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Abstract

Sweat, as a body fluid rich in physiological indicators, provides a unique window for non-invasive and continuous health
monitoring. This article reviews the research progress of graphene-metal nanocomposites in sweat sensors. These materials
significantly improve the sensitivity, selectivity, and long-term stability of the sensor through synergistic mechanisms, such
as enhanced electron transport, improved catalytic activity, and construction of hydrophobic interfaces. This article focuses
on the application breakthroughs of different composite systems in the detection of markers such as glucose, lactate, and
ammonium ions in sweat. Future research should focus on the development of non-noble metal catalysts, interface bonding
regulation, biocompatibility optimization, and microfluidic-flexible electronics integration to promote the practical
application of wearable sweat sensing technology.
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1. Introduction

Sweat, as an endogenous body fluid, contains multi-dimensional physiological information such as metabolites,
electrolytes and hormones. Its non-invasive collection characteristics provide an innovative technical path for chronic
disease management, exercise monitoring and other scenarios . However, the characteristics of sweat, such as low
concentration of sweat components and easy environmental interference, lead to challenges in accurate detection. The
signal drift problem caused by deformation of existing optical sensor technology limits its clinical applicability.

Graphene is a two-dimensional honeycomb lattice material composed of a single layer of carbon atoms with sp? hybrid
orbitals. Its unique physicochemical properties make it an ideal substrate for the construction of high-performance sensing
interfaces. When combined with metal nanoparticles, they form a synergistic effect through d-m electron coupling.

This paper systematically reviews the latest research progress of graphene-metal nanocomposites in the field of sweat
sensors, focusing on the mechanism of high sensitivity and high stability detection through electron transport enhancement,
catalytic activity synergy and interface engineering optimization, and discusses its application breakthrough in the
monitoring of glucose, lactic acid and other biomarkers. This paper aims to provide theoretical and technical reference for
the design and development of new wearable biosensors.

2. Synergistic mechanism of graphene-mental nanocomposites

The performance advantage of graphene-metal nanocomposites stems from the deep integration of electronic structure
coupling and interfacial synergy effects.

The delocalized m-electron system of graphene is hybridized with the d-orbital electrons of metal nanoparticles (MNPs),
which significantly improves the charge transfer efficiency. This d-m orbital hybridization not only creates direct electronic
coupling pathways but also induces an interfacial field effect that rearranges the charge distribution, further facilitating
electron injection and transport across the interface. Taking the MOF/rGO composite system as an example, in the
MOF/rGO composite system (MOF:rGO = 10:1), as shown in Figure 1, the Ni-MOF crystal is arranged vertically on the
surface of rGO, and the interface barrier is reduced by C-O-Ni covalent bonding. The charge transfer resistance (Rct) was
reduced from 2.41x10* Q (bare electrode) to 50.8 ©, and the electroactive area was increased to 0.40 cm? (21,
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Figure 1.(a) Scanning electron microscopy (SEM) micrographs of MOF/rGO composites (MOF/rGO ratio
=10:1); (b) Magnified SEM micrographs of the same MOF/rGO composite (all scale =1 micrometer).

Meanwhile, the REDOX active sites of MNPs were optimized by band engineering to optimize the reaction path. Ni-co
MOF nanosheets, containing Ni**/Ni** and Co*"/Co?" active sites, significantly enhance the activity of glucose oxidation
due to the catalytic characteristics of the metal nodes 2. In the Fes04-rGO composite, the charge distribution at the interface

between the Fe*'/Fe*" double electric pair and graphene was redistributed, resulting in the decrease of glucose oxidation
overpotential [*],

The stability and selectivity of the composites are due to the synergistic regulation of interfacial field effects. The
hydrophobic lattice of the MOF/rGO complex inhibits water layer formation (potential drift as low as 7.2 pV/s), which is
consistent with the Nernst-Mott diffusion model. Conventional ion selective electrode (ISE) induces ion permeation and

signal drift due to the formation of water layer at the solid-liquid interface. Graphene composites provide a solution through
intrinsic hydrophobicity 2.

The negative charge density on the surface of graphene forms a Stern layer at physiological pH with a Debye length of
about 0.8 nm, which effectively repel negatively charged interferers such as ascorbic acid (AA). Metal particles such as
Au/Ag act as "biological anchors" to fix the recognition element through Au-S bonds and act as an electron transfer bridge
at the same time . Pt/Pd-GF-PDMS electrode and GF-PDMS electrode form a duplex electrode system, as shown in
Figure 2. The background current is eliminated by Al = I -I 1, and the detection limit of uric acid can reach 1.62 uM (in

artificial sweat) [*,
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Figure 2. Response currents (I1) and (I2) of 1.0 M UA in the presence or absence of various disturbances at the GF-PDMS electrode
(I1) and the Pt/Pd-GF-PDMs electrode (12).
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3. Composite material types and their application breakthroughs in sweat sensing
3.1 Graphene-noble metal nanoparticles (Pt, Au, Ag) system
3.1.1 Gold Nanoparticle-Graphene System ( AuNPs )

FIG. 3 FIG. 4, the 3D structure of AuNPs with nickel/iron metal-organic gels (Ni/Fe-MOGQG) achieved high sensitivity
(13.94 mA mM™ cm™), wide linear range (2-600 uM), and low detection limit (1 uM) in sweat environment, breaking

through the dependence on alkaline media. And the three-potential pulse strategy is highly consistent with the HPIC results
6],
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Figure 3. (a) amperometry response of the Au@MOG/NF electrode to continuous injection of different concentrations of glucose at
0.65 Volts, where calibration curves of current density versus glucose concentration are shown in the inset; (b) The time required for
the current on the Au@MOG/NF electrode to plateau after the addition of glucose.
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Figure 4. In 0. 65 V voltage, the Au @ MOG/PDMS adjustable sensors with different concentration of NaOH solution intermittent
injection current response of glucose, illustration shows the current density and concentration of glucose in the calibration curve.

3.1.2 platinum nanoparticles - graphene system ( PtNPs )

The combination of platinum nanoparticles (PtNPs) and laser-induced graphene (LSG) greatly improves the sensitivity
and detection range of the enzyme-based sensor. The composite of PtNPs and laser-induced graphene (LSG) forms a
dendritic structure, which significantly increases the electrochemical active area. The glucose sensor has a sensitivity of

69.64pA mM™' cm™, a detection limit of 0.23uM, a linear range covering 5-3000 uM, and can simultaneously detect
glucose and pH 7.,
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3.1.3 gold nanoparticles - reduction graphene oxide system(rGO-AuNPs )

The recombination of reduced graphene oxygen (rGO) with gold nanoparticles (AuNPs) optimized the selectivity and
stability of the lactic acid sensor. The combination of rGO and dendritic AuNPs significantly improved the sensitivity
(165.19 pA mM ™ em?) and

anti-interference ability of the lactate sensor. The breakthrough was that RGO-aunPs

synergistically enhanced electron transport efficiency. Combined with particle hydrogel (GHS) microfluidic design, resting
sweat collection (flux up to 539 nL min™' cm™) was achieved, providing a new scheme for lactate monitoring in daily
activities [,

3.2 Graphene-transition metal compound (CoS, FeNCs, Ni/Co MOF) system

The composite of transition metal compounds and graphene can efficiently catalyze the oxidation of glucose, lactic acid,
tyrosine (Tyr), and uric acid (UA) in the absence of enzymes. The advantage of the composite results from the synergistic
effect between the metal valence variability and graphene conduction network.

In the case of CoS, the recombination of CoS with liquid exfoliated graphene (LPEG) achieved ultra-high sensitivity to
glucose (4180 pA-mM!-cm2) and low detection limit (0.031 uM) thanks to the efficient catalytic cycling of Co?"/Co**
electric pairs and enhanced electron transport of graphene. This means that the sensor can detect extremely trace glucose
changes in sweat, which meets the requirements of ultra-high sensitivity for non-invasive monitoring 1.

Cu, Ni bimetallic system combined with LIG significantly increased the catalytic stability and efficiency, not only optimize
the electronic structure of the Ni, Cu and alleviate its catalytic "poisoning", synergistic effect to improve the sensitivity by
164-473%, embody the "1 + 1 >> 2" the enhancement effect of [19],

The Fe-N site in FeNCs can strongly and specifically adsorb and catalyze the oxidation of Tyr and UA. The FeNCs/LIG
sensor constructed based on this achieved highly selective enzyme-free detection of both, with a detection limit of
micromole, covering the physiological concentration in sweat, providing a new way for non-invasive monitoring of
metabolites ['!1.

3.3 Graphene-metal-organic framework (MOF) composites

The combination of MOF and graphene can significantly improve the stability, selectivity and catalytic efficiency of
electrochemical sensors, which are widely used in ion detection and non-enzymatic electrocatalysis.

The MOF/rGO composite, serving as a solid contact (ion-to-electron transducer) layer, exhibits ultrahigh capacitance and
excellent hydrophobicity. The extremely low potential drift of 7.2 uV/s is a direct manifestation of its ultrahigh capacitance.
Positioned between the ion-selective membrane and the conductive electrode, the MOF/rGO composite layer facilitates
rapid and reversible conversion of the ionic signal (NHa") at the membrane surface into an electronic signal. As shown in
Fig. 5, this enables highly accurate, Nernstian response (59.2 mV/decade) detection of NH4* 21,
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Figure 5. Potential response of the sweat sensor to different NH4+ concentrations over time (NH4Cl from 10*-8 to 10"-1M).
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In non-enzymatic glucose sensing, ZIF-8 encapsulates CuNPs to give full play to molecular sieving and limiting effects:
its pore allows glucose to enter and contact the catalytic site, while excluding interferences such as ascorbic acid and uric
acid, and prevents CuNPs from clumping, significantly improving selectivity and catalytic stability [12],

Another example is the use of MOF as a binding site for heavy metal ion detection. MOF used for this purpose can achieve
highly selective adsorption and detection of heavy metal ions such as Pb** and Cd?" through the specific coordination of
ligand functional groups (such as -COOH and -NH.) with them ['?],

3.4 Laser-induced graphene (LIG) -metal composite system

With the advantages of integrated manufacturing, high flexibility and low cost, LIG-metal composite system has
significantly promoted the development of wearable sweat sensing technology. The system adopts the CO : laser direct
etching on polyimide flexible substrate such as formation of three-dimensional porous graphene electrodes, and through
the electrodeposition of metal nanometer materials, the methods such as load transfer to avoid the damage resistance and
interface problem, manufacturing process, digital fast, suitable for wearable devices batch preparation [,

The high specific surface area and open channel of LIG provide a large number of anchoring sites for metal nanoparticles
(111 accelerate the diffusion of electrolyte and the test object, make the deep active site fully participate in the reaction, and
significantly improve the detection sensitivity and detection limit. At the same time, LIG is chemically bonded to the
substrate, and the metal layer is anchored through strong interaction. The overall structure has high mechanical robustness
and can withstand multiple bending (for example, the test resistance is basically unchanged for 180 cycles), which meets
the dynamic wearing requirements of wearable devices [,

The raw materials and processing costs are extremely low, supporting one-time use; Direct laser writing technology can
conveniently prepare multi-electrode arrays "', A single patch can realize the simultaneous detection of multiple
parameters such as glucose, pH and ECG, providing an efficient integrated scheme for comprehensive health monitoring

(3],
4. Future Prospects
4.1 Directions for material design optimization

In order to overcome the existing challenges and promote wearable electrochemical sensors to practical applications, future
material design needs to be co-optimized from the three core dimensions of activity, stability and biocompatibility. The
main optimization directions are as follows:

4.1.1 Development of non-precious metal high-activity catalysts

Based on Fe, Co, Ni, Cu and other rich elements, high-activity nano-catalysts are constructed to replace noble metals by
adjusting the electronic structure and coordination environment. Iron-based catalysts (FeNCs) are exemplary in this
direction, and their active centers (such as Fe-N

4) have an enzyme-like structure similar to heme, achieving efficient electron transfer ['!1.
4.1.2 Precise regulation of graphene-Mnps interface bonding

With the help of defect engineering and heteroatom doping, strong chemical bond anchor sites (such as C-O-M and M-N-
C) are constructed on the surface of graphene to achieve high dispersion and high stable loading of metal particles.

FeSAs@NSC uses ZIF-8 derived nitrogen-sulfur co-doped carbon (NSC) as the carrier, nitrogen atoms form strong Fe-N
bonds with iron atoms, which successfully stabilizes iron atoms in the form of monodisperse, avoids agglomeration, and
achieves maximum atom utilization efficiency ['l.

4.1.3 Biomimetic coating improves biocompatibility

Biomimetic coatings such as zwitterionic polymers are modified at the sensing interface to effectively inhibit nonspecific
protein adsorption and tissue stimulation by forming a hydrated layer.

4.2 Manufacturing Process Innovation

To promote the scale up of wearable sensors, it is necessary to develop low-cost and high-throughput manufacturing
processes, gradually abandon traditional complex nanofabrication technologies, and shift to solution-based self-assembly
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strategies based on interface chemistry and molecular forces (such as electrophoretic deposition) to achieve uniform and
stable integration of functional materials on prepatterned substrates.

MXene@EDOT Composite materials explicitly refer to the treatment of electrophoretic deposition (EPD) mechanism,
which is a typical solution-based self-assembly technology. Charged nanoparticles are driven by an applied electric field
and deposited on the electrode. The process is simple, low cost and uniform coating 1141,

4.3 System integration and intelligentization
4.3.1 Microfluidic hydrogel chips achieve efficient sweat collection and delivery

Microfluidic hydrogel chips, such as the granular hydrogel scaffold (GHS), were developed to address the challenge of
low sweat rates at rest. Lorestani et al. demonstrated that the GHS could actively draw an artificial sweat solution at a flux
of up to 539 nL-min~"-cm™ in vitro under a constant osmotic pressure drive ¥, This high performance, which is an order
of magnitude greater than previous reports, is attributed to the powerful capillary action generated by its porous structure.

For passive collection reliant on natural sweat secretion, Chen et al. and Zhang et al. employed carefully designed PDMS
microchannels. Zhang et al. optimized the channel design through COMSOL simulation to ensure slow fluid flow in the
detection cell, facilitating analyte enrichment. The successful execution of an eight-hour wearing experiment confirmed
the device's robust adhesion and effective sampling capability on human subjects [ [13],

4.3.2 Integrated with flexible circuit and wireless transmission module to construct closed-loop health monitoring system

Flexible circuits and wireless transmission modules, such as Bluetooth and NFC, are integrated to build a lightweight
"smart bandage" system with real-time feedback, in which NFC technology supports battery-free, wireless power supply
and communication. The sensor studied by Liao et al. successfully connected the LIG sensor with a flexible printed circuit
board (FPCB) integrated with a microcontroller, Bluetooth module, and lithium-ion battery, and developed a customized
Android application to achieve real-time wireless acquisition and display of pH, Na*, and K* datal'®.Singh et al. used NFC
(near field communication) technology to wire-power supply and transmit data to the sensor, thus producing a battery-free,
ultra-light and thin "smart bandage" type sensor!!”.

5. Conclusion

Wearable sweat sensing technology provides a revolutionary solution for non-invasive and continuous health monitoring.
This paper systematically reviews the latest progress of graphene-metal nanoparticles (MNPs) composites and discusses
its future development path in depth. The main conclusions are as follows:

First, the synergy between graphene and MNPs is the core driving force to break through the existing performance
bottleneck. This synergy is not a simple physical mixing, but is reflected in three aspects: (1) the high conductive substrate
of graphene greatly accelerates the electron transport rate from the active center to the electrode and reduces the reaction
overpotential; (2) The 3D porous structure of graphene effectively inhibits the agglomeration and leaching of MNPs,
providing a large specific surface area and abundant active sites; (3) The strong interaction at the interface of graphene and
MNPs (such as M-N-C and M-O-C bonds) can not only stabilize MNPs, but also regulate their electronic structure, thereby
jointly improving the sensitivity, selectivity and stability of the sensor.

Second, a variety of composite material systems are booming, and each has its own advantages for different detection
targets. Research has expanded from early precious metal (Pt/Au-Graphene) systems to more diverse and low-cost
directions: (1) precious metal systems show high catalytic activity and stability in the detection of complex biomolecules;
(2) non-precious metal transition metal systems have achieved comparable or even superior performance to precious metals
through single atom and alloy strategies while reducing the cost.

(3) The MOF/COF composite system shows unique advantages in specific adsorption and enrichment of targets due to its
adjustable pore structure and ultra-high specific surface area; (4) Laser-induced graphene (LIG) -based systems provide
an ideal platform for flexible wearable integration due to their one-step fabrication and patterning integration advantages.

Looking forward to the future, with the deep integration of materials, engineering, and medicine, wearable sweat sensors
driven by graphene MNPs composites are not only expected to revolutionize the daily management paradigm of chronic
diseases and realize the leap from "intermittent fingertip blood sampling" to "continuous non-invasive monitoring". It will
also open a new era of personalized health management in the fields of sports medicine, mental health, drug metabolism
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monitoring, early screening and early warning. In the end, it will provide strong technical support for realizing the medical
vision of predictive, preventive, personalized, and participatory (P4) (1.
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