) preventing aggregation and promotingNPs dispersity as well as colloidal stability [24].Monodispersity
improves the electrical conductivity ofNPswhich is beneficial for sensing applications.Moreover, such
polymers have been utilized for the construction of biosensors as well as supportingmatrix for the
electrochemical activity. PEG is one of themost explored polymers as stabilizing or coating agent forNPs
[25–27]. This hydrophilic biocompatible conducting polymer has been approved by the Food andDrug
Administration for various biomedical [28] and sensing applications [29, 30]. Severalmethods such as co-
precipitation, hydrothermal,microemulsion, thermal decomposition,microwave-assisted etc have been
introduced to synthesizeMNPs [31, 32]Among the synthesis processes, hydrothermalmethod possesses the
advantage of the formation ofmonodispersed,morphologically controlled and better crystalline naturedMNPs
[33–35].

In the present study, PEG graftedMnFe2O4NPs via hydrothermal approach have been synthesized and
tested towards glucose sensing. A comparative analysis for enzymatic and non-enzymatic glucose sensing has
been reported. Here, PEG-MnFe2O4NPs act asmediators for promoting electron transfer in enzymatic glucose
sensorwhereas direct oxidation reaction of glucose results for electron transfer in non-enzymatic glucose
sensor. Finally, the results of two electrodes were compared to evaluate the better sensing performance.

2.Materials andmethods

2.1.Materials

Glucose oxidase (GOx), D+glucose,manganese chloride tetrahydrate (MnCl2.4H2O), iron chloride
hexahydrate (FeCl3.6H2O), ethylene glycol, hydrazine hydrate, polyethylene glycol (PEG)-4000, uric acid, L—
ascorbic acid and nafionwere purchased fromSigma-Aldrich. Sodiumhydroxide (NaOH), ethanol (C2H5OH),
potassium chloride (KCl), potassium ferricyanide (K3[Fe(CN)6]), sucrose, D—fructose and lactic acidwere
purchased fromSDFCL. 10XPBS (7.4 pH)was purchased fromSRL.Deionised (DI)water was used throughout
the experiments

2.2. Synthesis ofMnFe2O4NPs via hydrothermalmethod

MnCl2.4H2Oand FeCl3.6H2O in 1:2 ratios dissolved in 50 ml of ethylene glycol were taken in a 100 ml teflon
container. 1 g PEGdissolved in 5 ml ethylene glycol was then added to the abovemixture. Upon complete
dissolution, 5 ml of hydrazine hydrate was added to the abovemixture andmaintained the pH at 12. Thewhole
solutionwas stirred for 1 h under nitrogen blanket and then transferred to a stainless-steel autoclave and kept in
a furnace at 200 °C for 24 h. Later, the synthesizedmaterial waswashedwithwater and ethanol several times and
separated usingmagnetic separation. The synthesized sample is labelled as PEG-MnFe2O4.
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2.3. GOx immobilizedMnFe2O4modifiedGCE

Glassy carbon electrode (GCE)wasfirst polishedwith 1.0 μ, 0.3 μ and 0.05 μ grade alumina powder and then
wipedwithDIwater and ethanol. 5 μl of the PEG-MnFe2O4 solutionwas dropped on to theGCE and kept for
drying to obtain PEG-MnFe2O4/GCE. Later, 5 μl of GOxwas dropped on to the PEG-MnFe2O4/GCE followed
by casting 5 μl nafion on the surface of PEG-MnFe2O4/GCE to prevent the detachment of GOx during
experimentation. GOx immobilizedMnFe2O4 is labelled asGOx@PEG-MnFe2O4.

2.4. Electrochemical analysis

Electrochemical experiments were performed using a CHI660C electrochemical analyzer with 20 ml of 0.5 M
KCl+2 mMK3[Fe(CN)6] as supporting electrolyte. The cyclic voltammetry (CV)was carried out in the
potential range from−0.8 to 0.8 V for the bareGCE, PEG-MnFe2O4/GCE andGOx@PEG-MnFe2O4/GCE at
different scan rates of 10, 50 and 100 m V s−1. CV for different glucose concentration ranging from0–10 mM
were carried out in an electrolyte of 0.1 MPBS at 7.4 pH.Differential pulse voltammetry (DPV)was also
conducted at 10 mV increment for both the electrodes. Amperometric analysis was performedwith the addition
of glucose in an electrolyte of 0.1 MNaOHat−0.7057 V to−0.3730 V. The selectivity was further studied for
enzymatic sensor by adding interferants such as fructose, lactic acid, sucrose, uric acid and ascorbic acidwith the
concentration of 10 mM.A schematic illustration of PEG-MnFe2O4NPsmodifiedGCE for electrochemical
sensing is shown infigure 1.

2.5.Material characterizations

Phase and crystal structure of theNPswere characterised using x-rayDiffraction (XRD) recorded in BrukerD8
Advance equipment atλ=1.54 Å fromCuKα radiation. Raman spectra providing information about the
chemical bondingwere recorded using aHORIBA Scientific system equippedwith 532 nm laser source at
3.6 mW laser power. Surface functionalization andGOx loadingwas confirmed using Fourier transform
Infrared (FTIR, IRAffinity-1 Spectrophotometer) spectroscopy. Thermogravimetric analysis (TGA)was
performed for determining the thermal stability with the aid of a TGA, SDTQ600, TA Instruments by heating
the sample from room temperature to 800 °Cunder nitrogen environment.Morphologywas studied using FEI,
Tecnai G2 F30 Field EmissionGun-Transmission ElectronMicroscope 300 kV (HR-TEM) and a FEI, Quanta
200 Field Emission Scanning ElectronMicroscope (FESEM). BET andBJH isothermswere used to investigate
the pore size, pore volume distribution and specific surface area employingQuantachromeNova Station 1000
instrument. CV,DPV and amperometric analysis of theNPsweremeasured in a three-electrode basedCHI660C

Figure 1. Schematic of PEG-MnFe2O4NPsmodifiedGCE for electrochemical sensing.
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electrochemical workstation. GCE, Ag/AgCl and platinumwere used asworking, reference and counter
electrodes respectively.

3. Results and discussions

3.1. Structural analysis

TheXRDpatterns, shown infigure 2(a) exhibit peaks corresponding to the cubic spinelmanganese ferrite crystal
structure (JCPDSNo.073-1964).Major peaks at 2θ (degree) values of 30.29, 35.53, 43.13, 56.92, and 62.61°
correspond to the planes (220), (311), (400), (511) and (440) respectively ofMnFe2O4. Sharp peaks revealed the
highly crystalline nature of the sample. No other impurity peaks have been detected. The average crystallite size
of theNPs is calculated to be 21.23±0.42 nmaccording toDebye–Scherrer equation based on full width half
maximumof themajor peak at 35.53°. The lattice parameter ‘a’ is estimated to be 8.37 Å using formula

= ´ + +d h k la 2 2 2 where h k, and l represents themiller indices of themajor peak and d is the
interplanar spacing. The calculated value is very close to the reported value in JCPDSNo.073-1964 ofMnFe2O4.
PEG incorporation does not transform the crystal structure and phase ofMnFe2O4.

3.2. Raman spectroscopy

Raman spectrumof PEG-MnFe2O4NPs in the frequency range of 100–800 cm
−1 is shown infigure 2(b). Broad

peaks observed at∼224, 262, 356 and 607 cm−1 closelymatch to those reported value forMnFe2O4 [36]. A slight
shift in the peaks towards lowerwavelength can be observedwhich is ascribed to the longer chemical bond
length of themolecule [37]. High frequency peak at∼607 cm−1 belongs to theA1g (Mn2+O) vibrationalmode
associatedwith the symmetric stretching of oxygen atoms alongMn–Obond at the tetrahedral site. Peaks
observed at∼224, 262 and 356 cm−1 correspond to the A1g, Eg andT1modes respectively of Fe3+–Obond at the
octahedral site [38]. No other impuritymodes are observed revealing the pristineMnFe2O4NPs.

3.3. FTIR analysis

FTIR spectrumof PEG-MnFe2O4NPs infigure 3(a)displays two characteristicmetal-oxygen bands at∼872 and
545 cm−1which can be assigned toMn–Oand Fe–Obonds at tetrahedral and octahedral sites respectively. Two
bands observed at∼1420 cm−1 and∼1633 cm−1 correspond to theC–Hbending andO–Hstretching vibrations
of PEG respectively [39]. Aweak band at∼2950 cm−1 corresponds to the asymmetric CH2 bending vibration
whereas a broad vibration band near∼3346 cm−1 attributes toOH stretching vibrations of watermolecules
adsorbed on the surface ofNPs [40]. These observed bands revealed the successful coating of PEGonto the
surface ofMnFe2O4NPs. FTIR spectrum (infigure 3(b)) of bare GOx exhibits a broad absorption band at
∼3280 cm−1 corresponding to theN–Hstretching and peaks observed at∼1639 cm−1 and∼1531 cm−1

correspond to the amide bands [41]. Specifically, band at∼1639cm−1 is observed due to the carbonyl (C=O)

vibrations of peptide bondswhereas∼1531 cm−1 is due to theN–H in-plane bending andC–Nstretching
modes of polypeptide chains of bareGOx. FTIR spectrumofGOx@PEG-MnFe2O4 shown infigure 3(c) exhibits
similar peaks of PEG-MnFe2O4 andGOx confirming the successful coating ofGOx onPEG-MnFe2O4. It is
proposed that negatively charged nitrogen (N−) ofNH2 groups present inGOx effectively coordinates
PEG-MnFe2O4 via physical adsorption resulting inGOx@PEG-MnFe2O4.

Figure 2. (a)XRDpattern and (b)Raman spectrumof PEG-MnFe2O4NPs.
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3.4. Thermal analysis (TGA)

TGAcurve ofGOx@PEG-MnFe2O4NPs infigure 4 exhibits three significantweight losses. A gradual weight loss
observed below 200 °C is due to the desorption of adsorbedwater. Second significantweight loss observed in
between 200 –400 °C is attributed to the loss of GOx confirming the immobilization ofGOx on the surface of
PEG-MnFe2O4NPs asweight loss due toGOx generally starts around 200 °C [42]. Thirdweight loss observed
above 400 °Ccan be ascribed to the complete decomposition of PEG chemisorbed on the surface ofMnFe2O4

NPs. A total weight loss of around 8.6% affirms improved thermal stability. Therefore, it is obvious that the
immobilization ofGOx onPEG-MnFe2O4 aswell as binding of PEGonMnFe2O4 has been effectively
accomplished.

Figure 3. FTIR spectra of (a)PEG-MnFe2O4NPs, (b)GOx and (c)GOx@PEG-MnFe2O4.

Figure 4.Weight versus temperature plot ofGOx@PEG-MnFe2O4NPs.
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3.5.Microstructural analysis

HRTEMmicrograph of PEG-MnFe2O4NPs infigure 5(a) exhibits an interconnected network of particles
possessing a quasi-cubic shapewith a dimension of∼40.7±3.87 nm. Figure 5(b) displays the lattice fringes
which correspond to the (311) planewith an interplanar spacing of 0.25 nmand (400) planewith a spacing of
0.21 nm. Selected area electron diffraction (SAED) pattern infigure 5(c)matches withXRDdata confirming the
cubic spinel structure ofMnFe2O4. Diffraction rings correspond to (111), (220), (311), (400), (511) and (440)
planeswith interplanar spacing of 0.49 nm, 0.31 nm, 0.25 nm, 0.21 nm, 0.16 nmand 0.15 nm respectively of
MnFe2O4 (JCPDS cardNo. 73-1964).Moreover, from the FESEMmicrographs (figure S1 is available online at
stacks.iop.org/MRX/7/094001/mmedia), it has been confirmed that the individual NPs aggregate and form an
interconnected structure resembling directional growth probably due to polymer coating and/or presence of
ions like Fe3+ andMn2+. According to the compactedmorphology, it is expected that the immobilisation of
GOx onto the surface of PEG-MnFe2O4NPs is via physical adsorption rather than via pores.

3.6. BET analysis

The BET analysis (figure 6) suggests that PEG-MnFe2O4NPs exhibit an average pore diameter of∼4.54 nmwith
a pore volume of 0.059 cc/g and a BET surface area of 52.71 m2 g−1. Though the exact dimensions of glucose
oxidase are still uncertain, values for the dimeric structure fall within themesoporous range (7×5.5×8 nm
for the dimer) [43]. The immobilization ofGOx occurs via poreswhen the size of the enzyme is comparable to
the surface pores outside ofNPs. Since the average pore size of theNPs is small compared to the dimensions of
the enzyme, the immobilization of theGOx enzyme onto the surface of PEG-MnFe2O4 is assumed to be accrued
not via pores rather than by physical adsorption through hydrogen bonding. This hypothesis is consistent with
the reported literature [44].

Figure 5. (a)HRTEM image, (b) lattice fringes and (c) SAEDpattern of PEG-MnFe2O4NPs.

Figure 6.N2 adsorption- desorption isothermswith pore size distribution (inset) of PEG-MnFe2O4NPs.
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3.7. Electrochemical study

3.7.1. Cyclic voltammetry (CV)

The electrocatalytic activities of PEG-MnFe2O4/GCE andGOx@PEG-MnFe2O4/GCEwere studied using cyclic
voltammetry. Figure 7 displays theCVof bareGCE, PEG-MnFe2O4/GCE andGOx@PEG-MnFe2O4/GCE in
0.5 MKCl+2 mMK3[Fe(CN)6] electrolyte in presence and absence of glucose at a scan rate 100 mV s−1. CV
curve displays oxidation—reduction peaks for all the three systems confirming the occurrence of redox reaction
due to the presence of Fe3+/Fe2+ in the ferricyanide solution. CV forGOx@PEG-MnFe2O4/GCE electrode
exhibits themaximum current variation among others. GOx reduces flavin adenine dinucleotide (FAD) to
FADH2which produces electrons and PEG-MnFe2O4NPs promote the electron transfer as amediator to the
sensing electrode. However, the current values are lesser for PEG-MnFe2O4/GCE electrode due to the absence
of a highly reactivematerial (GOx) causing for electron transfer.

Figure 8 shows the I–V curves of PEG-MnFe2O4/GCE andGOx@PEG-MnFe2O4/GCEwith different scan
rates of 10, 50 and 100 mV s−1 for a glucose concentration of 10 mM. Increasing scan rate increases the anodic
current (highest oxidation current) for both enzymatic and non-enzymatic sensor. Among these, higher
oxidation current of 4.097 μAwas observed for GOx@PEG-MnFe2O4/GCE than PEG-MnFe2O4/GCE
(oxidation current is 3.81μA) for the highest scan rate of 100 mV s−1. This suggests that
GOx@PEG-MnFe2O4/GCE shows better electrocatalytic activity towards glucose oxidation. It is evident that
the anodic peak current increases linearly with square root of scan rate with high correlation coefficient R2

(shown in inset offigures 8(a), (b)) indicating that the reaction is diffusion controlled according to Randles–
Sevcikmodel [4, 45, 46]. In addition, the electron transfer process exhibited a quasi-reversible nature. The
electro-active surface area for theGOx@PEG-MnFe2O4/GCEwas determined using Randles–Sevcik equation:

/ / /g= ´I AD N C2.69 10P
5 1 2 3 2 1 2

where IP represents themaximumcurrent in Ampere; g, the scan rate is 100 mV s−1; N, the electrons
participating in the redox reactionwhich is 1 for the [Fe(CN)6]

4−/3−; D, the diffusion coefficient calculated from

Figure 7.CV response of bareGCE, PEG-MnFe2O4/GCE, andGOx@PEG-MnFe2O4/GCE electrodes at scan rate of 100 mV s−1 in
the 0.5 MKCl+2 mMK3[Fe(CN)6] electrolyte solutionwith (a) 0 mMand (b) 10 mMglucose addition.

Figure 8.Cyclic voltammetry of (a)PEG-MnFe2O4/GCE, (b)GOx@PEG-MnFe2O4/GCE at scan rates of 10, 50, 100 mV s−1with a
glucose concentration of 10 mM in 0.5 MKCl+2 mMK3[Fe(CN)6] solution. A plot of peak current versus square root of scan rate is
shown in insets.
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slope of current and square root of scan rate found to be 4.571×10−7 cm2s−1 andC, concentration of analyte in
the solution (mol cm−3). The electro active surface area (A) is found to be 0.007 12 cm2 and 0.006 97 cm2 for
GOx@PEG-MnFe2O4/GCE and PEG-MnFe2O4/GCE respectively. These results imply that electroactive
surface area of both these electrodes seems to be similar evidencing improved conductivity.

For determining the effective performance of the electrodes in physiological conditions, current response at
varying glucose concentration of 0 to 10mMand at a scan rate of 100 mV s−1using 0.1 MPBS as electrolyte was
investigated. It is observed that both the electrodes exhibited electrocatalytic activity towards glucose oxidation
in PBS solution. Figure 9(a) depicts the CVof PEG-MnFe2O4/GCE inwhich the anodic peak obtained at+0.1 V
and the cathodic peak obtained at−0.1 V can be ascribed to the oxidation and reduction of glucose occurring
due to the direct electron transfer from theNPs to the glucose in the solution. Similarly, anodic current increase
with glucose concentration evident from figure 9(b) confirms that the glucose is catalysed by the enzymeGOx
using oxygen to generate hydrogen peroxide [47]. The possiblemechanismof glucose sensing is supported by
the following redox reactions:

( )+ -  + -Glucose GOx FAD Gluconoactone GOx FADH 12

( )- +  - +GOx FADH O GOx FAD H O 22 2 2 2

( )+  +Glucose O Gluconoactone H O 32

GOx

2 2

( )- + + « -- +GOx FAD 2e 2H GOx FADH 42

( ) +H O H O O 52 2

MnFe O

2 2

2 4

Oxidation and reduction peaks follow the reactions shown in equations (1) and (2) respectively. The overall
redox reaction is presented in equation (3). In the absence of glucose, oxidation-reduction occurs due to the
reversible reaction ofGOx-FAD toGOx-FADH2, given in equation (4). The anodic current increases with the
glucose concentration and the oxidation peak value increases positively from1.466 μA to 2.641 μAand
1.631 μA to 2.689 μAupon varying concentration from0–10 mM in the enzymatic and non-enzymatic
respectively. The higher electron transfer occurring in the enzymatic reaction leads to themaximum current
variation in the enzymatic sensor compared to the non-enzymatic one. GOx reduces flavin adenine dinucleotide
(FAD) to FADH2which produces electrons and PEG-MnFe2O4NPs promote the electron transfer as amediator
to the sensing electrode.Higher affinity of PEG-MnFe2O4NPs towards oxidation of theH2O2 produced during
catalytic oxidation of glucose is also responsible for the better performance of enzymatic sensor than the non-
enzymatic one as shown in equation (5). Furthermore, theO2 produced in this reaction can help facilitate the
reaction in equation (3). In the non-enzymatic sensor, themechanism of electro-oxidation of glucose by
PEG-MnFe2O4NPsmodifiedGCE is shown in scheme 1.Glucose in alkalinemedium is susceptible to oxidation
as glucose forms an enediol structure by losing a proton in the alkalinemedium. This enediol structure forms an
intermediate complexwith theMn2+ of PEG-MnFe2O4 leading to the electro-oxidation of glucosewhich is
consistent with the reported literatures [48, 49]. The polymer PEG in this reaction acts as a conductivemedium
which does not affect the electro-oxidation of glucose whereas PEG in the enzymatic sensor aids for the physical
adsorption ofGOx. All peak current values (IP) obtained is given in supplementary information tables S1–S3.

3.7.2. Differential pulse voltammetry (DPV)

DPVmeasurements of varying glucose concentrations in 0.1 MPBS are shown infigure 10. A regular interval
pulse applied in system forDPV analysis provides smoother and better graphs. Similar to the above results,

Figure 9.CVof (a)PEG-MnFe2O4/GCE, and (b)GOx@PEG-MnFe2O4/GCE at varying concentration from0–10 mMof glucose in
0.1 MPBS solution (pH= 7.4) at a scan rate 100 mV s−1. Calibration curves are shown in insets.
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oxidation and reduction peaks have exhibited a steady increase in current value as the concentration of glucose is
increased. The calibration curve fromDPV is also plotted for both the electrodes and the
GOx@PEG-MnFe2O4/GCEhas been found to possess a better response to the change in glucose concentration.
This response is in accordance with the results obtained inCV, confirming that the enzymatic sensor has better
response. Peak current values (IP) obtained is given in supplementary information table S4.

3.7.3. Amperometric response

Figure 11(a) depicts the real time sensing capability of both the sensors. The response time for
GOx@PEG-MnFe2O4/GCE is found to be 10 s and for PEG-MnFe2O4/GCE is 5 s. This time response indicates
electron transfer from redox centre of the enzyme to PEG-MnFe2O4NPs take a longer time as compared to
direct redox reaction in PEG-MnFe2O4NPs. The linear calibration curve for amperometric response is plotted
infigure 11(b)which indicates that the current response increases linearly with the concentration of glucose for
both the sensors. The sensitivity of GOx@PEG-MnFe2O4/GCE is determined to be 1.985 μAmM−1cm−2 in the
linear range of 1 to 20 mMwith a limit of detection of 0.132 mM from the slope of calibration curve. Similarly,
the sensitivity of PEG-MnFe2O4/GCE is found to be 1.044 μAmM−1cm−2 in the range 1 to 10 mMand LODof
0.099 mM.

Superior analytical performances in sensitivity and linear range are observed in case of the enzymatic glucose
sensor. Glucose oxidase catalyses the oxidation of glucose in the presence of oxygen intoD-glucono-1,5-lactone,
which then hydrolyzes to gluconic acid and producesH2O2 according to the equations (1)–(3). Since this
reaction producesH2O2which could be further oxidized at the electrode, it leads to an increase in current from
the enzymatic sensor. Hence, higher current and sensitivity observed for enzymatic sensor is due to the greater
number of electrons involved.Higher affinity of PEG-MnFe2O4NPs towards oxidation of theH2O2 produced
during catalytic oxidation of glucose is also responsible for the better performance of enzymatic sensor [50, 51]
than the non-enzymatic one. Direct glucose oxidation causes the non-enzymatic sensor to attain the saturation
faster leading to the reduced linear range.

The curve displayed infigure S2 of the enzymatic sensor follows theMichaelis–Menten kinetics. The
apparentMichaelis constant (Km

app) and themaximumcurrent (Imax)were obtained and used for analysing the
response of the sensor towards glucose. The calibration curve follows a hyperbolic function ( )/= +y ax b x ,

where the parameters a and b correspond to the Imax and Km
app respectively [52, 53]. The values of Imax and Km

app

were found to be 3.5 μA and 18.5 mMrespectively. The lower Km
app value indicates that the enzymatic sensor has

greater affinity towards glucosewhich is comparable to the value reported in literature [54].

Scheme 1.Mechanism illustrating the electro-oxidation of glucose on PEG-MnFe2O4/GCE.

Figure 10.DPVof (a)PEG-MnFe2O4/GCE and (b)GOx@PEG-MnFe2O4/GCE at varying glucose concentration from0–10 mMat
10 mV increment in 0.1 MPBS solution.
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The selectivity has been studied as shown infigure 11(c) using the interfering species such as fructose (FR),
lactic acid (LA), sucrose (SR), uric acid (UA) and ascorbic acid (AA). As the normal level of glucose in
physiological conditions is about 30 timesmore than these species [55], the selectivity studywas conducted in
0.5 mMconcentration of these interferants. Enzymatic sensor has exhibited higher selectivity to glucose within
the potential range of−0.7057 V to−0.3730 V.Moreover, it exhibited a significant current response towards
glucose after glucose addition compared to the negligible response with other interferants. In case of non-
enzymatic sensor, selectivity study shows a noticeable current response towards glucose solution containing
interference species when compared to enzymatic one. In summary, the enzymatic sensor exhibits high
selectivity and specificity to glucosewhen comparedwith the non-enzymatic one. The obtained current values
are given in supplementary information table S5.

Figure 11. (a)Amperometric curve for enzymatic and non-enzymatic glucose sensor performed in 0.1 MNaOHas electrolyte with
the addition of 200 μl of 2 mM, 5 mMand 10 mMglucose at regular time intervals of 50 s, (b) amperometric calibration curve and (c)
selectivity study conducted by adding 200 μl of 10 mMconcentration of glucose and 0.5 mMof fructose, lactic acid, sucrose, uric acid
and ascorbic acidwith the both electrodes.

Figure 12. (a)Repeatability in 2 mMglucose concentration and (b) relative responsemeasured over 7 days for both enzymatic and
non-enzymatic glucose sensors.
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3.7.4. Reproducibility and lifetime analysis

Reproducibility analysis was carried out 5 timeswith both enzymatic and non-enzymatic glucose sensors for
2 mMglucose concentration in PBS (pH7.4) keeping the analysis parameters the same. The sensors exhibited
reproducibility with a relative standard deviation (R.S.D) of 5.45% and 6.68% for enzymatic and nonenzymatic
sensors respectively as shown infigure 12(a). The stability of both sensors was evaluated bymonitoring the
response current in the presence of 2 mMglucose over 7 days. The relative response of the sensor with respect to
the initial value was found to be 95.6% for the enzymatic and 98.7% for the non-enzymatic sensor after 7 days as
evident fromfigure 12(b). Both sensors exhibited substantial stability over the tested period of time owing to the
strong binding of enzyme to the conductive polymer layer in the enzymatic sensor and the high stability of the
PEG-MnFe2O4NPs in the non-enzymatic sensor. The comparatively lower response of enzymatic sensor can be
attributed to the slight amount of decomposition ofGOx from the electrode surface. Hence, these results
indicate that both electrodes displayed relatively stable reproducibility and lifetime.

4. Conclusion

PEG-MnFe2O4NPswere successfully synthesised and immobilizedwithGOx for glucose sensing applications.
A comparative study of PEG-MnFe2O4NPs andGOx@PEG-MnFe2O4 has proved better activity for enzymatic
sensor due to the presence ofGOxwhich catalyse the glucose oxidation. GOx@PEG-MnFe2O4 (enzymatic
sensor) has displayed 1.9 times higher sensitivity with twice the linear rangewhen compared to PEG-MnFe2O4

(non-enzymatic sensor). The better performance exhibited by the enzymatic sensor is due to the electron
transfer caused by the catalytic oxidation of glucose byGOx,which is facilitated by the PEG-MnFe2O4NPs.
Higher affinity of theseNPs towards oxidation of theH2O2 generated during catalytic oxidation of glucose also
contribute towards the enhanced performance. In addition, enzymatic sensor exhibits high selectivity and
specificity to glucosewithin the applied potential range of−0.7057 V to−0.3730 Vwhen comparedwith the
non-enzymatic one. Further, the enzymatic sensor showed significant reproducibility and lifetime due to the
stable enzyme immobilization onto the PEG-MnFe2O4 surface. This work emphasises the efficiency of
PEG-MnFe2O4NPs for glucose sensing applications.
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