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. isreported. The biosensor leverages the unique electrocatalytic properties and synergistic effects

between Au nanoparticles and MXene sheets. An amperometric glucose biosensor is fabricated by the
immobilization of glucose oxidase (GOx) enzyme on Nafion solubilized Au/ MXene nanocomposite over
glassy carbon electrode (GCE). The biomediated Au nanoparticles play a significant role in facilitating
the electron exchange between the electroactive center of GOx and the electrode. The GOx/Au/MXene/
Nafion/GCE biosensor electrode displayed a linear amperometric response in the glucose concentration
range from 0.1 to 18 mM with a relatively high sensitivity of 4.2 pAmM~1cm~2 and a detection limit
of 5.9 uM (S/N = 3). Furthermore, the biosensor exhibited excellent stability, reproducibility and
repeatability. Therefore, the Au/MXene nanocomposite reported in this work is a potential candidate as

an electrochemical transducer in electrochemical biosensors.

MZXenes, a new family of two-dimensional (2D) metal carbides, have attracted significant research interest in
recent years due to their unique properties such as metallic conductivity and hydrophilic surfaces leading to
stability in aqueous environments"? This rare combination of properties makes them suitable candidates for
various promising applications. MXenes are synthesized by the selective etching of the “A” layers from the layered
carbides known as MAX phases, resulting in a morphology similar to the exfoliated graphite®. These materials
can be reliably produced in large quantities, which guarantees their scalable production for various applications*.
The potential use of MXenes as efficient electrode materials for electrochemical energy storage applications has
been well demonstrated®8. MXenes present great application prospects as electrochemical transducer in sensing
applications as well’.

The detection and quantification of glucose- the most important monosaccharide in vital life processes- are
popular research topics in the field of sensors!*-'°. Electrochemical sensing, by virtue of its rapid response, ease of
use, lowcost, portability, reliability, good sensitivity, and excellent selectivity, is one of the promising and widely
accepted technique for glucose sensing'>!>-'7. Recognition element, electrochemical transducer and a signal pro-
cessing unit for the recording, amplification and user-friendly data representation are the three major components
of an electrochemical biosensor'®!?. Recognition element, the primary component of a biosensor, allows the sen-
sor to respond selectively to one particular analyte from among a large number of other substances. Depending
on the type of recognition element, biosensors can be classified as enzymatic, non-enzymatic, whole-cell and
immunosensors?’. Among these, enzymatic biosensors are highly selective, sensitive, fast and reversible?!?2,
Glucose biosensor is the most common enzymatic biosensor. The enzyme used for the detection of glucose is
glucose oxidase (GOx)?-%". GOx catalyses the oxidation of glucose into gluconolactone and hydrogen peroxide?.

An efficient and sensitive glucose biosensor with good sensitivity can be fabricated by immobilizing GOx
with an appropriate electrochemical transducer??+2-32, Physical adsorption (drop casting method) is the sim-
plest of all the immobilizing techniques to incorporate enzymes to transducers without affecting their native
conformation, and this technique is commonly used for biosensors in the research stage*. Being a mechanically
stable, compact, solid, impermeable to gasses and liquids, glassy carbon electrode (GCE) is a widely accepted
biosensor immobilization matrix**-%¢. However, the potential for the oxidation/reduction of H,0, over GCE is
relatively high. This potential can be lowered by the incorporation of biocompatible and highly conductive Au
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Figure 1. Schematic showing the synthesis process of Au/MXene nanocomposites.

nanoparticles onto the electrochemical transducer immobilization matrix**-*. When used as a component in
enzymatic electrochemical biosensors, Au nanostructures allow enzymes (proteins) to retain their biological
activity upon adsorption and reduce the insulating effect of the protein shell for direct electron transfer!?3-4,
The performance of an electrochemical biosensor (sensitivity, selectivity, detection limit, detection potential, lin-
earity range) essentially depends on the specific surface area, conductivity, charge transfer properties and more
importantly the catalytic activity of the sensing matrix. Materials having high specific surface area build up more
current, which improve significantly the sensitivity and linearity of a biosensor*. Similarly materials having better
catalytic activity lower the detection potential, improve sensitivity and detection limit¥. In this respect, nanoma-
terials having different size, shape and crystal facets influence the performance of the sensor. With decreasing size
of a metal nanoparticle, the effect of atoms at corners and edges of nanoparticles becomes dominant which exhibit
intrinsically different catalytic performance in contrast to a nanoparticle with a larger size*. Similarly, materials
with different shapes (flowers, sheets) usually exhibit quite different catalytic behaviors intrinsically resulting
from the differences in geometric structure and electronic state of the catalyst atoms associated with different
crystallographic surfaces®. Ishida et al. studied the effect of size of gold nanocluster on catalytic performance in
the oxidation of glucose®. Many reports are available on the efficient use of Au/nanocarbon composite as electro-
chemical transducer in glucose biosensors®”*. Reports also suggest the extensive use of Nafion solution for the
better adhesion of enzyme molecules to the GCE*">1%2,

To the best of our knowledge, no reports are available on the use of Au/MXene composites for biosensors
applications. In this paper, we report for the first time the fabrication and analytical performance of an enzymatic
glucose biosensor electrode by the deposition of 32 units of GOx onto Nafion solubilized Au/MXene nanocom-
posite over GCE. Ti,C,T, MXene nanosheets are prepared by the selective etching of Al from the Ti;AIC, MAX
phase. Crystalline Au nanoparticles are anchored onto the surface of the MXene sheets by a simple chemical
reduction method. The performance of the biosensor is investigated by different electrochemical techniques, and
the results are discussed.

Results

Characterization and morphology of the electrochemical transducers. The schematic of the syn-
thesis of Au/MXene composite is shown in Fig. 1. Powder XRD patterns of Ti,C,T, MXene, Au nanoparticles and
Au/MXene nanocomposite are shown in Fig. 2a. The pattern of Ti,C,T, MXene agrees well with XRD pattern of
HF treated Ti;C,T, in the literature. All the diffraction peaks in the XRD pattern of the nanoparticles collected
from the solution can be readily indexed to a pure face-centered cubic phase of Au (space group: Fm3m (225),
JCPDS card no. 00-004-0784). The XRD pattern of Au-MWNThanocomposite material shows the reflections of
Au along with that of Ti;C,T, MXene. Extensive TEM analysis was carried out to investigate the microstructure
of the Au/MXene nanocomposite in detail. TEM image of Au/MXene composite (Fig. 2b) shows an almost uni-
form distribution of Au nanoparticles over the surface of an exfoliated extremely thin and transparent MXene
nanosheet. Ultrasonication results in the separation of the individual MXene sheet from the stack. The average
particle size of Au is 6-8 nm. Majority of the Au nanoparticles remain attached to the MXene sheets, even after the
TEM specimen preparation process involving ultrasonication, indicating that strong interactions exist between
the Au nanoparticles and the MXene nanosheets. Fast Fourier transform (FFT) pattern of a selected region, from
the HRTEM image of Au/MXene composite shown in Fig. 2¢, obtained along the [002] zone axis is shown as inset
of Fig. 2c and the corresponding selected area electron diffraction (SAED) pattern is shown in Fig. 2d. The SAED
pattern indicates the polycrystalline structure of the nanogold. Diffraction rings in the SAED pattern can be
indexed to the FCC cubic Au structure using circular Hough diffraction analysis, and these results agree well with
the PXRD results. The HRTEM image in Fig. 2c clearly displays the crystalline nature of the Au nanoparticles.
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Figure 2. (a) Powder X-ray diffraction pattern of Ti,C,T, MXene, Au nanoparticles and Au/MXene
nanocomposite (b) TEM and (c) HRTEM images of Au/MXene nanocomposite. Inset of (c) shows the FFT
pattern taken from the marked area. (d) SAED pattern corresponding to the marked area in (c).

Electrochemical characterization of fabricated glucose biosensors.  For evaluation of the electron
transfer phenomenon of the fabricated biosensor electrodes, cyclic voltammetric (CV) responses were recorded
for the GOx/MXene/Nafion/GCE and GOx/Au/MXene/Nafion/GCE bioelectrodes at different scan rates in pH7
PBS, under N,-saturated conditions (Fig. 3a,b). A pair of well-defined redox peaks were observed at —0.49V
for GOx/MXene/Nafion/GCE. A shift in redox peak towards lower potential is observed for GOx/Au/MXene/
Nafion/GCE indicating facilitated electron communication between the active site of GOx and the Mxene elec-
trode with Au decoration (Fig. S2 ESI). Again a linearity of cathodic/anodic peak currents with scan rates (insets
of Fig. 3) indicates a surface-confined electrode reaction process.

The CV curves of the fabricated GOx/MXene/Nafion/GCE and GOx/Au/MXene/Nafion/GCE bioelectrodes
to the addition of 0.3 mM of H,0, to pH 7 phosphate buffer solution at a scan rate of 10 mV/s are illustrated in
Fig. 4a,b respectively. Minor reduction peaks were observed at —0.5V for both the fabricated electrodes in the
absence of H,0,. In both cases,a significant improvement in the reduction peak current is observed upon the
addition of H,0,. The catalytic activity of Nafion solubilized MXene is identified from Fig. 4a. The reduction
current obtained for the GOx/Au/MXene/Nafion/GCE bioelectrode is nearly 3-fold higher than that obtained
for GOx/MXene/Nafion/GCE, and this can be attributed to the superior conductivity and catalytic activity of
the former due to the incorporation of Au nanoparticles. The remarkable electronic properties induced by the
Au nanoparticles in the Au/MXene nanocomposite, results in relatively fast charge transport within the GOx/
Au/MXene/Nafion/GCE bioelectrodes, leading to better electrocatalytic performance toward the detection of
H,0,. The direct electrochemistry of GOx immobilized MXene/Nafion/GCE and Au/MXene/Nafion/GCE bioe-
lectrodes were investigated in 5 mM glucose solution. Figure 4c shows the CV curves at the scan rate of 10mV/s
for MXene/Nafion/GCE and GOx/MXene/Nafion/GCE in 5mM of glucose solution. No significant peaks are
observed in the CV loop of the MXene/Nafion/GCE, whereas, the GOx/MXene/Nafion/GCE bioelectrode exhib-
ited a well-defined glucose oxidation peak —0.402 V which is characteristic peak of reversible electron transfer
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Figure 3. CV profile of (a) GOx/Au/MXene/Nafion/GCE and (b) GOx/MXene/Nafion/GCE bioelectrodes in
N,-saturated PBS solution (0.1 M, pH?7.0) at different scan rates: 50-500 mV/s. Insets: Plot of corresponding
redox peak currents (Ip) vs. square root of scan rates.
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Figure 4. CV responses of the fabricated (a) GOx/MXene/Nafion/GCE and (b) GOx/Au/MXene/Nafion/GCE
bioelectrodes toward the addition of 0.3 mM of H,O, to pH 7 phosphate buffer solution at a scan rate of
10mV/s, CV responses of (¢) GOx/MXene/Nafion/GCE and (d) GOx/Au/MXene/Nafion/GCE bioelectrodes

in 5mM of glucose solution.
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process of redox active center in the GOx during the oxidation of glucose. A similar trend is observed in GOx/
Au/MXene/Nafion/GCE electrode in 5mM of glucose solution andthat is evident from Fig. 4d. Accordingly, the
sensing mechanism of glucose can be explained as follows:

GOx enzyme comprises of two identical protein subunits and one flavin adenine dinucleotide (FAD) coen-
zyme molecule. The FAD coenzyme molecule is present in the active site of the GOxenzyme. Due to its highly
reversible electrochemistry, FAD works efficiently as a cofactor. FAD can be reduced in a two-electron, two pro-
ton process to form FADH,. During the enzymatic reaction between GOx and glucose, glucose is oxidized to
glucono-d-lactone and the FAD is reduced to FADH,. Subsequently, FADH, undergoes oxidation by dissolved O,
producing H,0, and becomes FAD?. These processes can be represented using the following equations.

GOx (FAD) + Glucose — GOx(FAD,) + Glucono — d — lactone (1)

GOx(FADH,) + O, — GOx(FAD) = H,0, @)

Combining these two equations the oxidation process of glucose in the presence of GOx enzyme can be repre-
sented as

Glucose + O, %% Glucono — d — lactone + H,0, (3)

GOx/Au/MXene/Nafion/GCE exhibits better catalytic activity than GOx/ MXene/Nafion/GCE which is evident
from the larger value of the peak current.

Electro catalytic activity of the fabricated biosensors. Amperometric i-t measurements can be used
as an effective tool for investigating the sensitivity of the fabricated biosensor towards varying conc. of glucose in
the supporting electrolyte. Amperometrici-tcurves for the MXene/Nafion/GCE at a constant voltage of —0.402V
is shown in Fig. 5a. The amperometric response of the fabricated bioelectrode toward the detection of glucose has
been carefully recorded by increasing the concentration of glucose in the 0.1 M phosphate buffer (pH 7) solution
systematically. Figure 5b,c show typical amperometric i-t curves recorded for the fabricated GOx/Au/MXene/
Nafion/GCE bioelectrode. For both GOx/MXene/Nafion/GCE and GOx/Au/MXene/Nafion/GCE, at a particular
conc. of glucose, a stable current is achieved after a period. For GOx/MXene/Nafion/GCE, at lower concentration
of glucose, the current stability is achieved within 20s. Whereas, for GOx/Au/MXene/Nafion/GCE bioelectrode,
at lower glucose concentration, a stable value is reached within 10s. A general trend of increasing current with
increasing glucose concentration is observed from all the three graphs (Fig. 5a—c). This clearly demonstrates
the sensitivity of the fabricated biosensors to varying glucose concentration. Figure 5d shows the steady-state
calibration curves drawn using the steady-state current values corresponding to different glucose concentrations
for GOx/MXene/Nafion/GCE and GOx/Au/MXene/Nafion/GCE. The steady-state calibration curve for GOx/
MXene/Nafion/GCE biosensor exhibits a linear range from 0.5-6 mM conc. of glucose with a detection limit
of 100 pM and that of GOx/Au/MXene/Nafion/GCE exhibits a linear range from 0.1-18 mM conc. of glucose
with a detection limit of 5.9 pM (S/N = 3). GOx/Au/MXene/Nafion/GCE biosensor exhibited a sensitivity of
42pAmM-lem—2

Storage stability of the GOx/Au/MXene/Nafion/GCE biosensor was investigated by every day monitoring its
response current to 3 mM glucose conc. The biosensor electrode retained 93% of its initial response current even
after two months storage period indicating its good storage stability. The electrode also exhibited excellent repeat-
ability (twelve repeated measurements) and reproducibility (twelve individual measurements) with an average
relative standard deviation of 1.26% and 2.74%, respectively.

The selectivity of the fabricated biosensor electrode is assessed by investigating the influence of the common
interfering electroactive substances such as dopamine (DA), uric acid (UA) and ascorbic (AA) and the results are
presented in Fig. S3. The fabricated GOx/Au/MXene/Nafion/GCE biosensor electrode, shows better selectivity
towards the detection of glucose as compared to DA, UA or AA at —0.402V, which can be attributed to the pres-
ence of negatively charged Nafion solution coating on the surface of the electrode.

Discussions
Since MXene nanosheets have excellent in-plane conductivity, when used as an enzyme immobilization matrix,
both MXene and Au/MXene are capable of improving electron transfer kinetics between the active redox
centers of the enzyme. Nafion assists the dispersion of Au/MXene composite, whereby the Au/MXene remain
well-dispersed in prolonged standing and helps in forming uniform and stable film on the GCE. The superior
sensing performance of GOx/Au/MXene/Nafion/GCE is attributed to the improvement in the relative activ-
ity of GOx in the presence of Au nanoparticles. It has been widely reported that the biosensing properties of
graphene-based sensors can be dramatically improved by anchoring Au nanoparticles on the surface of graphene
nanosheets®~*’. In a similar way, dispersion of Au nanoparticles on the surface of MXene nanosheets is expected
to improve the electrical conductivity and makes the resultant Au/MXene composite as a better electrochemi-
cal transducer/enzyme immobilization matrix. Furthermore, Nafion being a negatively charged polyelectrolyte
matrix, reduces the permeability of negatively charged substrates. Hence the Nafion coating on the GOx/Au/
MZXene/Nafion/GCE surface eliminates the influence of interfering signals and improves the selectivity of the
Sensor.

Table 1 shows a comparison of some of the relevant analytical parameters such as detection limit, linear range
and sensitivity of the fabricated biosensors in the present study with literature results. It is evident from this table
that the GOx/Au/MXene/Nafion/GCE bioelectrode exhibits significantly improved sensing performance than
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Figure 5. Amperometric i-t curves for (a) GOx/MXene/Nafion/GCE, (b,c) GOx/Au/MXene/Nafion/GCE at a
constant voltage of —0.402 V. (d) Steady-state calibration curves for GOx/MXene/Nafion/GCE and GOx/Au/

MZXene/Nafion/GCE.
GOx/Au/MWCNT/Pt 0.1-10 6.7 2.57 58
GOx/MWCNTs/CS/GCE 0-7.8 10 0.52 59
PDDA-GOx/Au/MWCNTs/GCE 0.5-5 — 3.96 60
GOx/graphene/PANI/Au/GCE 0.004-1.12 0.6 — 61
GOx/PPyAA/Au/GCE 1-18 50 0.42 22
G-MWCNT/GCE 6.30-20.09 — 2.47 62
GOx/GR-MWNTs/AuNPs 0.01-22-5.2 4.1950 0.6950.2380 21
GOx/Au/MWCNTs/PVA/GCE 0.5-8 200 16.6 63
GOx/Au/MXene/Nafion/GCE 0.1-18 59 4.2 This work

Table 1. Comparison of analytical performance of the fabricated GOx/Au/MXene/Nafion/GCE biosensor
with other glucose biosensor.

most of the previously reported glucose biosensors. The performance of the biosensor is comparable to some of
the best published performances.

The present study successfully demonstrated for the first time, the use of Nafion solubilized Au/MXene nano-
composite as a novel matrix for GOx immobilization. GOx/Au/MXene/Nafion/GCE biosensor is fabricated
by a mere dropcasting method. Au nanoparticles anchored on the surface of MXene nanosheets significantly
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improved the electron transfer process between GOx and GCE. The fabricated biosensor electrode exhibited
excellent electrocatalytic activity toward the detection of glucose with a wide linear range from 0.1 mM to 18 mM,
good sensitivity of 4.2 pA mM~! cm~2, a lower detection limit of 5.9 pM, excellent stability, repeatability and
reproducibility. The results indicate that the GOx/Au/MXene/Nafion/GCE biosensor electrode is suitable for
measurement of the glucose conc. (in a range 0.1-18 mM) in biological samples for the detection of Diabetes
Mellitus.

Methods

Materials. HAuCl, - 3H,0 D-(+)-Glucose and Hydrogen Peroxide solution were purchased from Sigma-
Aldrich. The glucose stock solution was allowed to mutarotate for 24 h at room temperature prior to use and
subsequently store at 4 °C. Nafion solution (D1021 Water based 1100 EW at 10% weight) and GOx (EC 1.1.3.4,
Aspergillus niger, >100 U/mg) were purchased from Ion Power Inc. and Alfa Aesar respectively. Ti;C,T, MXenes
were synthesized by chemical vapor deposition technique as described below in section 2.2. The supporting elec-
trolyte was 0.1 M phosphate buffer at pH 7 unless otherwise stated. The common chemicals used for the prepara-
tion of buffers, etc., were of analytical reagent grade. All of the solutions were prepared with deionized distilled
(DI) water.

Synthesis of Ti;C,T, MXene. Two-dimensional titanium carbide nanosheets were synthesized by exfoli-
ation of commercially procured Ti;AlC, powders. The as-received Ti;AlC, powders were immersed in 40% HF
for 2.5h at room temperature. The resulting suspension was collected and then washed with DI water for several
times and then filtered to get 2D Titanium Carbide nanosheets (MXenes).

Preparation of Au/MXene Composite. In order to decorate the Ti,C,T, MXene nanosheets with nano-
crystalline Au clusters, a chemical reduction method was used. 0.075M HAuCl,-3H,O solution is reduced by
adding a reducing solution, which is a mixture of 0.1 M NaBH, and 1 M NaOH, assisted by stirring. Nearly 0.05g
of Ti;C,Tx MXene was added to the above solution. The resultant mixture is subjected to ultrasonication for
30 minutes. Once, the reaction is over; the solution is washed three times with deionized water and filtered using
cellulose membrane filters having a pore size of 0.1 pm. The material left out is collected and dried in a vacuum
oven at 80 °C for 2h. The sample was then characterized using XRD, SEM, and energy dispersive analysis of
X-rays (EDAX).

Fabrication of GOx/Au/MXene/Nafion/GCE. In order to get a clean mirror surface, the bare GCE was
polished with 0.05 jum alumina slurry, sonicated in deionized water, and dried with a high-purity nitrogen stream.
The Ti;C,Tx MXene (or Au/MXene nanocomposite) was sonicated in 0.5% Nafion solution to get a concentration
of ~1 mg/ml. 4pL of the suspension was then film cast onto the surface of the GCE and allowed to dry slowly.
A 4 pL portion of 32 U GOx solution was film cast onto the surface of the Au/MXene/Nafion/GCE and allowed
to dry slowly at 4°C. The obtained GOx/Au/MXene/Nafion/GCE electrode was washed carefully with doubly
distilled water and dried at less than 4 °C. These GOx/Au/MXene/Nafion/GCE bioelectrodes were coated with
an extra 2 L layer of 0.5% Nafion. The electrodes were rinsed with pH 7 buffer and stored in the buffer at 4°C
prior to use.

Instruments. The electrochemical measurements were performed using a CH Instruments CHI 660D
Electrochemical Analyzer/Workstation. A Pt wire counter electrode, Ag/AgCl (3 M KCl) reference electrode, and
glassy carbon electrode (GCE, diameter 3 mm) were inserted into a modified 10 mL glass cell (Model CHI-222)
for the measurement. All potentials are referred to the Ag/AgCl reference electrode. A magnetic stirrer provided
the convective transport at 300 rpm during the amperometric measurements, and the background current was
allowed to decay to a steady-state value before spiking the equilibrated -D-glucose. The nanocomposite materials
were characterized by a powder X-ray diffraction system (XRD, Bruker, D8 ADVANCE) equipped with Cu Ko
radiation (A = 0.15406 nm). The surface morphology and microstructure of the samples were investigated by a
scanning electron microscopy (SEM, FEI Quanta 600D and NOVA NANO SEM) and transition electron micros-
copy (TEM, FEI Titan) and the elemental presence was identified using energy dispersive X-ray analysis (EDAX).
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