-
(@ chemosensors

Article

Coral-like TizC,Tx/PANI Binary Nanocomposite Wearable
Enzyme Electrochemical Biosensor for Continuous Monitoring
of Human Sweat Glucose

Jinhao Wang !, Lijuan Chen *{J, Fan Chen !, Xinyang Lu !, Xuanye Li !, Yu Bao 1), Wei Wang !, Dongxue Han !

and Li Niu L-2*

check for
updates

Citation: Wang, J.; Chen, L.; Chen, F;
Lu, X; Li, X;; Bao, Y.; Wang, W.; Han,
D.; Niu, L. Coral-like Ti3C, Ty /PANI
Binary Nanocomposite Wearable
Enzyme Electrochemical Biosensor for
Continuous Monitoring of Human
Sweat Glucose. Chemosensors 2024, 12,
222. https://doi.org/10.3390/
chemosensors12110222

Received: 8 August 2024
Revised: 18 October 2024
Accepted: 23 October 2024
Published: 25 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Guangdong Engineering Technology Research Center for Photoelectric Sensing Materials & Devices,

Guangzhou Key Laboratory of Sensing Materials & Devices, Center for Advanced Analytical Science,
School of Chemistry and Chemical Engineering, Guangzhou University, Guangzhou 510006, China;
2112205024@e.gzhu.edu.cn (J.W.); 1112316013@e.gzhu.edu.cn (F.C.); 32105100044@e.gzhu.edu.cn (X.L.);
32105100080@e.gzhu.edu.cn (X.L.); baoyu@gzhu.edu.cn (Y.B.); wangw@gzhu.edu.cn (W.W.);
dxhan@gzhu.edu.cn (D.H.)

School of Chemical Engineering and Technology, Sun Yat-Sen University, Zhuhai 519082, China

*  Correspondence: gdchenlj@gzhu.edu.cn (L.C.); Iniu@gzhu.edu.cn (L.N.); Tel.: +86-020-39366902 (L.C. & L.N.)

2

Abstract: With the continuous advancement of contemporary medical technology, an increasing
number of individuals are inclined towards self-monitoring their physiological health information,
specifically focusing on monitoring blood glucose levels. However, as an emerging flexible sensing
technique, continuous and non-invasive monitoring of glucose in sweat offers a promising alternative
to conventional invasive blood tests for measuring blood glucose levels, reducing the risk of infection
associated with blood testing. In this study, we fabricated a flexible and wearable electrochemical
enzyme sensor based on a two-dimensional TizC,Tx MXene nanosheets and coral-like polyaniline
(PANI) binary nanocomposite (denoted as TizC,Tx/PANI) for continuous, non-invasive, real-time
monitoring of sweat glucose. The exceptional conductivity of Ti3C, Ty MXene nanosheets, in conjunc-
tion with the mutual doping effect facilitated by coral-like PANI, significantly enhances electrical
conductivity and specific surface areas of Ti3C,Tx/PANI. Consequently, the fabricated sensor ex-
hibits remarkable sensitivity (25.16 pA-mM~L.cm~2), a low detection limit of glucose (26 uM), and
an extensive detection range (0.05 mM~1.0 mM) in sweat. Due to the dense coral-like structure
of TizC,Tx/PANI binary nanocomposite, a larger effective area is obtained to offer more active
sites for enzyme immobilization and enhancing enzymatic catalytic activity. Moreover, the sensor
demonstrates exceptional mechanical performance, enabling a 60° bend in practical applications,
thus satisfying the rigorous demands of human sweat detection applications. The results obtained
from continuous 60 min in vitro monitoring of sweat glucose levels demonstrate a robust correlation
with the data of blood glucose levels collected by a commercial glucose meter. Furthermore, the
fabricated Ti3C,Tx/PANI/GOx sensor demonstrated agreement with HPLC findings regarding the
actual concentration of added glucose. This study presents an efficient and practical approach for the
development of a highly reliable MXene glucose biosensor, enabling stable and long-term monitoring
of glucose levels in human sweat.

Keywords: sweat; Ti3C,Tx MXene; glucose detection; wearable biosensor; enzyme

1. Introduction

The chronic nature of diabetes is characterized by inadequate insulin production,
resulting in elevated blood glucose levels, which can give rise to a multitude of severe
complications including stroke, myocardial infarction, and renal failure [1]. The projected
prevalence of diabetes is anticipated to reach 578 million individuals by 2030 [2]. Diabetes
remains an incurable condition, emphasizing the criticality of maintaining a stable blood
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glucose level for its management [3,4]. However, current conventional methods of blood
glucose monitoring rely on commercially portable enzyme glucose meters that necessitate
the invasive collection of blood from the fingertips. The discomfort associated with repeated
needling elicits anxiety in patients, heightens the risk of wound infection, and engenders
resistance towards regular blood glucose monitoring among individuals in their daily
lives [5,6]. Consequently;, it is an urgent need to develop a blood glucose monitoring device
that meets the needs of patients, providing convenience, non-invasiveness, and continuous
monitoring of glucose levels. It is well-known that glucose is present in various biological
fluids apart from serum, including urine, tears, saliva, and sweat. With the progress of
medical care, various wearable non-invasive glucose sensors have been developed and
utilized for continuous monitoring of glucose levels [7-10].

Sweat, a metabolite secreted by sweat glands, contains abundant metabolic infor-
mation such as ions, lactic acid, urea, and glucose. Based on the established correlation
between blood and sweat glucose concentrations demonstrated in the previous studies,
wearable glucose sensors with unique selectivity, rapid response, and facile miniaturization
gained extensive application for sustainable and non-invasive monitoring of sweat glucose
concentration [11-13]. Both enzyme sensors and non-enzymatic sensors are employed
for the detection of glucose concentration in sweat. Glucose oxidase (GOx) is commonly
utilized for the oxidation of glucose, facilitating in direct electron transfer from the enzyme
to the electrode. However, due to the inherent instability and low activity of glucose
oxidase, enzyme immobilization poses a critical challenge in achieving glucose sensors
with superior stability, selectivity, and reproducibility. Therefore, it is imperative to priori-
tize conductive composite materials that exhibit enhanced catalytic activity and stability
for glucose oxidation during the process of glucose oxidase immobilization. Recently,
novel nanocomposites were developed for the immobilization of glucose oxidase such as
metal-organic framework materials (MOFs), porous nanocomposites, hydrogels, magnetic
nanoparticles, carbon nanomaterials, metal, and metal oxide nanoparticles. Song et al. de-
signed a Cu 2D MOFs for the co-immobilization of glucose oxidase (GOx) and horseradish
peroxidase (HRP) [14] through adsorption and covalent immobilization strategies with
superior enzymatic activity for glucose detection in harsh environments. Guldin et al.
constructed the ordered porous aluminosilicate-coated electrodes with different modifi-
cation protocols for the immobilization of GOx in electrochemical glucose sensing [15].
Among them, amino-modified porous aluminosilicates displayed better sensitivity and
wider linear range for electrochemical detection of glucose. Kim et al. prepared poly (vinyl
alcohol)/ 3-cyclodextrin (PVA/3-CD) hydrogels physically immobilized GOx for accurate
detection of interstitial fluid glucose levels with high sensitivity and low detection limit
at low applied potential [16]. Lin et al. designed a flexible glucose biosensor in human
sweat composed of a GOx/N-GQDs/PANI nanocomposite layer for non-invasive human
sweat glucose monitoring on a wearable biosensor [17]. Hao et al. prepared a MnO, /multi-
walled carbon nanotubes (MWCNTs) nanocomposite with a simple hydrothermal method
and a glucose biosensor was developed by incorporation of GOx [18]. However, the
continuous advancement in nanomaterials for efficient immobilization of GOx and rapid
glucose detection remains a prominent area of research focus and still presents a significant
research challenge.

As a novel two-dimensional (2D) nanomaterial, MXene exhibits exceptional physical
and chemical properties, making it as an excellent conductive material suitable for the
monitoring of various key biomolecules in sweat, such as glucose, dopamine, and ascorbic
acid. MXene nanosheets consisting of Ti3C; layers are exfoliated from the intermediate “A”
layers of the MAX phase in hydrofluoric acid. Moreover, the general formula of MXene
can be expressed as M;,,1 X, Ty, where n can take on values of 1, 2, or 3; M represents
early transition metals such as Ti, Ta, V, and Nb; Ty indicates surface functional groups
carried by etching processes, such as hydroxyl (—OH), chlorine (—Cl), oxide (—O), and
fluoride (—F) groups [19,20]. Due to the unique structure and controllable surface chemical
composition, excellent conductivity, adjustable hydrophilicity, superior catalytic charac-
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teristics, high volumetric capacitance, and specific surface area, Ti3C, Ty MXene exhibits
promising application prospects in various fields, including electromagnetic shielding,
photocatalysis, and biomedical applications and sensors. The applications of MXenes as
a tunable sensitive material in sweat sensors are primarily focused on the detection of
physiological and biochemical signals such as lactate acid, glucose, uric acid, and pro-
tein [21]. However, the interaction between van der Waals forces and hydrogen bonds
in the Ti3C,Tx MXene monolayer leads to a reduction in surface area and constraining
the electrochemical sensor performance of TizsC,Tx [22,23]. Therefore, the introduction
of specific components to generate the intercalation and bridging effects is essential to
improve the conductivity and avoid the issue of layer stacking of TizC,Tx MXene [24,25].
In addition, the newly incorporated components must possess enhanced electrochemical
characteristics and intrinsic conductivity and be able to synergize with MXene to enhance
the detection of biological analytes.

Herein, this study presents a long-term stable, flexible sensing platform based on an
active catalytic binary composite by incorporating coral-like polyaniline on the Ti3C;Ty
nanoflake surface to improve the stability, specific surface area, and conductivity of TizC, Ty,
thereby amplifying the immobilization impact of the enzyme by increasing active sites
for highly sensitive, selective, and accurate glucose monitoring in sweat. The working
electrode of the glucose biosensor was constructed with the Ti3C,Tyx/PANI electrocat-
alytic transduction layer through aniline electropolymerized on the TizC,Tx surface, and
finally functionalized with glucose oxidase. Compared to neat Ti3C,Tx and PANI, the
Ti3C,Tx /PANI binary nanocomposite-modified electrode demonstrated superior catalytic
activity, lower detection limit, and higher sensitivity in glucose detection of PBS, artificial
sweat, and human sweat. The bending test showed that the TizC,Tx/PANI/GOx elec-
trode possessed high mechanical and current response stability. Indeed, we constructed a
portable sensor for glucose monitoring in sweat and employed it during exercise. The de-
veloped glucose biosensor was utilized for real-time monitoring of sweat glucose in vitro,
successfully establishing a robust correlation between blood glucose levels and sweat
glucose levels.

2. Material and Methods
2.1. Material and Reagents

Glucose oxidase, potassium chloride (KCl), and sodium chloride (NaCl, purity >99%)
were obtained from Sigma Aldrich Trading Co., Ltd., (Shanghai, China). Titanium alu-
minum carbide (Ti3AlC;) MXene powder (98%, 400 mesh) was purchased from 11 Technol-
ogy Co., Ltd. (Jilin, China). Dopamine (DA, purity 99%), DL-lactic acid, glutaraldehyde
(50 wt % aqueous solution), hydrofluoric acid (HF), uric acid (UA, purity 99%), and ascorbic
acid (AA, purity > 99%) were obtained from Shanghai Macklin Biochemical Technology
Co., Ltd., (Shanghai China). Chitosan (medium viscosity, 200~400 mPa-s), bovine serum
albumin (BSA, purity 98%, derived from bovine serum), polyaniline (PANI), aniline (pu-
rity >99.5%), glycine, potassium phosphate dibasic (K;HPO,), N-methyl-2-pyrrolidinone
(NMP), potassium phosphate monobasic (KH,PO,), and urea were purchased from Al-
addin Scientific Corp, Shanghai, China. The commercial electrode was obtained from
Shenzhen Haoyang Technology Co., Ltd, China. KH,PO,, K;HPO,, and NaCl were used
to prepare PBS buffer (0.1 M, pH = 7.4) as a solvent for glucose oxidase and glucose disso-
lution. All chemicals do not require further purification and all the aqueous solutions were
prepared with ultrapure water.

2.2. Preparation TizCyTy MXene

Ti3C,Tx MXene was prepared according to the previously reported method [21].
Initially, 15 mL of HF was introduced into a Teflon vessel and stirred at 80 rpmina 0 °C
ice bath. Subsequently, 1.5 g of Ti3AlC, powder was gradually added to the HF solution
over a duration of 10 min. Following the powder addition, dry nitrogen was introduced
into the Teflon vessel to remove air. The suspension was then stirred at 80 rpm for 48 h at



Chemosensors 2024, 12,222

4of 16

room temperature to ensure complete removal of the Al layer. The suspension was washed
repeatedly with ultrapure water and centrifuged at 5000 rpm for 5 min until the pH value
exceeded 6. Ultimately, TizCoTx MXene powder was obtained by vacuum freeze-drying for
48 h.

2.3. Preparation of Ti3C,Tx/PANI/GOx-Based Electrodes

Coral-like PANI-functionalized TizC,Tx (Ti3C,Tx/PANI) was obtained by an electro-
chemical polymerization method. Initially, 10 mg of the prepared Ti3C,Tx powder and
1 mL of Nafion solution were dispersed in 9 mL of NMP solution, followed by sonication
for 2 h at 25 °C (sonication power of 120 W and frequency of 40 kHz). Subsequently, 8 uL
of the mixed solution was taken and added dropwise to the working electrode (5 mm
glassy carbon electrode and flexible electrode) and dried at 60 °C for 6 h. Next, the com-
mercial electrode was immersed in aniline (0.25 M) and sulfuric acid (0.5 M) solution to
electropolymerize and facilitate the growth of coral-like PANI on the surface of Ti3C,Tx
via the cyclic voltammetry method with a voltage range from —0.45 V to —0.9 V and a
scan rate of 30 mV /s for a total number of twenty cycles. After electropolymerization, the
working electrode was washed with ultrapure water to remove residual sulfuric acid and
air-dried for 6 h. Subsequently, a mixture containing 10 mg/mL BSA solution, 25 mg/mL
GOx, 2 mg/mL chitosan solution, and a 1.0 wt % glutaraldehyde solution in PBS was
prepared in a ratio of 2:4:1:1. The mixed solution (8 puL) was dropwise added onto the
surface of the TizC,Tyx/PANI electrode and incubated at 4 °C for 12 h for enzyme immobi-
lization. Finally, a droplet of Nafion solution was added onto the flexible sensor to obtain
the Ti3C,Tx/PANI/GOx glucose sensor (the schematic illustration of the preparation of
Ti3Cy Ty /PANI/GOx flexible glucose biosensor is demonstrated in Figure 1a). The obtained
glucose sensor was stored at 4 °C for one day before use. As control tests, Ti3CpTx/GOx
biosensors and PANI/GOx biosensors were also prepared and stored at 4 °C before use.

2.4. Materials Characterization

The morphologies and chemical structures of MXene and TizC,Tx/PANI were in-
vestigated by scan electron microscopy (SEM, JEOL, and JSM-7001F) and transmission
electron microscopy (TEM, JEOL, and JEM-2100) (Tokyo, Japan). The structure of samples
is analyzed using X-ray diffraction (XRD) (Bruker D8 ADVANCE, Billerica, MA, USA).
X-ray photoelectron spectroscopy (XPS) measurements were performed using the Thermo
Scientific K-Alpha system manufactured by Thermo Fisher Scientific in the United States
(Waltham, MA, USA). Raman spectra were measured by using a LabRAM HR800 instru-
ment with a laser excitation from the Nd: YAG laser source at 532 nm.

2.5. Electrochemical Characterization

Electrochemical measurement and glucose concentration measurement were per-
formed with Gamry workstation and CHI 760E electrochemical workstation, including
cyclic voltammetry (CV), chronoamperometry. The current-time curve was obtained
at —0.35 V. Electrochemical impedance (EIS) was measured in the 1 MHz to 1 Hz fre-
quency range.

2.6. Electrochemical Characterization in PBS and Artificial Sweat

The electrochemical performance of Ti3C, Ty /GOx, PANI/GOx, and Ti3C,y Ty /PANI/GOx-
modified electrodes was investigated in different glucose concentrations at a scan rate of
50 mV/s, respectively. Glucose in PBS and artificial sweat (pH = 6.5) was determined by
chronoamperometry. Under the addition of 0.1 mM AA, 0.5 mM urea, 50 pM UA, 0.05 mM
dopamine, 10 mM NaCl, 10 mM KCl, and 0.1 mM glycine, the selectivity of Ti3C, Ty, PANI/Gox
glucose sensor in artificial sweat was measured by chronoamperometry.
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Figure 1. (a) Schematic illustration of the preparation of Ti3C, Ty, Ti3CpTx/PANI, and the flexible
Ti3C,Tx/PANI/GOx flexible glucose biosensor; SEM images of (b) Ti3AlC, powder; (c) TizCy Ty,
(d) electropolymerized coral-like PANI; and (e) Ti3C, Tx/PANI binary nanocomposite; TEM images
of (f) Ti3C, Ty and (g) TizCyTx/PANI; and (h) EDS mapping of Ti3Cy Ty /PANI.
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2.7. Electrode Bending Tests

The prepared TizC, Ty /PANI/GOx flexible electrode was subjected to bend at angles
of 0°, 30°, and 60°, respectively, and different concentrations of glucose (0~1.0 mM) were
examined at different bending angles to evaluate the electrode current changes before and
after bending and the stability of the electrode.

2.8. On-Body Measurements

On-body glucose monitoring in sweat was conducted on two healthy subjects aged
20 to 30 years. The glucose sensor (TizC,Tx/PANI/GOx flexible electrode) was securely
affixed on the epidermis of the arm, and the electrode had a fixed contact connection
to a mini-type equipment function as an electrochemical workstation for real-time glu-
cose monitoring. During the on-body sweat glucose monitoring, the volunteers followed
prescribed exercise and dietary instructions. Meanwhile, the invasive blood glucose mea-
surements were obtained using a commercially available conventional glucose meter for
comparison with the sweat glucose levels.

3. Results and Discussions
3.1. Morphology of TisC,Ty/PANI

The morphology and surface structure of coral-like Ti3C,Tyx/PANI were observed
by SEM and TEM. The unetched pristine Ti3AlIC, powder showed a bulk-shaped MAX
phase (Figure 1b); after etching the Al layer from Ti3AlC, powder, a two-dimensional
layered accordion-like structure of TizC,Tx was obtained (Figure 1c). Coral-like PANI
was fabricated by the electrochemical polymerization method, as shown in Figure 1d.
Through electrochemical polymerization of the aniline monomer on the surface of Ti3CyTx
nanoflakes, the Ti3C,Tx/PANI binary nanocomposite with coral-like shape was obtained,
as shown in Figure le. TEM images of Ti3CyTyx and Ti3CpTx/PANI are presented in
Figure 1f,g, respectively. Obviously, a lamellar shape could be observed at the edges of
the etched Ti3C, T nanoflakes. After electrochemical polymerization of aniline monomer
on the TizC, Ty surface, the surface roughness of the TizC,Tx nanoflake was significantly
increased and the coral-like shape of PANI was grown on a Ti3C, Ty nanoflake surface to
form a binary nanocomposite Ti3Cp Ty /PANI Figure S1 shows the HRTEM image of the
Ti3C,oTx/PANI, and the measured lattice fringes pitch was 10.02 A corresponding to (002)
planes of Ti3C, Ty, matching with the XRD results well. However, the crystal structure
of polyaniline was not presented due to its susceptibility to structural damage when
exposed to high-intensity electron beams, resulting in the destruction of the crystal structure.
The elements of Ti3CyTyx/PANI were also determined via EDS analysis (Figure 1h), and a
uniform distribution of Ti, C, and N elements was detected, which was consistent with the
expected results.

3.2. Characterization of TizCpTy/PANI

XRD patterns of Ti3Cp Ty, PANI, and Ti3C,Tx/PANI binary nanocomposites were
characterized in Figure 2a. The characteristic peaks at 8.9°,18.1°, 27.5°, 35.1°, 41.8°, and
60.6° were corresponded to the (002), (004), (006), (008), (010), and (110) planes of Ti3C, T,
respectively [26,27]. Due to the Al layer etching, the (104) peak at 38.8° was greatly
weakened for Ti3CyTx. The peaks at 20.8° and 25.3° were the (020) and (200) crystal planes
of the emeraldine salt form of the coralline PANI [28]. The intensity of the characteristic
peak of (002) of TizCyTx/PANI was decreased with the growth of the coral-like PANI,
indicating that the PANI successfully inserted into the TizC Ty lamellae and affected its
crystallinity. Furthermore, other characteristic peaks of (020) and (200) crystal planes of
the coralline PANI could be detected in the spectrum of TizC;Tx/PANI, indicating that
the Ti3C,Tx/PANI binary nanocomposite successfully prepared. Figure 2b represented
Raman spectra of TizC, Ty, PANI, and the Ti3C, Ty /PANI binary nanocomposite. In the pure
TizC, Ty spectrum, four primary Raman shifts located at 152, 255, 402, and 601 cm ! were
observed, respectively. Among them, the fitting peak located at 255 cm~! corresponded to
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Figure 2. (a) XRD patterns and (b) Raman spectra of Ti3Cy Ty, PANI and Ti3C, Ty /PANI powders;
XPS spectra of (c) Ti 2p; (d) C 1s; (e) O 1s; and (f) N 1s of TizC, Ty /PANI, respectively.

XPS survey spectrum of Ti3C, Ty /PANI binary nanocomposite was demonstrated
in Figure S2, indicating the presence of Ti, C, N, and O elements. The high-resolution
spectra of Ti 2p, C 1s, O 1s, and N 1s of Ti3CyTx/PANI are fitted in Figure 2c—f, respectively.
As shown in Figure 2c, the Ti 2p spectrum demonstrated fitting peaks at 455.4, 456.7, and
457.9 eV of Ti 2p3,, were assigned to Ti—C, Ti?* /Ti*>*, and Ti—O, respectively, suggesting
that the TizC, Ty was slightly oxidized during the etching process. The fitting peaks detected
at459.7,461.2, 462.7, and 465.3 eV of the Ti 2p, /, spectra were corresponded to Ti—C, Ti2*,
Ti**, and Ti—O, respectively [30,31]. The C 1s spectrum (Figure 2d) of Ti3C,Tx/PANI
was fitted by four peaks located at 282.1, 284.7, 286.3, and 289.0 eV, respectively, and
corresponding to C—Ti—Ty, C—C/C=C, C—N, and C—-O bond [32,33]. The existence
of the C—N bond was attributed to the electro-polymerization of aniline monomers on
the TizC, Ty surface. Furthermore, the fitting peaks at 531.1, 532.1, and 533.3 eV of Ols
(Figure 2e) were corresponded to Ti—O, Ti—OH, and Ti—O—N, respectively, indicating a
slight oxidation of the Ti3C,Tx etching process and the interaction between Ti3C, Ty and
polyaniline, which further confirmed the successful anchoring of PANI on the TizC,Tx
surface [31-33]. The N 1s spectrum (Figure 2f) of Ti3C,Tx/PANI could be fitted with four
deconvoluted primary peaks at 398.1, 399.6, 401.3, and 402.0 eV, equivalent to =N—, —NH—,
=NH"*—, and —NH," —, respectively [34,35]. These XPS results indicate the successful
formation of Ti3C,Tx/PANI binary nanocomposite.

3.3. Electrochemical Behaviors of the Fabricated Electrodes

The electrochemical behavior of TizC, Ty, GOx, PANI/GOx, and TizC,Tx/PANI/GOx
electrodes was investigated by changing the scan rates (10~100 mV/s) and the correspond-
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ing CV curves are shown in Figure 3. All the peak currents of Ti3C,Tx/GOx, PANI/GOX,
and Ti;C, Ty /PANI/GOx electrodes exhibited an increase as the scan rate increased, and the
peak potentials of all the modified electrodes indicated the presence of a quasi-reversible
redox reaction (Figure 3a—c) [36]. Figure 3d demonstrates a linear relationship between the
peak current of all electrodes and the square root of the corresponding scan rate, indicating
a typical diffusion-controlled electron transfer process [37]. Furthermore, the electron
transfer rates between the immobilized GOx on TizC,Tx, PANI, and Ti3C, Ty /PANI elec-
trodes during the chemical reaction was calculated according to the Laviron formulation
Equations (1) and (2) as follows [38]:

2.3RT1 [ova]
anF CBLRTk,

Epc=E" - (1)
2.3RT [ (1 —a)nFo
(1 —a)nF 8" RTk,

where T represents temperature in Kelvin, F represents Faraday constant, and R represents
the ideal gas constant. Furthermore, n represents the number of transferred electrons, a rep-
resents the electron transfer coefficient, and v represents the scan rate, and EY is the formal
redox potential. E, . and E, , represent the peak potential value at the cathode and anode,
respectively. The constant ks represents the electron exchange rate. The determination of
electron transfer parameters (¢ and ks) is conducted by constructing Laviron plots, which
involved plotting E,, vs. the logarithm of the scan rate. After calculated, the coefficient
of electron transfer («) was 0.58, 0.53, and 0.40 for the Ti3C,Ty/GOx, PANI/GOx, and
TizC,Tx/PANI/GOx electrodes, respectively, while the rate constants for electron exchange
(ks) are determined to be 0.815 571, 0.951 s~1, and 1.17 s, respectively. The highest k;
value based on the Ti3C,Tx/PANI/GOx electrode indicated that the coral-like polyaniline
decorating on the TizC,Tx surface enhances the electron transfer between GOx and the
electrode. In general, a higher electronic transfer rate of the electrode corresponded to
a lower resistance rate of the materials for electrode. The technique of electrochemical
impedance spectroscopy (EIS) is highly valuable for monitoring the kinetics and processes
occurring at the electrode interface [21]. The Nyquist plots were fitted both before and after
the introduction of GOx to the electrodes, accompanied by corresponding equivalent circuit
diagrams. As illustrated in Figure S3a,b, the corresponding equivalent circuits consist of
electrolyte resistance (Rs) and charge transfer resistance (Rct). Figure S3c demonstrates
that both before and after immobilized with GOx, the Ti3C,Tyx/PANI-modified electrodes
exhibit the lowest Rct values (13.2 (2 and 71.2 3), which are significantly lower than
those observed for TizCy Tx-modified electrodes (19.8 () and 139.8 ()) and PANI-modified
electrodes (28.3 () and 171.2 (3). The minimal Rct suggests that Ti3C, Ty /PANI nanocom-
posites possess enhanced charge conversion efficiency. According to previous reports, the
enhancement of the electron transfer rate usually led to an enhancement in the catalytic
activity for glucose oxidation [39]. Therefore, the increased electronic exchange rate of the
Ti3CyTx/PANI electrode might lead to an enhancement in its catalytic activity for glucose.

Ep,a = EO/ - ] (2)

3.4. The Electrocatalytic Behavior of Glucose on Fabricated Electrodes

The catalytic oxidation of glucose on the fabricated electrodes are observed through
CV scans at a scan rate of 50 mV-s~! (Figure 54). In a stirred condition, different concentra-
tions of glucose solutions were added to the PBS solution in sequence to obtain a uniform
dispersion of glucose. Due to the different electrode materials, the recorded potentials for
the Ti3Cy Ty /GOx electrode (Figure S4a) and TisC,Tx/PANI/GOx electrode (Figure S4c)
ranged from —0.6 V to 0.6 V, and —1 V to 1 V for the PANI/GOx electrode (Figure S4b).
The calibration curves for anodic and cathodic peak currents versus glucose concentrations
of the Ti3Cy T /PANI/GOx electrode measured in the CV mode are shown in Figure S4d.
The Ti3CyTx/PANI/GOx electrode exhibited a more pronounced linearity compared to
TizCyTx/GOx and PANI/GOx electrodes. As the glucose concentration increases, the
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current at the anode and cathode gradually increased, indicating the presence of glucose
electrocatalytic oxidation behavior on the fabricated electrodes. The electrochemical reac-
tion that is typically occurring at the fabricated electrode could be represented as follows

Equation (3) [40]:

The detection of glucose in the CV mode was accomplished by detecting the signals of
hydrogen peroxide oxidation, which were generated due to an enzymatic reaction between

glucose+0O, 9 gluconic acid+H, O,

glucose oxidase and glucose.
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Figure 3. CV curves of (a) Ti3Cy Tx/GOx electrode; (b) PANI/GOx electrode; (c) TizCpTx /PANI/GOx
electrode in PBS containing 0.3 mM glucose at different scan rates from 10 to 100 mV /s, respectively;
and (d) the calibration plots of the anodic and cathodic peak currents vs. the root-squared scan rate
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for the different GOx electrode.

To comprehensively compare the electrocatalytic performance of the fabricated elec-
trodes, chronoamperometry measurement was investigated. The chronoamperometry
curves of the TizC,Tx/GOx, PANI/Gox, and Ti3C, Ty /PANI/GOx electrodes in the range
of glucose concentration from 0.05 to 2 mM were presented in Figure 4a—c, respectively.
All the fabricated electrodes exhibited a stepwise increase in response current for each
concentration and indicate rapid diffusion of glucose on the electrode surface. Figure 4d
shows the linear calibration curve for the stairs-like chronoamperometry curves, which
demonstrates the relationship between glucose concentration and current density. The sen-
sitivities of TizCyTx/GOx, PANI/GOx and TizCpTx/PANI/GOx electrodes to glucose

Root-squared Scan rate (mV/s)’®



Chemosensors 2024, 12,222

10 of 16

were determined based on the curve slope and calculated to be 8.59 pA-mM~!.cm~2,
16.52 pA-mM~1-cm~2, and 26.04 pA-mM~!-cm 2, respectively. The estimated limits of
detection (LOD, S/N = 3) for glucose were as follows [5]: 33 uM for TizC,Tx/GOx, 26 uM
for PANI/GOx, and 21 puM for TizCp T /PANI/GOx. Compared with TizC,Tx/GOx and
PANI/GOx, the Ti3Cp Ty /PANI/GOx exhibited higher sensitivity and lower LOD, which
could be attributed to the higher electron conductivity rate and the larger electrode effective
area of the coral-like Ti3C, Ty /PANI binary nanocomposite, which enhanced the enzyme
immobilization effect. A comparison of the performance of the Ti3C,Tx/PANI/GOx glu-
cose sensor with previously reported glucose sensors is presented in Table S1 [41-49].
The sensitivity and LOD of the Ti3C,Tx/PANI/GOx exhibited competitiveness comparable
to that of other reported glucose sensors.
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Figure 4. Chronoamperometry curves of (a) TizCyTx/GOx electrode; (b) PANI/GOx electrode;
(c) Ti3C, Ty /PANI/GOx electrode; and (d) calibration curves of the GOx fabricated electrodes.

3.5. Artificial Sweat Detection

The electrochemical analysis of the TizC,Tx/PANI/GOx sensor in artificial sweat is
depicted in Figure 5. Based on the fluctuation range of glucose concentration in human
sweat, different concentrations of glucose were successively added to the artificial sweat,
and simultaneously amperometric detection was performed. In artificial sweat, the glu-
cose sensor had a detection range from 0.05 to 1.0 mM. As demonstrated in Figure 5a,
the current density and glucose concentration show a well-known stair-like behavior.
According to the calibration curve of the TisCyTx/PANI/GOx sensor (Figure 5b), the sen-
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sitivity of the sensor to glucose detection was 25.16 pA-mM~!.cm~2. The selectivity of
the TizC,Tx/PANI/GOx sensor was investigated by measuring the current response for
0.3 mM glucose in comparison to other interfering substances commonly found in human
sweat. The result demonstrated in Figure 5c verifies that the introduction of interfering
substances had a minimal interference with the current response of the sensor, suggesting
that the interaction between coral-like PANI and Ti3C,Tx promoted the specific recognition
of GOx with glucose. Furthermore, the long-term stability of the Ti3C,Ty/PANI/GOx
sensor for glucose detection is represented in Figure 5d,e. Figure 5d shows the continuous
amperometric monitoring with Ti3CyTx/PANI/GOx glucose sensors to detect 0.6 mM of
glucose within 15 h, with insignificant changes in current density (<1.2 pA-mM~!-cm~2)
over the test time. The long-term stability of the Ti3C,Tx/PANI/GOx sensor was evaluated
over a 10-day period, with daily testing conducted (Figure 5e). Subsequently, the electrodes
were rinsed in PBS and deionized water before being stored at 4 °C for further testing.
The deviation of the current density over a period of 10 days was around 10%, indicating
the long-term stability of the TizC,Tx/PANI/GOx sensor. Furthermore, the performance
of the enzyme sensor was easily influenced by temperature [50]. Figure 5f shows that
the current response of the fabricated glucose sensor increased as the temperature raised
from 20 °C to 40 °C, indicating an increase in enzyme activity [51]. The current response
of the TizC,Tx/PANI/GOx sensor exhibited a more pronounced change compared to the
Ti3C,Tx/GOx and PANI/GOx sensors. This could be attributed to the dense coral-like
structure of TizC,Tx/PANI binary nanocomposite, providing a larger effective area, thereby
offering more active sites for enzyme immobilization and enhancing enzymatic catalytic ac-
tivity. The same preparation method was carried on to fabricate eight Ti3C, Ty /PANI/GOx
glucose sensors for reproducibility in a PBS solution containing 0.3 mM glucose. As de-
picted in Figure S5, the maximum deviation of current density was approximately 10%,
demonstrating the reproducibility of the sensors.
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Figure 5. (a) Current response of the Ti3CyTyx/PANI/GOx glucose sensor in different glucose
concentrations; (b) calibration curve of current density vs. concentration of glucose; (c) the anti-
interference performance of the Ti3CyTx/PANI/GOx sensor; (d,e) the long-term stability of the
Ti3C, Tx/PANI/GOx sensor; and (f) the effect of temperature on glucose sensors.
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3.6. On Body Monitoring of Human Sweat Glucose

The wearable Ti3CyTx/PANI/GOx sensor contains a lithium-ion battery, a mini-type
amperometer, and a Ti3C, Tk /PANI/GOx flexible chip (Figure 6a). The on-body monitoring
of glucose in sweat was demonstrated by directly fixing the integrated sensing platform on
the subject’s arm during exercise. Due to the unevenness of the upper and lower arm, the
flexible chip attached to the skin, bending at a certain angle. The sensing performance of the
Ti3C,Tx /PANI/GOx sensor was explored when bending at 0°, 30°, and 60°, respectively.
These bending angles were enough to allow the sensor to be seamlessly attached on body
skin. Figure 6b illustrates the relative change in sensor current response, where j and jj
represent the current densities before and after bending is applied. The maximum relative
deviation of the current response for the Ti3C, Ty /PANI/GOx sensor at a 60° angle was
approximately 10%, indicating an excellent mechanical property during wearing.
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Figure 6. (a) The digital photo of the TizC,Tx/PANI/GOx glucose sensor; (b) the sensing per-
formance of the Ti3CpTx/PANI/GOx sensor after bent; (c,d) the photographs of the wearable
Ti3C, Tx /PANI/GOx sensing device for on-body monitoring of sweat glucose; and (e,f) continuous
real-time monitoring of the concentration levels of glucose of the corresponding subjects through an
on-body sensing platform vs. blood glucose.

To verify the feasibility of the Ti3CyTx/PANI/GOx chip for long-term and real-time
monitoring of glucose concentration in authentic human sweat, two healthy and young
subjects were recruited to engage in 60 min of indoor exercise for subsequent sweat analy-
sis (Figure 6¢,d). The real-time human sweat testing data corresponding to the subject’s
glucose response is depicted in Figure 6e,f. Meanwhile, the blood glucose levels for each
subject were measured by a commercial glucose meter at a certain time interval. During
the first 10 min of the exercise, no current fluctuations were recorded to ensure that enough
sweat was collected. After exercise for 10 min, the change in current density reflected the
change in glucose content in the sweat. Approximately 20 min post-exercise, both sweat
glucose concentration and blood glucose concentration demonstrated a decline followed
by an increase, attributed to the utilization of blood glucose in energy provision during
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exercise, resulting in reduced concentration levels. Subsequently, hepatic glycogen break-
down occurred, leading to an elevation in blood glucose levels. Notably, the variation in
blood glucose concentration had a direct impact on the variation observed in sweat glucose
concentration [52]. With continuous exercise for 30 min, a 300 mL sweet beverage was con-
sumed for each subject. The second decline in current density might be linked to the uptake
of glucose by muscles during exercise [53]. It is noteworthy that the increase in sweat glu-
cose levels after consuming sweet beverages does not occur immediately, but rather occurs
12 min later. A previous study indicated that the absorption of sugar from beverages by the
intestine is within a timeframe from 10 to 15 min [54]. Following nearly an hour of exercise,
both blood glucose and sweat glucose levels subsequently decreased. Throughout the entire
process of exercise, the discrete results of blood glucose levels obtained from a commercial
glucose meter exhibited a similar trend to the real-time monitoring of sweat glucose levels.
Furthermore, to compare the accuracy of the fabricated sensor, the artificial sweat samples
in different glucose concentrations were analyzed by the Ti3C,Tx/PANI/GOx sensor and
HPLC (Figure S6). The fabricated Ti3C,Tx/PANI/GOx sensor demonstrated agreement
with HPLC findings regarding the actual concentration of added glucose. The results
exhibit a high level of concordance, indicating the accurate detection capability of the
fabricated sensor. These above results demonstrate that a TizC,Tyx/PANI/GOx flexible
glucose sensor can be used for the precise and reliable detection of glucose in sweat.

4. Conclusions

In conclusion, we fabricated a binary nanocomposite TizC, Ty /PANI for GOx immobi-
lization and on-body reliable sweat glucose monitoring. The coral-like biomimetic structure
of PANI was achieved by an aniline monomer electropolymerized on the TizC, Ty surface.
This structure effectively reduces the stacking of Ti3C, Ty nanoplates and enhances the
enzyme immobilization efficiency. Based on the high conductivity and enhanced catalytic
properties of TizCpTx/PANIL, the sensing performance of the Ti3C,Tx/PANI/GOx glucose
sensor was further optimized. The TizCyTx/PANI/GOx sensor demonstrated a high sen-
sitivity of 26.04 pA-mM~!-cm~2 and 25.16 pA-mM ~!-em 2 for glucose detection in PBS
and artificial sweat, respectively. In addition, the fabricated TizC,Tx/PANI/GOx sensor
also showed excellent anti-interference performance, bending resistance, and long-term
stability in glucose detection. We constructed an integrated wearable electrochemistry
sweat glucose sensor based on Ti3C, Ty /PANI/GOx for real-time on-body sweat glucose
monitoring during exercise. Simultaneously, the monitoring of glucose levels in the subjects
during aerobic exercise involved a comprehensive comparison with the blood glucose lev-
els. The discrete results of blood glucose levels obtained from a commercial glucose meter
exhibited a similar trend to the real-time monitoring of sweat glucose levels. Furthermore,
the comparative results reveal a high similarity between the TizC,Tx/PANI/GOx sensor
and HPLC for glucose detection in artificial sweat. This flexible glucose biosensor based on
Ti3C,Tx/PANI binary nanocomposite offers a promising approach for non-invasive and
continuous glucose monitoring in healthcare.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors12110222/s1, Figure S1: HRTEM image of TizCpTx/PANI
binary nanocomposite.; Figure S2: XPS survey spectrum of Ti3C,Tyx/PANI binary nanocomposite;
Figure S3: Nyquist plots of (a) the different modified electrodes; (b) the modified electrodes immobilized
with GOx; and (c) histogram corresponding to Nyquist resistance; Figure S4: CVs of (a) the TizC,Tx/GOx
electrode, (b) the PANI/GOXx electrode, and (c) the TizC,Tyx/PANI/GOx electrode in PBS (pH = 7.4)
containing various concentrations of glucose; (d) the calibration curves of both the anodic and cathodic
peak currents vs. glucose concentrations (for the Ti3Cy Ty /PANI/GOx electrode at a scan rate of 50 mV/s);
Figure S5: Current response of eight glucose sensors in PBS solution containing 0.3 mM glucose; Figure S6:
Comparison of glucose concentration in artificial sweat measured by the TizC,Tx /PANI/GOx sensor and
HPLC; Table S1: Comparison of sensitivities and LOD to glucose detection for different glucose sensors.
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