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Abstract

With over 500 million people affected by diabetes worldwide, there is an urgent need 

for painless, continuous glucose monitoring. However, current wearable sensors are 

limited by enzyme instability, mechanical rigidity, and poor correlation with blood 

glucose levels. Here, we present an eco-friendly flexible biosensor fabricated from silk 

sericin, an abundant cocoon by-product, crosslinked with dialdehyde HPMC and 

functionalized with AuNPs-AMWCNTs. This dual-crosslinking strategy integrates 

sericin’s biocompatibility with the high conductivity and catalytic activity of the 

nanocomposite, yielding a robust sensing layer that withstands 200 folding cycles 

without performance loss. The sensor exhibits a low detection limit of 4 μM and a 

sensitivity of 13.43 μA·mM⁻¹·cm⁻² in the physiologically relevant 25-400 μM range. 
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This work offers a sustainable and reliable platform for real-time, continuous, and 

noninvasive glucose monitoring, with significant potential for next-generation 

wearable health devices.

Keywords: wearable sensor, non-enzymatic, glucose, flexible membrane

1. Introduction

With the increasing interest in body health monitoring, new skin biosensors have 

attracted more attention and improved rapidly in recent years[1]. Among various 

biosensors and sensing platforms, electrochemical sensors that detect physiological 

components in sweat and convert them into electronic signals for monitoring life 

indicators have recently gained much research interest[2]. Many disorders, such as 

diabetes, can be monitored by analyzing glucose levels in sweat. Sweat glands are 

distributed across the body; thus, sweat can be collected continuously and 

noninvasively, which is more convenient than collecting other body fluids. Traditional 

blood glucose testing by finger-prick is invasive and causes discomfort, highlighting 

the need for less invasive and more user-friendly approaches such as sweat-based 

flexible skin sensors.

Flexible skin sensors are typically fabricated from biocompatible materials, which 

helps reduce skin irritation[3]. In addition, a series of eco-friendly biosensors can be 

created from natural, biodegradable, and non-toxic materials[4]. Sericin, a natural 

protein derived from silkworm cocoons, exhibits good biocompatibility, low toxicity, 

and environmental friendliness[5]. It contains multiple modifiable chemical groups[6], 

such as carboxyl, amino, and hydroxyl, giving it great potential for electrochemical 

detection[7]. Hydroxypropyl methyl cellulose (HPMC) is a water-soluble, 

biocompatible thickening agent with excellent film-forming ability[8]. It can be 

selectively oxidized by periodate to produce dialdehyde HPMC (DHMC)[9]. Cross-

linking sericin with DHMC can theoretically improve its mechanical properties and 

broaden its application potential[10]. Therefore, sericin and DHMC were chosen as the 

raw materials in this study to prepare a flexible bio-composite membrane.
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Improving the electrical conductivity of biosensors is also essential. Amino-

functionalized multi-walled carbon nanotubes (AMWCNTs) are widely used due to 

their strong catalytic activity[11]. When modified with metal nanoparticles, 

AMWCNTs provide abundant catalytic sites for glucose oxidation and show minimal 

toxicity, making them highly suitable for enzyme-free glucose detection[12]. 

Modifying AMWCNTs with AuNPs further enhances conductivity, dispersibility, and 

thermal stability[13].

In this work, we developed a flexible bio-composite film by combining silk sericin 

(SS), DHMC, and AuNPs-AMWCNTs to achieve excellent biocompatibility and 

electrocatalytic performance for enzyme-free glucose detection. The Schiff-base 

crosslinking reaction ensured strong structural integrity, while the AuNPs-AMWCNTs 

network enhanced electron transfer and catalytic efficiency. The film was further 

integrated onto a screen-printed electrode to construct a wearable platform for real-time 

sweat glucose monitoring. This strategy offers a sustainable and reliable approach for 

continuous, noninvasive glucose sensing, with promising potential for personalized 

health management.

2. Materials and Methods

2.1 Materials and instruments

Silkworm cocoons were obtained from a local sericulture farm in Chongqing, China. 

Hydroxypropyl methylcellulose (HPMC) was purchased from Tianjin Guangfu Fine 

Chemical Research Institute. Sodium periodate (NaIO₄) and chloroauric acid 

(HAuCl₄·3H₂O) were purchased from Shanghai Adamas-beta Co., Ltd. Aminated 

multi-walled carbon nanotubes (AMWCNTs, purity >95%) were acquired from 

Nanjing XFNANO Materials Technology Co., Ltd. All other chemicals were of 

analytical grade and used without further purification.

Cell fluorescence imaging was performed using an Eclipse Ti-U inverted fluorescence 
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microscope (Nikon, Japan), while material surface morphologies and elemental 

compositions were characterized using an SU8010 field-emission scanning electron 

microscope (Hitachi, Japan) coupled with an X-MaxN energy-dispersive X-ray 

spectrometer (Oxford Instruments). X-ray diffraction (XRD) patterns were obtained 

using a D8 ADVANCE diffractometer (Bruker, Germany). Fourier-transform infrared 

(FTIR) spectra were collected on an iS50 spectrometer (Nicolet, US) over a wavelength 

range of 400 to 4000 cm⁻¹. Electrochemical tests employed a three-electrode system 

consisting of the conductive composite film as the working electrode (CHI660E, 

Shanghai, China), an Ag/AgCl (saturated KCl) reference electrode, and a platinum wire 

counter electrode. All instruments were calibrated according to the manufacturers’ 

standard protocols prior to use.

2.2 Preparation of the sensor

2.2.1 Synthesis of the SS-DHMC composite substrate

Silkworm cocoons were treated with high-pressure steam (121 °C, 20 min) to extract 

SS. The extracted SS was lyophilized to obtain purified SS powder. DHMC was 

synthesized via NaIO₄ oxidation by reacting 4% (w/v) HPMC (Tianjin Guangfu) with 

5.28% (w/v) NaIO₄ at pH 3.5 and 40 °C for 5 h. The product was dialyzed and dried at 

50 °C. To perform chemical crosslinking, DHMC (0.05 g) was dissolved in 2 mL 

ultrapure water to create a 2.5% (w/v) solution. SS powder (0.05 g) was added to this 

solution, and the mixture was stirred at 60 °C for 1 h to form a 3D Schiff base network.

2.2.2 Synthesis of the AuNP-AMWCNT nanocomposite

Preparation of the AuNP-AMWCNT nanocomposite was performed essentially as 

described by Kangkamano, et al[14]. AMWCNTs (10 mg, Nanjing XFNANO) were 

dispersed in 10 mL 3% sodium citrate, and the mixture was sonicated and then boiled. 

Five milliliters of 1% HAuCl₄ were added to the mixture until a wine-red color 

appeared. The product was centrifuged and washed to obtain AuNPs-AMWCNTs.

2.2.3 Assembly of the SS-DHMC-AuNPs-AMWCNT Sensor
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The AuNPs-AMWCNT content is reported as v/v, defined as the volume fraction of the 

stock dispersion in the casting mixture. A pilot screen indicated insufficient percolation 

and weak redox responses at <5%, whereas >20% produced high slurry viscosity, local 

agglomeration and poor film integrity. Therefore, 5-20% was selected as a practical 

optimization window. Sufficient AuNPs-AMWCNT was blended into the SS-DHMC 

solution to achieve a concentration of 5-20% (v/v), and the mixture was magnetically 

stirred for 12 h. The mixture was cast onto polydimethylsiloxane molds, dried at 40 °C, 

and peeled into self-standing films (1 × 1 cm²) for electrochemical testing (Figure 1).

Figure 1. Schematic illustration of the process of fabrication of SS-DHMC-AuNPs-AMWCNTs. (a) 

Extraction of sericin; (b) Oxidation of hydroxypropyl methylcellulose (HPMC) to produce 

dialdehyde hydroxymethyl cellulose (DHMC); (c) Synthesis of gold nanoparticles (AuNPs)-

AMWCNTs; (d) Mixing to establish crosslinking between components; (e) Drying to obtain the SS-

DHMC-AuNPs-AMWCNT flexible electrode.

2.3 Biocompatibility evaluation

2.3.1 Cytotoxicity assay

L929 cells (iCell Bioscience, Shanghai) and HeLa-RFP cells (Mingzhou Biotechnology, 

Ningbo) were cultured in DMEM with 10% FBS and 1% penicillin-streptomycin at 

37°C in a 5% CO₂ atmosphere. The CCK-8 assay (Fisher Scientific, USA) was 

performed after 24 h of culture in the presence of film samples (0.3 × 0.3 cm²). The 
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absorbance was measured at 450 nm.

2.3.2 Histological analysis

Sprague Dawley rats (200 ± 20 g, specific pathogen-free grade) were acclimatized for 

1 week (23 ± 1 °C, 50 ± 5% humidity, 12/12 h light-dark cycle) prior to subcutaneous 

implantation of composite film samples under isoflurane anesthesia. On day 7 

following implantation, the rats were sacrificed, and the major organs were harvested. 

Tissue sections (5 μm) were stained with hematoxylin and eosin (H&E) to evaluate 

inflammatory responses. All animal procedures were performed in accordance with the 

Guidelines for Care and Use of Laboratory Animals of Chongqing Medical University 

and approved by the Institutional Animal Ethics Committee (Approval No.: IACUC-

CQMU-2024-0490) and AAALAC guidelines.

2.4 Electrochemical characterization of conductive composite films

The area (1 cm*1 cm) of composite films with distinct films was detected by CV from 

-0.55 V to 0.65 V at a scan rate of 100 mV·s-1 in a 0.1 mM pH = 7.0 PBS solution and 

electrochemical impedance spectroscopy (EIS) in a 0.05 M KCl solution containing 0.5 

mM [Fe(CN)6] 3-/4-. In a stationary solution, linearity tests for DPV and CV were 

performed. The DPV method was used to examine several interfering chemicals. The 

anti-jamming ability was assessed by comparing the current value before and after the 

addition of various interferents.

3. Results and Discussion
3.1 Physical and chemical characterization of SS-DHMC-AuNPs-AMWCNTs

Comprehensive analyses that employ multiple characterization techniques can reveal 

key information regarding chemical composition, microstructure, crystal structure, and 

elemental distribution[15]. In this study, systematic characterization of the SS-DHMC-

AuNPs-AMWCNT composite film was used to verify the preparation of the material 

and to provide a theoretical foundation for understanding its performance advantages.

Page 6 of 37Sensors & Diagnostics

S
en

so
rs

&
D

ia
gn

os
tic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

7/
20

26
 1

0:
00

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SD00188A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00188a


7

First, the crosslinking state of the composite film was analyzed by FT-IR spectroscopy 

(Fig. 2a). Oxidation of HPMC with NaIO₄ led to the appearance of an absorption peak 

at 1730 cm⁻¹ that is not present in the reported spectrum of HPMC[16]. This peak was 

attributed to aldehyde carbonyl vibration, and its presence is consistent with the 

formation of DHMC. However, the absorption spectrum of SS-DHMC showed no peak 

at 1730 cm⁻¹, indicating that the aldehyde groups had undergone chemical reactions in 

the presence of SS[17]. The characteristic vibration peak of the Schiff base C=N bond 

(around 1660 cm⁻¹) was not observed in SS-DHMC, likely due to masking by the amide 

I band (1600–1690 cm⁻¹) of SS[18]. After crosslinking, the FT-IR spectrum of SS-

DHMC-AuNPs-AMWCNTs was consistent with a slight transformation in the 

secondary structure of SS, from random coil to α-helix[19]. 

XRD analyses (Fig. 2b) were used to investigate the crystal structure of the material. 

The peaks in the spectrum of SS-DHMC-AMWCNTs at 25.85° and 42.6° were 

attributed to the (002) and (100) crystal planes of AMWCNTs[20], while the newly 

emerged diffraction peaks of SS-DHMC-AuNPs-AMWCNTs at 38.15°, 44.35°, 64.6°, 

77.6°, 81.9°, 110.85°, and 115.3° were assigned to the (111), (200), (220), (311), (222), 

(331), and (422) crystal planes of AuNPs, respectively[21]. The appearance of these 

characteristic peaks confirmed the successful loading of AuNPs-AMWCNTs, and they 

indicated the presence of numerous high-index crystal planes that could increase the 

surface energy relative to free AuNPs[22], thereby enhancing the material's reactivity 

and amenability to use in electrochemical detection.

We next performed SEM analysis of the to investigate the microstructure of the 

composite film, as microstructure is key to the performance of any material. As shown 

in Fig. 2c, the SS-DHMC-AuNPs-AMWCNT film exhibited a uniform porous structure, 

suggesting that the material has a relatively high specific surface area and capacity for 

efficient mass transfer[23]. The microporosity might also increase the number of 

electrochemically active sites[24], greatly facilitating subsequent electrochemical 

detection. 
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An elemental quantitative analysis (Fig. 2d) confirmed that the proportions of C, O, and 

Au were consistent with expectations, accounting for 19.52%, 55.73%, and 23.82%, 

respectively, of the total mass of the material, providing quantitative evidence for the 

composition of the composite. EDS mapping (Fig. 2e) showed that Au was uniformly 

dispersed in the material, indicating no significant aggregation of AuNPs, with most 

nanoparticles having a diameter of 50 nm, further increasing the surface area of the 

porous structure[25].

The stability of the material is a key factor determining its practical applicability as a 

flexible sensor substrate[26]. We found that the SS-DHMC-AuNPs-AMWCNTs film 

maintained its structural integrity after immersion in water, with no noticeable damage 

or detachment of the AuNPs (Fig. 2f). This stability likely stems from the covalent 

crosslinked network formed between SS and DHMC, which provides a robust 

framework, and the incorporation of AMWCNTs, which enhances the mechanical 

strength of the material[14, 27]. Moreover, it’s swelling rate in water remained around 

2.15 after 96 hours and tended to stabilize, which has favourable and stable water 

absorption (Fig. S1).

Compared to traditional polymer-based composites[28], the composite material 

prepared in this work exhibits significantly better stability while maintaining a well-

defined structure. We attribute this improvement primarily to the multi-level 

crosslinking strategy employed in the material design, as Schiff base reactions are 

known to form a stable covalent network at the molecular level[29]. In addition, the 

interactions between AuNPs-AMWCNTs and the matrix at the nanoscale further 

enhance structural stability [30]. Not only do the uniformly dispersed AuNPs provide 

abundant active sites, but they may also synergistically improve the conductivity of the 

material conductivity through interactions with AMWCNTs [31].

In summary, systematic characterization confirmed the successful preparation of the 
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SS-DHMC-AuNPs-AMWCNT composite film, and it also provided important insights 

into its structure-performance relationship. The excellent stability demonstrated by this 

material lays a solid foundation for its practical application in sensor technologies, 

particularly for sensing systems that require long-term stability. Further research is 

needed to determine and optimize the long-term stability of the material under various 

environmental conditions and to establish quantitative relationships between its sensing 

performance and microstructure.

Figure 2. Physical and chemical characterization of SS-DHMC-AuNPs-AMWCNT film. (a) FT-IR 

spectra of SS, DHMC, SS-DHMC, and SS-DHMC-AuNPs-AMWCNTs; (b) XRD patterns of SS-

DHMC-AMWCNT film and SS-DHMC-AuNPs-AMWCNTs; (c) Representative SEM image of 

SS-DHMC-AuNPs-AMWCNTs; (d) Elemental composition of SS-DHMC-AuNPs-AMWCNT 

composite film; (e) EDS spectrum of SS-DHMC-AuNPs-AMWCNTs; (f) Structural stability of a 

SS-DHMC-AuNPs-AMWCNTs film after immersion in water.

3.2 Biocompatibility of the composite materials

Biocompatibility is a critical parameter when evaluating the potential clinical 

applicability of biomedical materials[32, 33]. In this study, we systematically 

investigated the biocompatibility of the SS-DHMC-AuNPs-AMWCNT composite 

through both in vitro cell experiments and in vivo animal experiments (Fig. 3). In vitro, 

both SS-DHMC-AMWCNTs and SS-DHMC-AuNPs-AMWCNTs exhibited excellent 
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cytocompatibility in comparison with the control treatment. Specifically, fluorescence 

microscopy analyses (Fig. 3a) demonstrated that HeLa cells adhered with higher cell 

densities onto both composite surfaces as compared with a control surface, and the 

adhered cells exhibited an apparently normal morphology. When L929 cells were 

incubated in the presence of SS-DHMC-AMWCNTs and SS-DHMC-AuNPs-

AMWCNTs, the proliferation rates relative to control were found by CCK-8 assay to 

be 106.5% and 109.4%, respectively (Fig. 3b). Similar results were observed for other 

research, in which the microporous structure was demonstrated to be directly 

responsible for increased adhesion of cell[34]. Taken together, these results indicated 

an apparent lack of cytotoxicity and suggested that the porous structure of the material 

might promote cell adhesion and proliferation.

To evaluate the potential safety of epidermal biosensors created from the material, three 

composite films (SS-DHMC, SS-DHMC-AMWCNTs and SS-DHMC-AuNPs-

AMWCNTs) were implanted subcutaneously in the dorsal skin of rats. All samples 

were processed under endotoxin-minimizing conditions and sterilized prior to 

biological testing. At one week after implantation, no significant swelling or 

inflammatory exudation was observed in any treatment group (Fig. 3d, e). However, 

while rats implanted with SS-DHMC and SS-DHMC-AMWCNTs showed no obvious 

inflammatory responses (Fig. 3f, g, i), rats implanted with SS-DHMC-AuNPs-

AMWCNTs exhibited mild localized inflammatory cell infiltration after one week (Fig. 

3h). Histological analyses showed that the inflammatory cells primarily accumulated at 

the interface between the material and the tissue interface, as indicated by blue-stained 

regions in H&E staining, potentially due to mechanical stimulation from the rigid 

structure of the AMWCNTs and to the generation of trace reactive oxygen species that 

activated immune cells[35]. Importantly, this inflammatory response remained mild 

and within a physiological range that is normally observed upon biomaterial 

implantation. 

The intent of the sensor is to be used for short-term (24 h) monitoring on the epidermis, 
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which possesses an intact stratum corneum barrier and fewer immune cells compared 

to dermis[36, 37]. Accordingly, our results suggest that the material demonstrate 

superior biocompatibility in epidermal applications. Human skin patch tests (Fig. S2) 

confirmed that the SS-DHMC-AuNPs-AMWCNT film caused no skin irritation or 

allergic reactions when applied for 48 h. Thus, the material performed comparably to 

commercial sterile dressings, thereby validating its safety for epidermal biosensing and 

supporting its clinical potential. The current in-vivo assessment focused on short-term 

responses; longer-term degradation/eluate testing and surface-engineered variants will 

be evaluated in future work to further de-risk inflammatory responses for prolonged 

wear.

Figure 3. Biocompatibility testing of SS-DHMC-AuNPs-AMWCNTs. (a) Fluorescence imaging of 

HeLa cells on a control surface and on SS-DHMC-AMWCNT and SS-DHMC-AuNPs-AMWCNT 

films; (b) Representative images of CCK-8 assays measuring the proliferation of L929 cells in the 

presence of SS-DHMC-AMWCNTs and SS-DHMC-AuNPs-AMWCNTs films was determined 

using the CCK-8 assay; (c) Quantification of the CCK-8 assay as shown in panel (b), with data 

presented as mean ± SEM (n = 3); (d-e) Representative images of three composite films 
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subcutaneously implanted in rat dorsum; (f-i) H&E staining of subcutaneous tissues from rats 

implanted with SS-DHMC (f), SS-DHMC-AMWCNTs (g), SS-DHMC-AuNPs-AMWCNTs (h), 

and control materials (i).

Małgorzata [38] proposed a series of in vitro and in vivo assays to be employed in the 

evaluation of the cytotoxicity and biocompatibility of gold nanoparticles (AuNPs), the 

SS-DHMC-AuNPs-AMWCNT composite demonstrates excellent biocompatibility in 

epidermal applications, meeting the biological requirements for biocompatibility. 

Compared with previously reported carbon-based nanocomposites[39], this material 

shows significant advantages in biocompatibility. The biologically friendly interface 

constructed by the natural polymer matrix (SS-DHMC) provides an optimal 

microenvironment for cell growth[40], while the uniform dispersion of nanomaterials 

achieved through process optimization avoids reactions caused by locally high 

concentrations of potential irritants[41, 42]. The synergistic effects of these advantages 

endow the composite with reliable safety and stability, establishing a solid foundation 

for its application in medical monitoring tools. In future work, we plan to optimize the 

surface modifications of the AMWCNTs, such as introducing hydrophilic groups or 

biocompatible coatings, to more completely reduce potential inflammatory risks and 

expand its application potential in long-term implantable devices. 

The mild, localized infiltration observed in the subcutaneous model should be 

interpreted in light of the sensor’s short-term epidermal use, where the intact stratum 

corneum limits cellular exposure. To further reduce risk, future versions will apply anti-

fouling surface modifications to the nanofillers (PEGylation or zwitterionic coatings; 

polydopamine-anchored hyaluronic acid/gelatin/sericin shells; thiolated-PEG end-

capping on AuNPs) and mild oxidative/acid functionalization of CNTs to improve 

hydrophilicity. Antioxidant functional layers (e.g., polydopamine/tannic acid) will be 

explored to scavenge ROS near the interface. Regarding degradation, the SS-DHMC 

matrix is expected to yield peptides and cellulose-derived fragments, whereas 

metallic/carbonaceous fillers are largely insoluble; therefore, our follow-up will 
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emphasize eluate testing (mass-loss/FTIR, ICP-MS for Au, CNT shedding by Raman), 

together with eluate cytotoxicity and macrophage cytokine assays to quantify 

inflammatory potential.

3.3 Electrochemical properties of SS-DHMC-AuNPs-AMWCNTs

3.3.1 Electrocatalytic mechanism and performance

We performed systematic electrochemical testing to investigate the glucose-sensing 

characteristics of the SS-DHMC-AuNPs-AMWCNT composite film. As shown in Fig. 

4a, the sensing mechanism primarily relies on the functional synergy of two key 

components: AuNPs provide highly efficient catalytic active sites, while AMWCNTs 

construct a three-dimensional conductive network to ensure rapid electron transfer. 

During the catalytic process, the hydrated monolayer [Au(OH)ads] formed on the AuNP 

surface acts as an active center. It specifically interacts with the hydroxyl groups of 

glucose molecules, promoting the dissociation of hydrogen atoms at the anomeric 

carbon of glucose as protons while releasing electrons to generate gluconolactone[14]. 

The electrons produced by this oxidation process are rapidly transported to the electrode 

surface through the conductive pathway established by AMWCNTs, forming a 

detectable electrical signal[43]. Notably, AMWCNTs not only serve as an electron-

conducting medium but also significantly increase the loading capacity of active sites 

due to their large surface area[44]. Meanwhile, the hydrophilic nature of the SS-DHMC 

matrix facilitates glucose diffusion and mass transfer[45, 46]. The synergistic 

interaction of these three components was established to collectively enhance the 

detection performance of the sensor. 

Differential pulse voltammetry (DPV; Fig. 4b) revealed a distinct oxidation peak near 

0.07 V for SS-DHMC-AuNPs-AMWCNTs, with a significantly higher current 

response compared to SS-DHMC and SS-DHMC-AMWCNTs, confirming the critical 

role of AuNPs in improving sensor sensitivity. Chronoamperometry (CA; Fig. 4c) 

further demonstrated that the SS-DHMC-AuNPs-AMWCNT composite film exhibited 

a substantially enhanced current response in glucose detection. This pronounced 
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catalytic enhancement effect underscores the pivotal role of AuNPs in electrochemical 

glucose sensing, providing a strong foundation for developing other high-performance 

biosensors. 

An electrochemical impedance spectroscopy (EIS) analysis based on the Randles 

equivalent circuit model[47-49] further elucidated the electron transfer properties at the 

material interface (Fig. 4d). The charge transfer resistance (RCT) of SS-DHMC-AuNPs-

AMWCNTs (537.8 Ω) was 24.2% lower than that of SS-DHMC-AMWCNTs (709.5 

Ω). This kinetic result confirms that the high conductivity of AuNPs provides additional 

electron transfer pathways, while the synergistic interface formed with AMWCNTs 

reduces the interfacial energy barrier and promotes electron transfer[50, 51]. An 

additional factor supporting the sensitivity of the detector is that the porous structure of 

the nanocomposite (Fig. 2c) contributes to an increased effective electrode area.

3.3.2 Kinetic analysis

Cyclic voltammetry (CV) provided important insights into the kinetic behavior of the 

material. SS-DHMC-AuNPs-AMWCNTs exhibited a significant enhancement of the 

redox peak current upon addition of 2 mM glucose, while control materials showed no 

such response (Fig. 4e), unequivocally confirming the catalytic role of AuNPs[52]. 

Furthermore, the CV profile of SS-DHMC-AuNPs-AMWCNTs progressively changed 

with increasing glucose concentration over a range from 0 to 14 mM (Fig. 4f), where 

both oxidation and reduction peak currents demonstrated linear relationships with 

glucose concentration (Fig.S3), indicating quantitative detection capability.

To elucidate the electrocatalytic mechanism of AuNPs in the oxidation of glucose, we 

systematically investigated the electrochemical behavior of SS-DHMC-AuNPs-

AMWCNT-modified electrodes at varying scan rates (50-500 mV·s⁻¹, Fig. 4g). The 

oxidation peak potential shifted positively while the reduction peak potential shifted 

negatively with increasing scan rates, characteristic of a quasi-reversible redox 

system[53]. Notably, the oxidation peak current showed strong linearity with scan rate 
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(Fig.S4), confirming a surface-adsorption-controlled process rather than a diffusion-

controlled process[54-56]. This kinetic feature highlights the efficient catalytic activity 

of the surface sites of the AuNPs and the facilitating exposure of active sites by the 

porosity of the composite[57]. The kinetic characteristics also suggest that the sensor 

response speed is unaffected by limitations of glucose diffusion and that sensitivity 

could be further enhanced through surface area optimization. The unique advantage of 

this study lies in achieving uniform dispersion of AuNPs and AMWCNTs within the 

flexible SS-DHMC network, maintaining high catalytic activity while preventing 

nanoparticle aggregation[58, 59].

3.3.3 Performance optimization and condition selection

To optimize sensor performance, we systematically studied the effect of conductive 

filler content. An EIS analysis using the Randles equivalent circuit model (Fig. 4h) 

revealed a non-monotonic trend in 𝑅𝐶𝑇 (1259 Ω, 537.8 Ω, 697.3 Ω, and 605.5 Ω for 

5%, 10%, 15%, and 20% filler content, respectively)[60]. The 57.3% reduction in 𝑅𝐶𝑇 

at 10% filler content can be attributed to two factors: (1) the enhanced electron transfer 

kinetics due to the catalytic activity of the AuNPs[61] and (2) improved charge 

transport via the 3D conductive network of the AMWCNTs. Beyond 10%, the 

performance declined due to pore blockage, which reduced the electrochemically active 

surface area[62], consistent with the CV results showing optimal redox peaks at 10% 

filler (Fig.S5). The non-monotonic evolution of 𝑅𝐶𝑇 (minimum at 10%, increase at 

≥15%) is characteristic of a percolation–porosity trade-off. Beyond the percolation 

optimum, excess AuNPs/AMWCNTs densify the filler network and partially block 

micro/mesopores, lowering the effective electroactive area and mass-transport. This is 

in line with the higher 𝑅𝐶𝑇 at ≥15% (Fig. 4h) and the reduced capacitive contribution 

in CV/DPV (Fig. S5). Consequently, 10% provides the best balance between 

catalytic‐site density and accessible porosity.

The DPV response was measured over a pH range from 6.2 to 7.4 (Fig. 4i), and the shift 

in the oxidation peak potentials was found to correlate inversely with pH (R² = 0.987, 
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Fig. 4j). The slope of the correlation line (58.4 mV/pH) was consistent with the 

theoretically ideal slope of a pH probe (59 mV/pH)[63, 64], confirming that proton-

coupled electron transfer occurred during glucose oxidation [21]. 

Previous studies have reported that AuNPs can directly catalyze glucose oxidation to 

produce gluconic acid and hydrogen peroxide[65]. This catalytic process requires the 

participation of hydroxide ions (OH⁻), in a similar manner to the catalytic activity of 

glucose oxidase (GOx). The pH-dependence observed for our system can be 

mechanistically explained as follows: Under acidic conditions (pH < 7.0), insufficient 

hydroxyl groups are adsorbed on the surface of the gold, leading to limited catalytic 

activity. In contrast, under weakly basic conditions, the increased presence of hydroxide 

can lead to the formation of oxidized layers on the gold surfaces (e.g., Au(OH)₃), which 

passivate the active sites and inhibit further glucose oxidation[66], resulting in 

compromised oxidative capability. The optimal performance observed at neutral pH 

represents a balanced state where adequate OH⁻ is available to participate in the 

reaction while excessive formation of gold oxides is prevented, thereby ensuring both 

catalytic activity and material stability. This observation is consistent with previous 

reports demonstrating that gold electrodes exhibit maximum current response at neutral 

pH[67].

In summary, the SS-DHMC-AuNPs-AMWCNT composite material achieves 

outstanding glucose sensing performance through rational structural design. The high 

sensitivity originates from the synergistic effect between the catalytic activity of AuNPs 

and the conductive network formed by AMWCNTs, while the porous structure ensures 

rapid mass transport and sufficient exposure of active sites. The confirmation of the 

importance of these parameters provides valuable insights into developing next-

generation flexible biosensors.
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Figure 4. Electrochemical performance and optimization of SS-DHMC-AuNPs-AMWCNTs. (a) 

Schematic illustration of glucose detection by the SS-DHMC-AuNPs-AMWCNT composite film; 

(b) DPV curves of SS-DHMC, SS-DHMC-AMWCNTs, and SS-DHMC-AuNPs-AMWCNTs in 

PBS; (c) CA responses of three composite films upon addition of 0.2 mM glucose in PBS (pH = 

7.0); (d) Randles equivalent circuit models of SS-DHMC-AMWCNTs and SS-DHMC-AuNPs-

AMWCNTs in 0.05 M KCl; (e) CV curves of SS-DHMC-AMWCNTs and SS-DHMC-AuNPs-

AMWCNTs in PBS (pH = 7.0); (f) The CV images of SS-DHMC-AuNPs-AMWCNTs films at 

different glucose concentrations; (g) The CV images of SS-DHMC-AuNPs-AMWCNTs film at 

different scanning speeds (50 mV-500 mV); (h) Randles equivalent circuit models of SS-DHMC-

AuNPs-AMWCNTs with different conductive filler contents in 0.05 M KCl; (i) DPV responses of 
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SS-DHMC-AuNPs-AMWCNTs film at different pH values; (j) Correlation between DPV peak 

potentials and pH values for SS-DHMC-AuNPs-AMWCNT film, with data presented as mean ± 

SEM (n = 3).

3.4 Sensing performance of an SS-DHMC-AuNPs-AMWCNT electrode

3.4.1 Sensing characteristics and sensitivity

The SS-DHMC-AuNPs-AMWCNT composite film exhibits an exceptional glucose 

sensing performance. DPV measurements (Fig. 5a, b) revealed linear responses to 

glucose over two concentration ranges (25-100 μM and 100-400 μM) with R² values of 

0.9918 and 0.9975, respectively. The sensitivity of the detection was 13.43 and 5 μA 

mM⁻¹cm⁻², with a remarkably low limit of detection of 4 μM. Notably, this detection 

limit is substantially lower than the typical glucose concentration in sweat (10-200 

μM)[68], suggesting that the detector meets practical requirements. The dual-linear 

characteristic reflects the changing mechanism of adsorption of glucose onto the surface 

of the AuNPs: abundant active sites ensure high sensitivity at low concentrations, while 

surface saturation leads to reduced sensitivity at higher concentrations[69]. 

3.4.2 Selectivity for glucose and resistance to interference

A comprehensive evaluation of selectivity was conducted by application of the sensor 

to detection of 0.2 mM glucose dissolved in 0.1 M PBS containing 2 mM concentrations 

of potential interferents (ascorbic acid, dopamine, KCl, NaCl, uric acid, urea, and lactic 

acid). The results of this analysis (Fig. 5c) revealed a signal deviation of less than 8%, 

with all responses within 99.6% to 107.6% of control. The relatively small variation 

can be attributed to (1) specificity in the catalytic activity of AuNPs[70], (2) the charge-

selective barrier effect of the SS-DHMC matrix[71, 72], and (3) the low oxidation 

potential of AuNPs[73]. .

To further evaluate the glucose-specific recognition capability of our sensor, we 

determined its electrochemical responses to 2 mM concentrations of the compounds 

themselves, in the absence of glucose. As shown in Fig. 5d, when testing these 
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interferents separately, the obtained peak currents were significantly lower than those 

obtained when measuring a solution containing 2 mM glucose. These findings confirm 

the sensor’s specificity toward glucose detection, and they provide valuable 

mechanistic insights into the molecular recognition process to inform the design of 

other, highly selective non-enzymatic glucose sensors.

As actual sweat contains much lower concentrations of the tested compounds than those 

analyzed here, and considering the limit of detection of 4 μM glucose, we concluded 

that the sensor exhibits sufficient performance for real-world applications. The high 

selectivity of the detector is particularly important for the prevention of false positive 

results emanating from exercise-induced fluctuations in metabolites (e.g., lactate) 

during dynamic monitoring[74].

3.4.3 Stability and reproducibility

The practical application of a sensor requires that it remains stable over a sufficiently 

long period of time[75]. To evaluate the reliability and stability of our sensor, we 

conducted multi-level repeatability tests. Initial electrochemical testing of eight 

independently fabricated electrodes under identical conditions (0.1 M PBS, pH 7.0) 

revealed nearly identical glucose oxidation peak currents for all electrodes (Fig. 5e). 

This exceptional batch-to-batch reproducibility stems from our standardized fabrication 

process that ensures both material composition uniformity and homogeneous dispersion 

of AuNPs-AMWCNTs within the SS-DHMC matrix.

Long-term stability was assessed by (i) storage at 25 °C, ~70% RH for 1-4 weeks, (ii) 

continuous PBS (pH 7.0, 37 °C) immersion for 1-6 days, (iii) temperature cycling 

between 20-40 °C. The SS-DHMC-AuNPs-AMWCNT composite film maintained 

stable glucose oxidation peak currents after continuous immersion in PBS for 6 d (Fig. 

5f, g). Subsequent monthly monitoring tests (Fig. 5h) demonstrated current response 

fluctuations within 7%, fully meeting the long-term stability requirements for wearable 

devices. These comprehensive stability validation experiments, conducted across 
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multiple testing dimensions, conclusively demonstrate that the SS-DHMC-AuNPs-

AMWCNT sensor possesses the reliability and stability necessary for practical 

implementation.

3.4.4 Mechanical properties and environmental adaptability

We considered that the temperature variations of human skin during physical 

activity[76] would potentially affect the performance of the sensor. DPV analyses (Fig. 

5i) demonstrated that within the temperature range of 20 to 40 °C, which approximated 

skin temperature fluctuations during exercise, changes to the current of the sensor in 

response to glucose remained negligible. 

Furthermore, evaluation of the mechanical durability performance (Fig. 5j-l) showed 

that after 0/50/100/150/200 cycles of bending the sensor 180° (Fig. S7), the LED circuit 

brightness exhibited no significant change, indicating that the integrity of the 

conductive network was maintained. The lack of change of the DPV response current 

confirmed that the electrochemical active sites remained undamaged after repeated 

folding. These comprehensive tests verified the sensor’s excellent environmental 

adaptability and mechanical stability under simulated usage conditions, meeting the 

stringent requirements for wearable health monitoring applications.

3.4.5 Comparison of sensor performance and application prospects

To contextualize our results within the landscape of noninvasive glucose sensing, we 

compared this work with representative wearable platforms (enzymatic and non-

enzymatic; see Table S1). Our SS-DHMC-AuNPs-AMWCNT sensor achieves a LOD 

of 4 μM and a linear range of 25-400 μM at neutral pH (7.0), which spans the 

physiological sweat-glucose range. In contrast, many non-enzymatic Au-based sensors 

rely on alkaline electrolytes to boost catalysis, while enzymatic patches face enzyme 

instability and calibration drift. Here, the porous SS-DHMC matrix and 

AuNPs/AMWCNTs synergy deliver favorable sensitivity and selectivity under neutral 

conditions, together with mechanical durability (200 folding cycles). These features 
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indicate competitive performance for practical, on-body monitoring, while larger 

clinical cohorts are planned to further substantiate generalizability.

In summary, the SS-DHMC-AuNPs-AMWCNT sensor achieves highly sensitive, 

selective, and stable glucose detection due to the design of the material and the 

optimization of its performance. The exceptional mechanical properties and 

environmental adaptability of this system make it an ideal candidate for wearable health 

monitoring. This work provides important ideas for non-enzymatic glucose sensor 

development while offering novel design concepts for flexible electronic devices.

Figure 5. Electrochemical sensing characteristics of SS-DHMC-AuNPs-AMWCNTs. (a) DPV 

responses of SS-DHMC-10%AuNPs-AMWCNTs at different glucose concentrations; (b) Linear 

correlation between DPV peak current values and glucose concentrations (data presented as mean 

± SEM, n = 3); (c) DPV responses of SS-DHMC-AuNPs-AMWCNT film to 0.2 mM glucose and 2 

mM concentrations of potentially interfering substances (data presented as mean ± SEM, n = 3); (d) 

DPV responses of SS-DHMC-AuNPs-AMWCNT film to equal concentrations of glucose and other 

substances (data presented as mean ± SEM, n = 3); (e) Reproducibility testing of eight identical SS-

DHMC-AuNPs-AMWCNT films; (f) DPV result of SS-DHMC-AuNPs-AMWCNT film stored for 
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6 d in PBS and then applied to the detection of 0.2 mM glucose; (g) Peak current values from the 

data shown in (f); (h) Peak current values from DPV analyses of film stored for 4 weeks; (i) DPV 

performed at different temperatures; (j, k) Conductivity performance evaluation of SS-DHMC-

AuNPs-AMWCNT film under flat (j) and folded (k) states (applied voltage: 10V) using LED 

illumination; (l) DPV analyses of films folded to 180º multiple times.

3.5 In vivo deployment of wireless sweat glucose monitoring

3.5.1 Validation with artificial sweat and blood samples

Sweat is an ideal biofluid for noninvasive monitoring due to its ease of collection and 

its rich content of physiologically relevant biomarkers[77]. A correlation has been 

established between the concentrations of glucose in sweat and blood[78], and the rapid 

secretion of sweat from highly vascularized sweat glands[79] enables reliable 

estimation of systemic glucose concentrations[91]. Sweat glucose sensors thus hold 

great promise for continuous noninvasive diabetes monitoring[80, 81].

When applied in a simulated environment, the SS-DHMC-AuNPs-AMWCNT sensor 

demonstrated exceptional reliability. Three healthy adult volunteers (age 20-35 years; 

2 males, 1 females) were recruited under informed consent. All experiments were 

performed in accordance with the guidelines and approved by the Ethics Committee of 

Chongqing Medical University (Reference number: 2023011). Informed consents were 

obtained from human participants of this study. Application to artificial sweat yielded 

glucose recovery rates of 87.7 to 102.9% with RSD values of 1.3 to 2.6% (Table S2). 

Clinical validation using 10-fold diluted postprandial blood samples from three showed 

recovery rates of 92.6 to 104.4%, with RSD values of 1.9 to 8.9% (Table S3), matching 

commercial glucometer readings. The slightly higher RSD values in blood testing 

reflect biological sample complexity, but the variability remained within acceptable 

limits. These results confirm the sensor's accuracy in physiological glucose detection 

and, combined with established sweat-blood glucose correlations[78], demonstrate its 

potential for noninvasive glycemic monitoring.
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3.5.2 Wearable real-time glucose monitoring system

We developed a noninvasive sweat glucose sensing system based on the SS-DHMC-

AuNPs-AMWCNT material, integrating screen-printed electrodes with a portable 

electrochemical workstation for real-time detection (Fig. 6a). In human trials, healthy 

volunteers wore sensors during jogging. The same group of volunteers as 3.5.1 

participated in this experiment. All experiments were performed in accordance with the 

guidelines and approved by the Ethics Committee of Chongqing Medical University 

(Reference number: 2023011). Informed consents were obtained from human 

participants of this study. The sensor measured glucose in the exercise-induced sweat, 

and blood glucose monitoring was performed in parallel using a commercial glucometer 

(GA-3 Sinocare, Fig. 6c). The system was also evaluated through pre-/post-prandial 

metabolic monitoring in which glucose levels were measured at 1-hour prior to a meal 

and at 0.5-, 2-, and 4-hours following a meal and through oral glucose tolerance testing 

(OGTT) after consumption of a standardized glucose solution (Fig. 6b, d). This human 

data demonstrates on-body feasibility and agreement with a commercial glucometer in 

healthy volunteers. Given the small sample size, results should be interpreted as proof-

of-concept rather than population-level evidence.

Notably, no skin irritation or discomfort was reported by any of the volunteers, 

confirming the technology’s safety and wearability. Agreement with the commercial 

glucometer was evaluated using Bland-Altman analysis (bias and 95% limits of 

agreement). A strong correlation (R2 = 0.981) was observed between DPV current 

signals and glucometer readings (Supplementary Fig. S6). Pre-/post-prandial 

monitoring (Fig. 6c) and OGTT (Fig. 6d) revealed a high correlation between sweat 

and blood glucose concentrations. This strong agreement can be attributed to the 

dynamic equilibrium between sweat glucose and blood glucose levels[82] and the close 

association between dermal interstitial fluid glucose and blood glucose[83]. 
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Figure 6. In vivo application of wireless sweat glucose monitoring based on SS-DHMC-AuNPs-

AMWCNTs. (a) Schematic diagram of the procedure for electrode usage in human subjects; (b) 

Corresponding changes in sweat glucose-stimulated currents and traditionally monitored blood 

glucose levels before and after a meal; (c) Wireless monitoring of glucose in forearm sweat from 

volunteers; (d) Corresponding changes in sweat glucose-dependent currents and blood glucose 

levels before and after glucose solution consumption. 

3.5.3 Prospects and challenges in clinical application

The developed SS-DHMC-AuNPs-AMWCNT sensor exhibited significant technical 

advantages in noninvasive glucose monitoring, with its enzyme-free catalytic 

mechanism providing exceptional stability, the flexible patch design ensuring wearing 

comfort, and its high correlation with commercial glucometers validating detection 

reliability. However, several key technical bottlenecks must be addressed for clinical 

translation, including individual variations in sweat glucose baselines, cost 

considerations of precious metal conductive materials, and clinical validation in 

diabetic populations. Future applications will focus on algorithm optimization, 
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refinement of the scaled-up production process, and establishment of diabetes 

monitoring databases to enhance system performance and reduce costs, thereby 

accelerating the transition from laboratory research to commercial implementation and 

providing innovative solutions for clinical needs such as diabetes management. In 

summary, the SS-DHMC-AuNPs-AMWCNT flexible sensor exhibits outstanding 

detection performance and clinical correlation in real-world applications. While sweat 

glucose monitoring still faces physiological challenges, this study confirms its practical 

value for noninvasive glycemic monitoring and offers a new technological option for 

medical applications including diabetes care. Large-scale clinical validation in future 

studies is warranted to clarify its medical value and application prospects. The present 

study used a small healthy cohort and did not include participants with diabetes; 

therefore, clinical generalizability is limited. Future work will evaluate performance in 

a larger, diverse cohort including diabetic participants, incorporate subject-wise 

calibration to address inter-individual variability, and perform longitudinal assessments 

to establish robustness under pathological conditions.

4. Conclusion

In this study, we successfully transformed waste SS into high-performance flexible 

sensing material, leading to the development of a glucose sensor based on SS-DHMC-

AuNPs-AMWCNTs with a demonstrated dual value in terms of both environmental 

and economic benefits. Through crosslinking reactions between SS and DHMC 

combined with synergistic modification strategies employing AuNPs and AMWCNTs, 

we significantly enhanced the material's mechanical properties and electrochemical 

activity while pioneering new applications for natural polymers in wearable devices. 

The fabricated flexible sensor exhibits exceptional performance in noninvasive blood 

glucose monitoring, with strong correlation to commercial glucometers (R2 = 0.981) 

confirming its clinical translation potential. This work not only provides a successful 

paradigm for high-value utilization of biological waste but also establishes a critical 

foundation for developing next-generation non-invasive health monitoring devices, 

showing broad application prospects in personalized medicine and chronic disease 
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management. This work establishes a sustainable, flexible, enzyme-free sensing 

platform and demonstrates initial on-body feasibility; clinical validation in diabetic 

cohorts remains a necessary next step.
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