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ARTICLE INFO ABSTRACT
Keywords: The enzymatic glucose sensors as modified by MXene-dPIn and MWCNT-dPIn on a screen-printed
MXenes carbon electrode (SPCE) were investigated. Herein, MXene was molybdenum carbide (Mo3Cs)

Conductive polymers

which has never been utilized and reported for glucose sensors. The biopolymer type to support
Multi-walled carbon nanotubes

the enzyme immobilization was examined and compared between chitosan (CHI) and x-carra-

C it
G(l)ljrcls:glbeif)sensor geenan (kC). MWCNT-dPIn obviously showed a larger electroactive surface area, lower charge
Electrochemistry transfer resistance and higher redox current than MosCy-dPIn, indicating that MWCNT-dPIn is

superior to Mo3Cay-dPIn. For the chitosan-based sensors, the sensitivity value of CHI-GOD/MosCap-
dPIn is 3.53 pA mM ! cm 2 in the linear range of 2.5-10 mM with the calculated LOD of 1.57
mM. The sensitivity value of CHI-GOD/MWCNT-dPIn is 18.85 pA mM ! cm™2 in the linear range
of 0.5-25 mM with the calculated LOD of 0.115 mM. For the k-carrageenan based sensors, kC-
GOD/MWCNT-dPIn exhibits the sensitivity of 15.80 A mM~! cm™2 and the widest linear range
from 0.1 to 50 mM with the calculated LOD of 0.03 mM. The presently fabricated sensors exhibit
excellent reproducibility, good selectivity, high stability, and disposal use. The fabricated glucose
sensors are potential as practical glucose sensors as the detectable glucose ranges well cover the
glucose levels found in blood, urine, and sweat for both healthy people and diabetic patients.

1. Introduction

The glucose level in the blood is extremely vital for diabetes as it is related to various health issues such as lethargy, strokes,
blindness, numbness, kidney failure, and heart attacks [1]. The excessive glucose level in the blood called hyperglycemia causes thirst,
rapid heartbeat, vision problems, vomiting, tiredness, and rapid heartbeat, whereas the low blood glucose level called hypoglycemia
involves sweating, headache, confusion, blurred vision, and lack of coordination [1]. Hence, the real blood glucose level is essential for
a diabetes diagnosis to reduce the disease severity. For healthy people, the blood glucose level is 4.0-5.4 mM in fasting and 7.8 mM in
postprandial periods. For prediabetes, the blood glucose level is 5.5-6.9 in fasting and 7.8-11.0 mM in postprandial periods. For
diabetes, the blood glucose level is over 7 mM in fasting and more than 11.1 mM in postprandial periods [2]. The glucose level in blood
is well correlated with the glucose levels in urine and sweat, which are found in lower levels when compared to blood. The glucose
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concentration found in urine is between 2.78 and 5.55 mM for normal people and above 5.55 mM for diabetes, whereas the glucose
concentration ranges in sweat are 0.06-0.11 mM for normal people and 0.01-1 mM for diabetes [3].

Recently, electrochemical biosensors are the most often used owing to the ease of use and maintenance, low cost, high sensitivity,
and good repeatability [4,5]; they are suitable as the point-of-care devices relative to other methods namely the surface plasmon
resonance (SPR), HPLC, spectrophotometry, fluorescence, and chemiluminescence [6]. Modification of biosensor on a screen-printed
electrode, containing the three electrodes (working electrode, reference electrode, and counter electrode) of the electrochemical cell, is
widely pursued and commercially marketed because of low cost, ease of use for the on-site analysis, miniaturization, requirement of a
small volume of analyst, portability, mass production, and disposal analysis for healthcare devices [7,8]. The commercially available
glucose sensors as produced by major companies (namely Abbot, Bayer, Johnson & Johnson, and Roche Diagnostics) are mostly
designed to be based on the screen-printed electrode with disposable use as electrochemical enzymatic glucose sensors [9]. The
enzymatic glucose sensor is preferable as a point-of-care device because of its high accuracy, selectivity, simplicity, and relative
affordability [6]. The mechanism of the enzymatic glucose sensor, as proposed by Clark and Lyon, is based on the idea that glucose is
oxidized to gluconolactone by glucose oxidase (GOD) in the presence of oxygen and generate hydrogen peroxide (H205) [10,11].
Oxygen consumption and HyO, generation are indirectly correlated to glucose concentration [10,12]. Glucose oxidase is a common
enzyme for the glucose detection because of its low cost, high bioactivity, and high selectivity to glucose.

To improve the performances of a glucose sensor, the electrode modification with conductive polymers is promising as it facilitates
the glucose oxidase immobilization and the electron transfer from the enzymatic reaction [10]. The outstanding properties of
conductive polymers are tunable optical and electrical properties, compatibility with biological molecules, and simple attachment on
the electrode surface by electrochemical polymerization or drop coating [13,14]. Conductive polymers that have been used in glucose
sensors were polyaniline [10], polythiophene [15], polypyrrole [16,17], polycarbazole [18], poly (azure A) [19], and polyindole [14,
20]. Polyindole is one of the tunable conductive polymers, its structure comprises of pyrrolytic ring connected with benzene ring. It is a
good candidate for biosensors because of stable redox activity, low cost, facile synthesis, stable doped-state in air, and low toxicity [21,
22]. However, the electrical conductivity of polyindole is lower than other conducting polymers such as polyaniline, poly (3,4-eth-
ylenedioxythiophene), and polypyrrole [22]. Thus, a conductive polymer composite/hybrid is an alternative approach to improve the
electrical conductivity, enzyme immobilization, electron transfer ability, and electrocatalytic activity resulting in the higher sensitivity
and lower limit of detection for biosensors [23,24].

Herein, the focused materials for the composite/hybrid with polyindole are multi-walled carbon nanotube (MWCNT) and MXenes.
MWCNT is a stack of graphene layers rolled up into concentric cylinders, its advantages are large surface area, excellent conductivity,
and good biocompatibility, rendering it suitable for electrochemical biosensors [25]. Moreover, it can improve the electrocatalytic
activity of glucose oxidase and electron transfer between redox site of enzyme and electrode surface, electroactive surface area, and
sensor sensitivity [26]. Mxenes are a novel 2D material with a few layers of transition metal carbides, nitride, or carbonides. MXenes
are of the formal formula of My, 1X,Tx as obtained by etching layers of Al from bulk My 1-AX, phase where M is one of the transition
metals namely Ti, Cr, Ta, Nb, Mo, and Hf, A is one of sp elements (group 13 and 14), and X represents either C or N atom [27,28]. The
remarkable properties of Mxenes, namely the high electrical conductivity, biocompatibility, high electrochemical activity and a large
surface area, are suitable towards electrochemical biosensor applications [27,29]. MXene modified glucose sensors and other
analytical biosensors that have been reported used TizCs [30,31]. Mo3Cy is a MXene with superior electrical conductivity: its resistivity
at room temperature is about 1.0 x 107® Q m [32]; its catalytic behavior is induced by their tunable surface and structure and
electronic features; it can be quite resistant towards oxidation and corrosion [33]. Mo3C; has been reported as well in supercapacitors
and electrochemical ion detectors [34]. However, Mo3Cy has not been previously reported in glucose sensor applications.

Biopolymers provide variously desired properties such as non-toxicity, biodegradability, biocompatibility and high affinity to
proteins, rendering them suitable supports for enzymes. Furthermore, the reactive functional groups in their structures such as hy-
droxyl, amine, and carbonyl groups provide direct reactions with the enzymes and facilitate the modification of sensor surface [35].
Chitosan is a natural polysaccharide; its structure consists of amino and hydroxyl groups suitable for biological binding and interaction
with nanomaterials [36]. Chitosan behaves as a polycationic polymer via the protonation of amino groups at low pH; the amino group
of chitosan is protonated when pH < pKa (pKa of chitosan is 6.5) [37]. Its advantages are biocompatibility, non-toxicity, low cost, good
film formation, and ease in chemical modifications due to the presence of reactive amino and hydroxyl functional groups [38].
Chitosan is a simply added biological element which can be easily coated/electrodeposited on a sensor surface [36]. k-Carrageenan is a
polyanionic polymer due to the sulfate groups on its structure. It can be used as a suitable support material for the enzyme immo-
bilization to improve the stability, activity, and reusability of enzymes [39]. Previous works reported GOD encapsulated in a poly-
electrolyte complex (PEC) of chitosan/x-carrageenan through the electrostatic interaction between glucose oxidase and PEC as glucose
sensors [40,41]; GOD possessed the negative charged surface at a physiological condition (pH between 7.35 and 7.45), whereas GOD
exhibited the positive charged region of the positive charged lysine residues [42]. However, no previous report exists on the com-
parison between chitosan-GOD and k-carrageenan-GOD as a glucose sensor.

Therefore, the first aim of this work is to fabricate a chronoamperometric enzymatic glucose sensor on SPCE by the modifications
along with the comparison between MWCNT/doped-PIn and MXene/doped-PIn. Herein, Mo3C; is a MXene type which has not been
previously reported as a glucose sensor. The second aim is the comparison of the immobilizations of GOD by a polycationic polymer
(chitosan) and a polyanionic polymer (k-carrageenan) as the support materials through the electrostatic interactions with GOD.
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2. Materials and methods
2.1. Materials and reagents

Glucose oxidase enzyme (GOD, 248,878 U/g) of type VII from aspergillus niger was obtained from Sigma-Aldrich and stored at
—20 °C prior to use. D Glucose anhydrous was received from Carlo Erba. Indole monomer and ferric chloride were obtained from
Merck and perchloric acid was purchased from Panreac. Chitosan (M,, 190,000-310,000 Da), k-Carrageenan sulfated plant poly-
saccharide (M,y 672,000 Da [43]), and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich. Glutamic acid was received
from TCI. MWCNT (length ~ 15 pm, outer dimension 30-50 nm, >95 % purity) was received from AlphaNano Technology Co., Ltd.
MosCy MXene powder was obtained from Nanochemazone, Canada. SPCE on polycarbonate (Product’s code: CI17030R; dimensions of
12.5 x 30 mm (width x length)), with the working electrode area of 0.07 cm?, were purchased from Quasense Co., Ltd., Thailand. The
SPCE consists of triple electrodes namely a working electrode, a counter electrode, and a reference electrode made of carbon mixed
graphite, carbon, and silver/silver chloride (Ag/AgCl), respectively. A phosphate buffer solution (PBS, pH 7.4) was prepared using
sodium phosphate monobasic and sodium phosphate dibasic as purchased from Sigma-Aldrich. Potassium hexacyanoferrate (II) and
(I11) with 99 % of purity, K3[Fe(CN)g]/K4[Fe(CN)g] were purchased from Sigma-Aldrich, and potassium chloride (KCl) was obtained
from Merck. Ethanol and hydrochloric acid and ethanol were obtained from RCI Labscan. All reagents were of analytical grades.

2.2. Polyindole synthesis

Polyindole (PIn) was synthesized by oxidative polymerization following the previous work [44]. Indole monomer (3.0 g) was
dissolved in 10 mL of ethanol. Then, the indole monomer solution was slowly added into the oxidant solution (10.33 g of ferric chloride
dissolved in 180 mL distilled water). Next, the mixture was stirred at 26 °C for 24 h. PIn was precipitated in 0.1 M HCl and then filtered
by a Buchner funnel and a Whatman filter paper no. 42. The precipitate was rinsed with deionized water several times and then dried at
70 °C for 24 h to obtain a clean PIn precipitate. The PIn precipitate was mildly ground by a mortar to prepare a PIn powder. Next, the
PIn in a powder form was de-doped with 5 mol/L ammonium hydroxide (NH4OH) at the indole: NH4OH mole ratio of 1:10. The
de-doped solution was stirred for 24 h and then filtered and rinsed by deionized water. The de-doped PIn was dried at 70 °C. In the
doping process, the de-doped polyindole (dPIn) was doped with 2.5 mol/L perchloric acid (HCIO4) at the indole: HC1O4 mole ratio of
1:10 for 24 h, and then filtered and rinsed by deionized water. The doped dPIn powder was dried at 70 °C overnight.

2.3. Preparation of composite solution

10 mg of MWCNT was dispersed in 1 mL ethylene glycol by an ultrasonic bath for 1 h and stirred at room temperature for 2 days. 10
mg Mo3Cy MXene was dispersed in 1 mL propylene glycol by the ultrasonic bath for 1 h and stirred at room temperature for 2 days. The
dPIn powder (20 mg) was dissolved ethylene glycol (1 mL) for 24 h at room temperature without sonication. Each MWCNT solution
and MosC, solution was mixed with the dPIn solution at the volume ratio of 1:1, and consequently stirred at room temperature for 24 h
to obtain the composite solutions. The composite solutions were stirred to obtain the homogeneous solutions prior to use.

2.4. Electrode modification

4 pL of the composite solution was drop coated on the SPCE working electrode and dried at 70 °C for 2 h 5 pL of biopolymer-GOD
solution namely chitosan mixed GOD (CHI-GOD) or k-carrageenan mixed (xC-GOD) was drop coated on the working electrode. To
prepare a biopolymer-GOD solution, 5 mg/mL of GOD in PBS was mixed with 1%w/v of biopolymer solution at the volume ratio of
1:2.0.5 % w/v glutamic acid in distilled water acting as a cross linker was used as a solvent for the biopolymer. Then, the enzyme
immobilized electrode was dried for 2 h at room temperature and then stored at 4 °C in a vacuum seal bag prior to use. The chitosan-
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Scheme 1. (A) Modification of SPCE and (B) glucose sensor mechanism.
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GOD immobilized on MWCNT-dPIn and MosCy were coded as CHI-GOD/MWCNT-dPIn and CHI-GOD/Mo3Cy-dPIn, respectively.
k-carrageenan-GOD modified on MWCNT-dPIn was coded as kC-GOD/MWCNT-dPIn. The electrode modification step is illustrated in
Scheme 1(A).

2.5. Characterization

A FTIR spectrometer (Nicolet™ iS™5, Thermo Scientific™) ATR mode was used to verify the functional groups of the modified
electrodes. The wavenumber range was between 650 and 4000 cm ! with 64 cm ™! resolution and 64 scans. An XPS spectrometer (Axis
Ultra DLD, Kratos Analytical Shimadzu Group Company) was used to analyze the atomic elements and chemical bonding. XPS wide
scans and high-resolution scans were recorded by using the pass energies of 160 eV and 40 eV with a standard Al Ka X-ray radiation
source. C 1s at the binding energy 248.8 eV was used as a reference. XPS survey and high-resolution spectra were analyzed by a Casa-
XPS software. A field emission scanning electron microscope, FE-SEM (HITACHI, S-4800), was used to identify the surface morphology
of the modified electrodes with a beam current of 10 mA and an acceleration voltage of 5 kV. The samples for FE-SEM were sputter
coated with platinum prior to use.

2.6. Electrochemical measurements

Cyclic voltammetry was operated in an electrolyte solution containing 5 mM of K3[Fe(CN)g]/K4 [Fe(CN)e] and 0.1 M PBS (pH 7.4)
in 0.1 M KCl to investigate electrochemical properties of the modified electrodes and to determine the electroactive surface area [16].
The scan rate was varied between 10 and 70 mV/s, and the potential applied was between —1.0 and + 1.0 V with the potential step of
20 mV. To investigate the mechanism of glucose sensors, the modified electrodes were tested in the 10 mM glucose solution by cyclic
voltammetry. The potential applied was from —0.8 to 0.8 V with the scan rates from 10 to 60 mV/s. To determine glucose responses in
several glucose concentrations, chronoamperometry was carried out at +0.6V vs Ag/AgCl within 400 s. The electrochemical cell was
incubated in glucose solutions for 3 min before applying a constant potential to the electrochemical system [14]. The glucose solution
(pH 7.4)was prepared a in 0.1 M PBS solution and stored at room temperature for 24 h before use to obtain equilibrium mutarotation
between the o and B forms of D-glucose [45]. Electrochemical impedance spectroscopy (EIS) was operated in a 5 mM of Kg [Fe
(CN)gl/K4[Fe(CN)g] solution containing 0.1 M PBS and 0.1 M KCl from 107! to 10° Hz with an amplitude of 10 mV. The electro-
chemical experiment was carried out with PalmSens4 (PalmSens Instruments BV, the Netherlands) with the PSTrace 5.9 software. The
electrochemical and analytical parameters are summarized in Tables S1-S2.

3. Results and discussion
3.1. Characterization of the modified electrodes

The functional groups of the modified electrodes were investigated by ATR-FTIR. The SPCE shows the peaks at 3350 cm ™!, 2849-
2976 cm ™!, and 1078 cm ™! corresponding to the O-H stretching, C-H stretching, and C-O stretching, respectively, as shown in Fig. S1.
The Mo3Cy-dPIn shows the characteristic peaks of the dPIn at 3284, 1571, and 738 cm™! corresponding to the N-H stretching, N-H
deformation, and out of plane C-H deformation of benzene ring, respectively [14], as well as the stretching of benzene ring at 1617,
1455,1214 cm ! [44]. The strong absorbance band at 1078 cm ! is attributed to the dopant ClO4 [44]. Two peaks at 3523 and 3564
cm ™! appear when MosCy was composited with dPIn which may be related to the characteristic peaks of MosCy. The CHI--
GOD/Mo3C,-dPIn reveals the characteristic peaks of CHI-GOD at 3370, 3271, 1651, 1550, and 1081 em ), corresponding to the O-H
stretching, N-H stretching, amide I (stretching of C=0 of amide linkage), amide II (bending of N-H of amide linkage), and C-O
stretching, respectively [46] as shown in Fig. S2.

Some of IR peaks of the CHI-GOD/MWCNT-dPIn are shifted to higher wavenumbers when compared to CHI/MWCNT-dPIn and
GOD indicating the intermolecular hydrogen bonding interaction between GOD and CHI [47]. Moreover, the increases of amide I and
amide II signals compared to CHI/Mo3C,-dPIn can confirm the interaction between GOD and CHI [47]. The MWCNT-dPIn presents the
N-H stretching at 3265 cm ™!, the Cl-O stretching of the dopant ClOat 1057 cm ™}, and the N-H deformation at 1534 cm ™! derived as
the fingerprints of the dPIn [44]. Other IR peaks of the asymmetric and symmetric stretching of CHy at 2850 cm ™! and 2925 cm ™2,
C=Cstretching at 1646 cm ™! appear as the fingerprints of MWCNT [48]. The CHI-GOD/MWCNT-dPIn shows the presence of CHI-GOD
at 3373, 3286, 1646, 1547, 1074 cm~! which can be assigned to the O-H stretching, N-H stretching, amide I, amide II, and C-O
stretching, respectively [46] as shown in Fig. S3. The intermolecular hydrogen bonding interaction between GOD and CHI is confirmed
by the shifts of N-H stretching, amide I and amide II to higher wavenumbers when compared to CHI/MWCNT and GOD, and by the
increases of amide I and amide II signals when compared to CHI/MWCNT/dPIn [47].

The IR peaks of kC-GOD/MWCNT-dPIn can be observed in Fig. S4. The IR peaks at 3430, 3291, 1642, 1538 cm™! can be attributed
to the O-H stretching, N-H stretching, amide I, and amide II, respectively [47,49]. Other IR peaks of the sulfate stretching at 1419
cm ™}, the 0—=S—O0 asymmetric stretching at 1236 cm ™, the glycosidic linkage at 1070 and 1042 cm™!, the C-O-C stretching at 926
cm ™! are related to xC [49]. Some of IR peaks shift to higher wavenumbers when compared to k<C/MWCNT-dPIn and GOD as a result of
the hydrogen bonding interaction [47]. A new IR peak of amide II appears indicating the successful kC-GOD immobilization. Another
reason of the IR shifting found in both CHI-GOD/MWCNT-dPIn and kC-GOD/MWCNT-dPIn maybe related to the electrostatic inter-
action between the biopolymers and GOD [50]. Generally, GOD shows a negative charge at a physiological condition, which can
interact with the positive charge (-NHZ$) of CHI (polycationic polymer), whereas the positive charge of lysine residues of GOD can
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possibly interact with the negative charge (-OSO3) of kC (polyanionic polymer) [42].

The element contents at each modification step were analyzed by XPS and listed in Table S3. Element contents of the SPCE are
carbon, oxygen, chlorine, and silicon. The presence of silicon as a contaminant and the existence of chloride in SPCE imply the
components of a carbon ink used [14]. After the SPCE was coated with Mo3Cy-dPIn, the XPS spectrum shows the new elements of
molybdenum and nitrogen which can be attributed to MO3Cy and dPIn, respectively. The CHI-GOD immobilized on Mo3zCy-dPIn is
confirmed by the increases in atomic percentages of nitrogen and oxygen, in which both are the major elements in the functional
groups of both CHI and GOD. The amount of molybdenum decreases resulting from the CHI-GOD layer covering the Mo3C,-dPIn layer.
For the coating of MWCNT-dPIn on the SPCE, the XPS spectrum shows the new element of nitrogen as derived from the dPIn incor-
porated in MWCNT. For CHI-GOD/MWCNT-dPIn, the XPS spectrum exhibits the increases in O and N resulting from the functional
groups in CHI and GOD. For kC-GOD/MWCNT-dPIn, the XPS spectrum shows the increases in oxygen and nitrogen, and the new
element of S emerges which can be attributed to the existence of kC-GOD immobilized on MWCNT-dPIn. The presence of sodium after
immobilization is derived from PBS used as the solvent for GOD.

Morphological surfaces of the modified electrode were examined by FE-SEM as shown in Fig. 1. The SPCE working electrode surface
shows some carbon nanoparticles mixed with graphene flakes as presented in Fig. 1(a) [14]. Mo3Cy-dPIn shows the incorporation of
dPIn and MosC; particles as shown in Fig. 1(b). However, the Mo3Cy and Mo3Co-dPIn surfaces are different. Some Mo3Cy particles are
not covered by dPIn particles possibly indicating that Mo3Cy is not compatible with dPIn as can be clearly observed from Fig. S5 (a and
b). The MWCNT-dPIn surface demonstrates good compatibility between MWCNT and dPIn as shown in Fig. 1(c); MWCNT and dPIn

Fig. 1. Morphological surfaces at 15,000 magnification of: (a) SPCE; (b) Mo3C-dPIn; (¢) MWCNT-dPIn; (d) CHI-GOD/Mo3C,-dPIn; (e) CHI-GOD/
MWCNT-dPIn; and (f) kC-GOD/MWCNT-dPIn.
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interact by the n-i1 interaction between aromatic rings [14]. MWCNT is completely covered with dPIn with the porous structure. The
pristine MWCNT is compared to MWCNT-dPIn as shown in Fig. S5 (c and d). It is apparent that the fiber shape of MWCNT-dPIn is
different from the pristine MWCNT as dPIn perfectly covers the MWCNT fibers. GOD immobilized on the composite layer is illustrated
in Fig. 1(d)-(f). The morphological surface of biopolymer-GOD is different as it depends on the biopolymer type.
kC-GOD/MWCNT-dPIn possesses a more surface roughness than CHI-GOD/MWCNT-dPIn. Another reason is the difference of com-
posite surface before the immobilization, CHI-GOD/MWCNT-dPIn provides a smoother surface than CHI-GOD/Mo3Cz-dPIn.

3.2. Electrochemical measurement

Electrochemical behavior of each modified electrode was investigated by cyclic voltammetry in a 5 mM K3[Fe(CN)g]/K4[Fe(CN)gl
solution containing 0.1 M PBS and 0.1 M KCl at the 50 mV/s scan rate as shown in Fig. 2. The anodic and cathodic current responses of
the Mo3Co/MWCNT and the MWCNT-dPIn are higher than SPCE, implying that these two composites provide the higher electron
transfer between the electrode and the electrolyte as well as the higher surface area than SPCE [51]. The MWCNT-dPIn obviously
demonstrates the higher anodic and cathodic current response than the Mo3Cy-dPIn because MWCNT-dPIn provides the higher
electrical conductivity than Mo3Cy-dPIn and the good compatibility of MWCNT and dPIn can also enhance the electron transfer rate
and electrochemical performance through the n-n interaction between dPIn and MWCNT [16,52]. Furthermore, the composite
modified SPCE provides a beneficial increase in electroactive surface area over bare SPCE leading to the higher redox reaction. The
MWCNT-dPIn provides a larger electroactive surface area than Mo3Cp-dPIn, as will be confirmed in the later step. The ratios of
anodic/cathodic peak currents (Ipa/Ipc) for the [Fe(CN)gl 3/4 redox probes of SPCE, Mo3Cy-dPIn, MWCNT-dPIn are 1.05, 2.62, 1.92,
respectively. The values of peak-to-peak separation (AE, = Ep,-Ejc) for SPCE, Mo3Cy-dPIn, MWCNT-dPIn are 199 mV, 400 mV, and
460 mV, respectively. Theoretically, the reversible reaction suggests that AE, is 59 mV, and Ij,/Ip, is equal to 1 [53]. In the case of
Ipa/Ipe > 1.5, it becomes a quasi-reversible reaction [54]. Thus, I52/I,, and AE, values of SPCE, Mo3Ca-dPIn, and MWCNT are larger
than the theoretical values; it can be suggested that they are related to the quasi-reversible reaction. After the immobilization of GOD,
the anodic and cathodic current responses decrease; the anodic potential shifts to a more positive value whereas cathodic potential
shifts to more negative value. AE, values of GOD-CHI/Mo3C,-dPIn, CHI-GOD/MWCNT-dPIn, and kC-GOD/MWCNT-dPIn are 560 mV,
580 mV, and 560 mV, respectively. This clearly shows that AE, of the k<C-GOD/MWCNT-dPIn (AE, = 560 mV) is 2.8 times larger than
that of SPCE (AE, = 199 mV) indicating the higher energy required to generate the redox reaction of the redox probe [Fe(CN)g] 3/4% In
addition, the anodic and cathodic peak currents of the xC-GOD/MWCNT-dPIn (I, = 263.5 pA and I, = —93.1 pA) are higher than
those of SPCE (I, = 81.1 pA and Ip. = —77.5 pA) implying that the electrical conductivity of the modified electrode was improved. The
results of CV are consistent with the SPCE modified with a composite of CNTs-gold nanoparticles [55], and the SPE modified with a
composite of PPy-AuNPs [56]. The increase of AE,, after the GOD immobilization indicates the slower electron transfer as a result of the
non-electrical layers of both CHI-GOD and kC-GOD increasing the electrode resistance [57]. The clear cyclic voltammograms are
separately reported in Fig. S6 in Supplementary Materials.

The charge transfer resistance (R,) at electrolyte/electrode interface was investigated by EIS using [Fe(CN)g] 3/4 a5 a redox probe
in the 0.1 M KCl and 0.1 M PBS solutions. The Nyquist plots of the various modified electrodes are exhibited in Fig. 3(a). A semicircle at
high frequency is attributed to the electron transfer limited process and the straight line at low frequency is referred to the diffusional
process [58]. SPCE is visibly observed as the full semicircle with R¢; of 1800 Q as shown in Fig. 3(b), indicating a low electron transfer
of the redox probe at the electrolyte/electrode interface. The modified SPCEs demonstrates a partial semicircle at high frequency.
Therefore, the evaluation of R,y of MWCNT-dPIn and Mo3Cy-dPIn before and after GOD immobilization is illustrated in Fig. 3(c) and
(d), respectively. The R values of the MWCNT-dPIn, the CHI-GOD/MWCNT-dPIn, and the kxC-CHI-GOD/MWCNT-dPIn are 75 Q, 100
Q, and 130 Q, respectively whereas that of the Mo3Cy-dPIn is 900 Q. The R values of MWCNT-dPIn and MosCp-dPIn are still lower
than SPCE indicating that the composites possess the higher electrical conductivity for the electrode fast charge transfer [59].
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Fig. 2. Cyclic voltammograms of various modified electrodes in 5 mM K3 [FeCNg]/K4 [FeCNg] solution containing 0.1 M PBS and 0.1 M KCL.
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Fig. 3. Nyquist plots of: (a) various modified electrodes; and (b)-(d) estimation of the charge transfer resistance (R.;) of each modified electrode.

However, the R of the Mo3Cy-dPIn is higher than MWCNT, implying a lower electrical conductivity. After the CHI-GOD immobili-
zation, the R value increases because of the insulator nature of enzyme and biopolymers obstructing the [Fe(CN)g] 3/4 transfer to the
electrolyte/electrode interface. The semicircle of the CHI-GOD/Mo3C,-dPIn appears to be larger as can be observed in Fig. 3(d).

3.3. Electroactive surface area

The electroactive surface area of the fabricated electrodes was investigated under the reaction between [Fe(CN)g] 3 and [Fe(CN)g]
* by cyclic voltammetry at various scan rates. The cyclic voltammograms of the MosCy-dPIn and the MWCNT-dPIn at various scan
rates and the relation of anodic current response and square root scan rates are depicted in Fig. S7. The electroactive surface area can
be calculated by the Randles-Sevcik as shown in equation (1) [18,60]. The slope of I vs 195 was used for the calculation. After sub-
stitution of the constant values, the electroactive surface area is correlated with the slope (I vs 1) as shown in equation (2).

1= 0.4463(F3/RT)O'SAQHO'SDO'SCQVO'S W
Ae =271 x 107* x slope (I vs 1°) @

where I is the current signal (reduction or oxidation) (pA), A, is the electroactive surface area (cmz), F is the Faraday constant (96,485
C/mol), T is the absolute temperature (298 K), R is the gas constant (8.314 J/mol-K), n is the number of transferred electrons in redox
reaction (n = 1 for [Fe(CN)g] 3y [Fe(CN)6]4'), D is the diffusion coefficient (D = 7.6 x 1076 cm?/s for [Fe(CN)6]3’redox probe system)
[61], Cy is the redox probe concentration (5 mM), and v is the scan rate (V/s). The electroactive surface areas of the Mo3Cy-dPIn and the
MWCNT-dPIn are 31.3 mrnz, 54.0 mmz, respectively, which are higher than that of the bare SPCE (8.81 mmz) [14]. The MWCNT-dPIn
provides the larger electroactive surface area than the MosCy-dPIn because of the porous structure of the MWCNT-dPIn. The large
electroactive surface area provides more enzyme immobilization sites leading to a greater enzymatic reaction toward glucose [62].
After the immobilization of GOD, the cyclic voltammograms of the CHI-GOD/Mo3Cy-dPIn, the CHI-GOD/MWCNT-dPIn, and the
kC-GOD/MWCNT-dPIn at various scan rates are presented in Fig. 4 (a-c) and the relation of anodic current responses and square root
scan rates are depicted in Fig. 4(d). Anodic peak potential positively shifts and cathodic potential negatively shifts with the increase of
scan rates which can be associated with a slow transfer of electrons at the interface [63]. The electroactive surface areas of CHI--
GOD/Mo3C-dPIny, CHI-GOD/MWCNT-dPIn, and kC-GOD/MWCNT-dPIn as calculated by Randles-Sevcik equation (1) are 14.6 mm?,
39.9 mm?, and 49.9 mm?, respectively. The electroactive surface area is reduced after the enzyme immobilization because the surfaces
became smoother [64]. The Rt values and electroactive surface areas of the modified SPCEs are summarized in Table S4.



K. Phasuksom et al. Heliyon 10 (2024) e24346

250 600
— 10mV/s —— 10mV/s
200 4 20 mV/s —— 20mV/s
— 30mV/s 400 A 30 mV/s
150 40 mV/s —— 40mV/s
= —— 50mV/s a —— 50mV/s
S 100{ —— 60mV/s S 2004 — 60mV/s
s — 70mV/s g — 70mV/s
S50 A £
= =
O 4
0 4
0, -200 A
-100 T T T T T T T T T v
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
400
600 1 jomvis (c) s  CHI-GOD/Mo3C3-dPIn )
— 20mV/s A  CHI-GOD/MWCNT-dPIn
400 4 — 30 mV/s 300 4 ® KC-GOD/MWCNT-dPIn
40 mV/s
3 =i 2 y=1744.1x - 122.94
2 200 { —— 60mV/s 1~ R2=0.997
= —— 70mV/s E 200 A
£ = R>=0.998
g o g
100 I
-200 - g
L e y =538.46x - 42.723
et - R?=0.995
-400 T T T T T 0 r T T T
-1.0 -0.5 0.0 0.5 1.0 0.08 0.12 0.16 0.20 0.24 0.28
Potential (V vs Ag/AgCl) UO.S (‘,O.SS-O.S)

Fig. 4. Cyclic voltammograms at different scan rates in electrolyte solution containing 5 mM of K3[Fe(CN)¢]/K4[Fe(CN)g] and 0.1 M PBS in 0.1 M
KCl of: (a) CHI-GOD/Mo3C,-dPIn; (b) CHI-GOD/MWCNT-dPIn; (c) kC-GOD/MWCNT-dPIn; and (d) the anodic current responses at various square
root of scan rates of the modified electrodes.

3.4. Chronoamperometric measurement

Chronoamperometric current response was measured in 0.1 M PBS solutions containing different glucose concentrations. The
anodic potential applied was at +0.6 V vs Ag/AgCl to detect the HyO5 oxidation. The chronoamperometric current response vs. time for
each glucose concentration and calibration curve of the various fabricated glucose sensors are revealed in Fig. 5(a-f). The current
response tends to increase with increasing glucose concentration because Hy0- is oxidized at the electrode surface under applied +0.6
V vs Ag/AgCl and releases electrons leading to the increment in the current response [65]. The slope of the calibration curve (pA/mM)
of divided by geometric surface area (cm?) is normally referred to as the sensitivity of glucose sensors [66,67]. The linear regression
equation of the CHI-GOD/Mo3C,-dPIn is I = 0.2473C + 3.236, R? = 0.997 equation (3) within the glucose concentration range of
2.5-10 mM with 1.03 % RSD of slope, and I = 0.0178C + 5.599, R? = 0.996 equation (4) within the glucose concentration range of
10-100 mM with 0.84 % RSD of slope; thus, its sensitivity values are 3.53 pA mM ! em ™2 and 0.254 pA mM ! em ™2, respectively.
However, the CHI-GOD/Mo3C,-dPIn is not appropriate for use in the glucose concentration range of 10-100 mM because the sensi-
tivity is lower than the minimum sensitivity value required for a suitable blood glucose sensor (1 pA mM ™! em™2) [68]. The linear
regression equation of the CHI-GOD/MWCNT-dPIn is [ =1.3197C + 12.333, R%Z=0.991 equation (5) within the glucose concentration
range of 0.5-25 mM with 2.16 % RSD of slope, and I = 0.2398C + 38.608, R = 0.994 (equation 6) within the glucose concentration
range of 25-75 mM with 3.35 % RSD of slope; thus, its sensitivity values are 18.85 pA mM~! cm™2 and 3.43 pA mM ™! ecm™2,
respectively. The linear regression equation of the kC-GOD/MWCNT-dPIn isI = 1.1061C + 12.071, R? = 0.992 (equation 7) within the
glucose concentration range of 0.1-50 mM with 0.8 % RSD of slope; thus, its sensitivity value is 15.80 pA mM ™! em 2. Above 50 mM of
glucose concentration, the current response tends to reach equilibrium. The sensitivity values of the CHI-GOD/MWCNT-dPIn and the
kC-GOD/MWCNT-dPIn are higher than the lowest sensitivity value required for a blood glucose sensor, indicating that these sensors
have a possibility for applying as a blood glucose sensor [68].

From the sensitivity values, it is evident that the glucose sensor fabricated from MWCNT-dPIn produces the higher glucose response
than that of Mo3Ca-dPIn. This is because MWCNT-dPIn allows the higher electron transfer than Mo3Cy-dPIn, as confirmed by the higher
redox current response as shown in Fig. 2, and the larger electroactive surface area (54.0 mm? for MWCNT-dPIn and 31.3 mm? for
Mos3Cy-dPIn) rendering the higher glucose oxidation. The kC-GOD/MWCNT-dPIn provides the wider linear glucose level range than
the CHI-GOD/MWCNT-dPIn possibly because of the larger electroactive surface area; 39.9 mm? for the CHI-GOD/MWCNT-dPIn and
49.9 mm? for the kC-GOD/MWCNT-dPIn. The differences in sensing performance of the glucose sensor, as fabricated by the two
different biopolymers as the support materials for enzyme immobilization, occur as they are different in chemical structures resulting
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Fig. 5. Chronoamperometric current responses vs time and calibration curves of: (a) and (b) CHI-GOD/Mo3C,-dPIn; (c) and (d) CHI-GOD/MWCNT-
dPIn; and (e) and (f) kC-GOD/MWCNT-dPIn.

in different enzyme interactions and film surface formations.

The continuous glucose responses of the fabricated glucose sensors in glucose solutions (0.01 mM-100 mM) are shown in Fig. S8. It
can be seen that the glucose sensor fabricated from MWCNT-dPIn produces a higher glucose response than that of Mo3Cy-dPIn. On the
other hand, the glucose response of the kC-GOD/MWCNT-dPIn is higher than that of the CHI-GOD/MWCNT-dPIn. The continuous
glucose responses shown illustrate that the fabricated glucose sensors are potentially suitable to utilize as continuous glucose sensors in
real time application.

The limit of detection (LOD) is defined as the lowest amount of analyte in sample which can be detected but not necessarily
quantitated under stated experimental conditions [69]. Herein, LOD was calculated by 3.3SDy/slope where SDy, is standard deviation
of blank response and the slope is obtained from the linear response of the calibration curve. The calculations of LOD are reported in
Table S6. The calculated LOD values of the CHI-GOD/Mo3C,-dPIn, the CHI-GOD/MWCNT-dPIn, and the kC-GOD/MWCNT-dPIn are
1574 pM, 115 pM and 30 pM, respectively.

3.5. Glucose sensor mechanism

The mechanism of glucose response in this work is related to the enzymatic reaction between GOD and glucose as presented in
Scheme 1(B). First, glucose oxidation is catalyzed by GOD in which the glucose is oxidized by GOD-FAD to produce gluconolactone and
GOD-FADHj as in the reaction (1) [70]. Gluconolactone reacts with water to generate gluconic acid as in the reaction (2). GOD-FADH,



K. Phasuksom et al. Heliyon 10 (2024) e24346

is re-oxidized by oxygen in order to reproduce GOD-FAD and generates HyO; as in the reaction (3). Glucose detection can be measured
by the Hy0, generation and O consumption during the enzymatic reaction as the glucose concentration is directly proportional to
H,0; generation and O, consumption. Herein, the glucose detection is focused on the direct measurement of H,O2 generation via the
investigation of the HyO4 oxidation at the anodic potential of +0.6 V vs Ag/AgCl as in the reaction (4). The MXene-dPIn and
MWCNT-dPIn composites act as the electron acceptors from the reactions to electrode as in the reaction (5). These reactions (1-4) are
referred to as in previous reports [14,71]. The existence of HyO» can be proved by using the chromogenic oxygen acceptor (o-dia-
nisidine) in the presence of peroxidase enzyme [14,71]. The color of the glucose solution incubated on the modified sensors for 10 min
changed from colorless to brown as shown in Fig. S9. This result confirms that the mechanism of the fabricated glucose sensors involves
in the generation of HyO5 [14,71].

Glucose + GOD-FAD — Gluconolactone + GOD-FADH, (€8]
Gluconolactone + H,O — Gluconic acid (2)
GOD-FADH; + O, + 2¢~ + 2H" - H,0, + GOD-FAD 3)

H,0, Y AR ) L gem 4ol )
X-dPIn 2* + 2¢~ — X-dPIn (X is MXene or MWCNT.) 5)

The nature of the electrochemical reaction at the electrode surface was examined in a 10 mM glucose solution by cyclic voltam-
metry at the applied potential from —0.8 to 0.8 V at various scan rates. The cyclic voltammograms of various fabricated glucose sensors
are shown in Fig. 6 (a-c) and the logarithmic relation between the anodic currents (I,,) and the scan rates (v) are shown in Fig. 6(d).
The slope values of the logarithmic relation of I, vs. v of the CHI-GOD/Mo3C»-dPIn and CHI-GOD/MWCNT-dPIn are 1.193, 1.1091,
respectively. These values are close to 1 indicating that the electrochemical reaction at the electrode surface is the adsorption-
controlled reaction [72]. For kC-GOD/MWCNT-dPIn, the slope of the logarithmic relation of Iy, vs. v is 0.8625 pAmV sl the
slope is in the range of 0.5-1 indicating the concurrently controlled adsorption and diffusion [72,73].

3.6. Glucose sensor performances

Glucose sensor selectivity was examined and illustrated by chronoamperometry at +0.6 V vs Ag/AgCl in a 10 mM glucose solution
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mixed with 0.1 mM interferences of ascorbic acid (AA), uric acid (UA), lactic acid (LA), potassium chloride (KCI), and sodium chloride
(NaCl). The current responses of pure glucose and glucose mixed interferences are shown in Fig. 7(a). The percentages of current
response change of the glucose solutions mixed with the interferences are less than 8 % for CHI-GOD/Mo3C,-dPIn, 11 % for CHI-GOD/
MWCNT-dPIn, and 12 % for k<C-GOD/MWCNT-dPIn. The current response changes toward the interferences are about 10 % providing
the superior glucose selectivity [66].

The reproducibility of the glucose sensors was investigated to verify the precision and accuracy of the response of the fabricated
glucose sensor. The glucose sensors were fabricated with the same previous methods and then tested in a 10 mM glucose solution. The
current responses of 7 fabricated glucose sensors are presented in Fig. 7(b). The percentages of the relative standard deviation (RSD =
SD/mean) are 4.23 %, 1.17 %, and 1.23 % for CHI-GOD/Mo3C;-dPIn, CHI-GOD/MWCNT-dPIn, and kC-GOD/MWCNT-dPIn, respec-
tively. The reproducibility of the fabricated glucose sensors is less than 5 %RSD indicating excellent reproducibility [74].

The repeatability of the glucose sensors was analyzed in a 10 mM glucose solution with the same electrode under the same con-
ditions as shown in Fig. 7(c). The sensors were rinsed with deionized water after the glucose detection and dried at room temperature
before reuse. The current responses tend to strongly decrease after the glucose sensor was reused in 2nd and 3rd cycles. This suggests
that the biosensors should be disposable after the first use.

The long-term stability of the glucose sensors was examined in 10 mM glucose solution every 7 days, in which the glucose sensors
were stored at 4 °C in vacuum sealed bags prior to use. The current signals of the fresh glucose sensors tested every 7 days are
illustrated in Fig. 7(d). The current responses of CHI-GOD/Mo3Cz-dPIn, CHI-MWCNT-dPIn, and kC-GOD/MWCNT-dPIn at 28 days of
storage time are 77.0 %, 93.6 %, 93.2 %, respectively. The decrease in the current response is due to the enzyme leaching and the
composite degradation during storage leading to a decrease in its conductivity [10]. The current signal of the glucose sensor based on
MWCNT-dPIn is more stable than Mo3Cy-dPIn possibly owing to the strong interaction between MWCNT and dPIn via the m-nn
interaction. The uses of CHI and kC as the support materials for the GOD immobilization provided the same sensor stability of ~93 %
within 28 days. The summarized performances of the fabricated chronoamperometric glucose sensors were also tabulated in Table S5
in Supplementary Material.

3.7. Effect of MWCNT content and continuous glucose response
The effect of MWCNT content on the sensors was investigated at various MWCNT concentrations from 2 mg/mL to 12 mg/mL in the

mixing with the dPIn solution at the volume ratio of 1:1. Cyclic voltammograms of MWCNT-dPIn at various concentrations of MWCNT
solution are presented in Fig. S10(a). The results clearly indicate that the suitable concentration of MWCNT solution is 10 mg/mL
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Fig. 7. Sensor performances: (a) selectivity (0.1 mM interferences in 10 mM glucose); (b) reproducibility; (c) repeatability; and (d) stability, in
which (b)-(d) tested in 10 mM of glucose solution.
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because the highest redox current response is obtained. A higher concentration of MWCNT might result in an excessive thickness of the
coating layer leading to the blocking of the electron transfer from the Fe(CN)g]*/[Fe(CN)g]* redox probe to the working electrode.
The effect of MWCNT concentrations on the continuous glucose response is also shown in Fig. S10(b). The results illustrate that the
glucose response increases with increasing concentrations of MWCNT solution up to 10 mg/mL of MWCNT solution, then the glucose
response decreases at 12 mg/mL. This result is consistent with the decrease in redox current response from the cyclic voltammograms
of Fig. S10(a). At an excessive concentration of MWCNT, the electron transfer efficiency decreases due to the excessively thick coating
layer.

3.8. Comparison of enzymatic glucose sensors designed with conductive polymer composites/hybrids

The comparisons of sensitivity, LOD, and linear range of glucose level for enzymatic glucose sensors based on conductive polymer
composites and hybrids are tabulated in Table 1. The sensitivity values of the present glucose sensors CHI-GOD/MWCNT-dPIn and the
kC-GOD/MWCNT-dPIn are lower than the previous glucose sensors fabricated from Nf-GOD/fMWCNTs-PPy, GOD/PAN/PANI/Gra-
phene, and GQD-GOD/PEDOT: PSS/ TisC,, but higher than GOD/PPy-HRP-FCA, GOx-CHI/PPy-Au NPs, PPy/GOD/SWCNTs-PhSO3 '/
PB, GOD/AuNPs: MWCNT: PANI, GOD/GP/PB/PPy. However, the sensitivity value is higher than the lowest sensitivity value required
for a blood glucose sensor (1 pA mM ™! cm™2) [68], which suggests that the presently fabricated glucose sensors provide sufficiently
high responses to detect glucose. The calculated LOD values are 115 pM for the CHI-GOD/MWCNT-dPIn and 30 pM for the
kC-GOD/MWCNT-dPIn. Although the calculated LODs are higher than some previous works, the present glucose sensors the
CHI-GOD/MWCNT-dPIn and the kC-GOD/MWCNT-dPIn provide wider linear glucose ranges over the previous works. The linear range
of glucose completely covers the requirements of glucose detection in blood (2.2-38.9 mM) [66], urine (2.78 mM and over 5.55 mM),
and sweat (0.01-1 mM) [3]. For the fabricated glucose sensor based on CHI-GOD/Mos3C,-dPIn, the sensitivity value is relatively low
(3.53 pAmM ! cm™2) in the linear range of 2.5-10 mM with the calculated LOD of 1574 pM. However, its sensitivity is higher than the
lowest sensitivity value required for a blood glucose sensor. Herein, the advantage of the glucose sensors fabricated on SPCE is of a
practical use as the SPCE consists of the three-electrodes cell consisting of the working electrode, reference electrode (Ag/AgCl), and
counter electrode. The glucose sensor can be fabricated on SPCE by the drop coating with MWCNT-dPIn and coated with an
enzyme-biopolymer. Moreover, the glucose detection method is fast, as the electrochemical detection by chronoamperometry is a very
facile detection method used for glucose sensors. The novelty of this work is the comparison of the composite materials between the
Mos3Cy-dPIn and the MWCNT-dPIn composites for increasing electrical signal and electroactive surface area and the different bio-
polymers (chitosan and k-carrageenan) as the support materials for the enzyme immobilization.

4. Conclusions

The enzymatic glucose sensors as fabricated from MXene/dPIn and MWCNT-dPIn were systematically compared. Herein, MXene
was molybdenum carbide (Mo3Cy). The difference in morphology was observed by FE-SEM; Mo3C,-dPIn was of small particles of dPIn
mixed with MXene, whereas MWCNT-dPIn was fibers of MWCNT fully covered with dPIn. The electrochemical behavior was inves-
tigated by CV and EIS, showing that MWCNT provided the higher redox current response and lower charge transfer resistance when
compared to Mo3Cy-dPIn, as MWCNT-dPIn possessed the higher electrical conductivity than Mo3Cy/dPIn. Moreover, the electro-
chemical surface area of MWCNT-dPIn (54.0 mm?) was larger than Mo3Cy-dPIn (31.3 mmz), consistent with the morphological sur-
faces of the materials. The biopolymer types between chitosan (CHI) and k-carrageenan (kC) were compared for using as the support
matrix for the GOD enzyme immobilization. The results illustrated that the electroactive surface area of the kKC-GOD/MWCNT-dPIn
(49.9 mm?) was higher than the CHI-GOD/MWCNT-dPIn (39.9 mmz), resulting in the increases in enzymes immobilization and higher
enzymatic reaction toward glucose. The glucose response was investigated by chronoamperometry. The CHI-GOD/MWCNT-dPIn
possessed the higher sensitivity and wider glucose detection range than the CHI-GOD/Mo3Cy-dPIn, confirming that the glucose
response of the CHI-GOD/MWCNT-dPIn was superior to that of CHI-GOD/Mo3C2-dPIn. The kC-GOD/MWCNT-dPIn showed the widest
glucose concentration range from 0.1 mM to 50 mM with sensitivity of 15.80 pA mM ™! cm™2 and the calculated LOD was 30 pM. The
fabricated glucose sensors were of high selectivity, high stability at 93 % within 28 days, and good reproducibility for a disposable
single use.
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Table 1
Comparison of enzymatic glucose sensors designed with conductive polymer composites/hybrids.
Design glucose biosensor Detection Electrode Sensitivity LOD Linear range Ref.
method (pA-mMt.cm™?) (mM)
GOD/PPy-HRP-FCA CA composite carbon 1.11 10 uM 0.08-1.3 [75]
electrode
GOx-CHI/PPy-Au NPs CA Glassy carbon 0.58 68 uM 1.0-20.0 [76]
PPy/GOD/SWCNTs-PhSO3 ty CA Platinum 6.0 10 uM 0.02-6.0 [77]
PB
GOD/AuNPs: MWCNT: PANI CvV Glassy carbon 12.73 - 2.0-12.0 [78]
Nf- GOD/fMWCNTs-PPy CA Platinum 54.2 5.0 pM 0.05-4.1 [16]
GOD/GP/PB/PPy CA Graphite rod 1.9 100 pM 0.1-20.0 [79]
GOD/PEDOT/CF CA Carbon fiber 8.5 - 0.5-15.0 [80]
microelectrode
GQD- GOD/PEDOT: PSS/ DPV SPCE 21.64 65 pM 0-0.5 [81]
TisCy
GOD/PEDOT: SCX/MXene CA Glassy carbon - 22.5 pM 0.5-8.0 [82]
GOD/PAN/PANI/Graphene CA Platinum disk 29.11 2.10 pM 0.01-1.97 [83]
CHI-GOD/Mo3C,-dPIn CA SPCE 3.53 1574 2.5-10.0 This
uM work
CHI-GOD/MWCNT-dPIn CA SPCE 18.85 115 pM 0.5-25.0
kC-GOD/MWCNT-dPIn CA SPCE 15.80 30 pM 0.1-50.0

CA is chronoamperometry. CV is cyclic voltammetry. DPV is differential pulse voltammetry. LODs are calculated values.
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