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ABSTRACT

Recent advancements in wearable bioelectronics underscore the demand for
multifunctional, breathable systems capable of continuous and non-invasive health
monitoring. It is highly challenging to develop epidermal biosensing devices with
desirable permeability, biocompatibility, and the ability to track both physiological and
pathogenic markers simultaneously. This thesis presents several in-textile systems for
wireless and real-time biosensing, combining sweat analysis and wound microbial
detection into a permeable bioelectronic platform. By utilizing textile-compatible
fabrication processes, the biosensing systems can be seamlessly integrated into textiles,
providing the attributes of wearing comfort, durability, and conformability to skin

deformations during daily activities.

First, a novel photolithography approach designed explicitly for textiles enables uniform
and precise metal patterning directly within porous fabric architectures. This method
achieves sub-100 um resolution on yarns, circumventing challenges posed by textile
pore dimensions and capillary-driven diffusion within yarn structures. The resulting
metal patterns exhibit exceptional mechanical resilience (withstanding 10,000 bending
cycles) and laundering durability (20 washes) with minimal change in conductivity.
Furthermore, this technique facilitates controllable metal permeation throughout the
textile scaffold, significantly enhancing performance and enabling the dual-sided
integration of miniaturized electronic devices, while maintaining essential fabric

permeability and stability.

Second, a fully integrated fabric wristband incorporating multifunctional modules
demonstrates wireless sweat biosensing capabilities. Utilizing precisely patterned
conductive elements within the textile structure, coupled with robust interconnection
encapsulation, achieves electrical performance, mechanical durability, and liquid
resistance comparable to conventional flexible electronics. Critically, the preserved
porous nature of the fabric substrate provides exceptional wearing comfort, evidenced
by air permeability (79 mm s™') and moisture vapor transmission rate (270 g m~2 day ")

significantly exceeding those of standard medical adhesives. This integrated platform
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successfully monitored sweat potassium levels (0.3-40 mM range) with sustained
stability, highlighting its suitability for fitness tracking and point-of-care diagnostics.
Expanding on this, a multiplexed textile-based sensing system was realized,
incorporating signal-conditioned wireless data transmission (Bluetooth Low Energy) for
simultaneous detection of pH, sodium (Na*), potassium (K), glucose, and lactate. On-
body validation during physical activity showed excellent concordance (R? > 0.99) with
standard reference measurements for potassium. This approach overcomes key hurdles
in device-skin interface stability and user comfort, offering a scalable manufacturing

route for non-invasive health monitoring platforms.

Finally, a wound monitoring patch was constructed using aptamer sensor arrays
integrated onto a breathable textile substrate. This platform facilitates the continuous,
multiplexed detection of key wound exudate biomarkers, including pH, the bacterial
infection indicator TNF-a, the fungal marker B-1,3-glucan, and the inflammation-
associated cytokine IL-6. This fabrication method ensures high-resolution patterning
while maintaining essential textile properties: moisture vapor transmission exceeding
290 g m 2 day ' and mechanical flexibility. Microbial identification leverages TNF-a for
bacterial presence and B-1,3-glucan for fungal detection. Validation yielded a relative
standard deviation (RSD) of 21% for mouse TNF-a quantification, demonstrating the
viability of this integrated textile-based sensing platform for non-clinical wound

management applications.

In conclusion, this thesis first demonstrated a popular and promising in-textile
photolithography method for fabricating metal patterning (Cu, Ni and Ag) on fabric
structures. Then it introduced an in-textile wristband that offers exceptional flexibility,
permeability, biocompatibility, and waterproof properties. Subsequently, a multiplexed
system involving five sensors (pH, K*, Na*, glucose, and lactate) was developed to
produce complex signal processing and transmission with high mechanical stability and
superior conductivity. Finally, a monolithic wound patch was proposed to identify
microbial infections, such as bacteria and fungi, showcasing its potential for daily wound

monitoring and early warning. It is envisioned that this thesis will provide practical and
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universal solutions for the development of monolithically integrated in-textile

bioelectronics.
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CHAPTER 1: INTRODUCTION

1.1 Background and Challenges

Recent breakthroughs in portable and wearable bioelectronics have substantially
broadened their utility in personalized physiological tracking(/-9). These systems
enable the non-invasive acquisition of health-relevant biomarkers through continuous,
real-time data transmission to user interfaces(/0-12). Sweat, serving as a valuable
biomarker that includes electrolytes, metabolites, and disease indicators (e.g., elevated
salt levels in cystic fibrosis), enables non-invasive monitoring of hydration status,
muscle fatigue, and metabolic conditions(/3-/8). Meanwhile, chronic wound
monitoring addresses a critical clinical gap: approximately 2% of the global population
suffers from non-healing wounds, imposing an economic burden of $28-96.8 billion
annually(/9-26). Conventional monitoring methods, relying on invasive sampling or
intermittent clinical assessments, lack the temporal resolution required for real-time
physiological tracking(27-35). Although flexible electrochemical sensors have
advanced multiplexed detection of ions, metabolites, and cytokines, fundamental
limitations persist: sweat collection methodologies remain susceptible to sample
degradation, while wound management systems lack integrated feedback mechanisms

for therapeutic intervention(36-38).

Textile-integrated bioelectronics offer distinct advantages for epidermal sensing
applications due to their inherent biocompatibility, mechanical conformability, and gas
permeability(39-44). The direct incorporation of sensing elements into textile
substrates enables prolonged skin contact without compromising wearer comfort.
Conductive nanomaterials facilitate signal transduction through ion-to-electron
conversion, enabling potentiometric detection with near-theoretical sensitivity(45-53).
Innovations include microfluidic architectures for autonomous biofluid guidance,
multiplexed sensing platforms for simultaneous parameter quantification, and

theragnostic systems that combine biomarker detection with controlled drug
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release(54-59). These developments establish textiles as functional substrates for the

integration of next-generation diagnostics and therapeutics.

Recent advancements in materials science and microelectronics have positioned
textiles as ideal substrates for wearable bioelectronics, leveraging their inherent
breathability, biocompatibility, and conformal skin interface for continuous
physiological monitoring(60-63). Conventional textile-based approaches, such as
screen-printed conductive composites, often suffer from interfacial delamination due
to mechanical property mismatches with the textile matrices(64-66). Digital
embroidery enables robust electronic integration without compromising textile
flexibility(67-69). Its utility in miniaturized systems is constrained by component
spacing requirements (e.g., 1.77 mm for SOIC packages) and limitations on

interconnect density.

Meanwhile, hybrid textile biological systems face significant hurdles. Sweat collection
remains problematic: traditional methods (e.g., patches, microcatheters) suffer from
sample evaporation and contamination, while novel microfluidic designs struggle with
miniaturization and cost. Wound sensors must monitor complex biomarkers (e.g., TNF-
a, ROS) across various healing stages, requiring multi-parameter integration that
current technologies achieve only with costly micro-nano fabrication (70). Additionally,
practical barriers like limited NFC transmission range (3—5 cm) and battery life restrict
real-world usability. Developing useful and versatile epidermal bioelectronics for
permeable integrated sensing systems represents an urgent priority, promising

significantly improved comfort and wearability for long-term monitoring applications.
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1.2 Research Objectives

In response to the challenges discussed above, this study focuses on developing a hybrid
in-textile system for sweat and wound biosensing, utilizing photolithography-assisted

PAMD. The detailed objectives are listed below:
1. Development of a hybrid textile-based patch for sweat sensing

a) Fabrication of electrochemical textile sensors, including fabrication of Cu PET

cloth and sensor arrays.

b) Fabrication of a textile-based bioelectronic starting from simulation to optimization

via Bluetooth

c) On-body analysis of wireless display, including real-time demonstration based on

artificial sweat, and comparison of ex-situ calibration data with the on-body data
2. Development of a hybrid integrated in-textile patch for in-situ wound monitoring
a) Fabrication of electrochemical textile sensors for in-situ wound site monitoring

b) Design and fabrication of a wireless wound sensing system, starting from

simulation to optimization

c) Biocompatibility in the mouse model and in situ study on wound exudates with

chronic non-healing wounds
1.3 Research Originality

The rapid evolution of wearable bioelectronics has unlocked transformative potential
for personalized health monitoring, yet existing systems often struggle to balance
functionality, durability, and user comfort. This research introduces three monolithic
in-textile platforms that address critical gaps in sweat analysis and the management of
chronic wounds. Chronic wounds, which impose a global economic burden of $28—

$ 96.8 billion annually, require real-time, multiplexed monitoring to detect infections
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and track healing progress. Simultaneously, sweat, as a biofluid rich in electrolytes,
metabolites and immune molecules, has remained underutilized due to limitations in
sensor stability and textile breathability. This work bridges these challenges with a
permeable, wireless wristband capable of continuous monitoring of sweat biomarkers
and a textile-based wound patch that detects bacterial (TNF-a)) and fungal (B-1,3-glucan)
biomarkers alongside physiological metrics, such as pH and IL-6. By integrating sweat
and wound sensing into textile-compatible platforms, the research provides a
comprehensive solution for fitness tracking, disease management, and proactive wound

care, marking a significant departure from conventional single-parameter devices.

Another cornerstone of this work is the development of a popular double-sided
photolithography method, which overcomes longstanding barriers in fabricating high-
resolution electronics on porous textiles. Traditional methods, such as screen printing
or embroidery, suffer from poor resolution (>500 pm), mechanical fragility, and
incompatibility with dense interconnects. By leveraging polymer-assisted metal
deposition (PAMD), this research achieves sub-100 um precision while mitigating
capillary-driven ink diffusion in yarn structures. The resulting conductive traces exhibit
metal-like conductivity (2x107 S m™) and exceptional durability, enduring 10,000
bending cycles and 20 washes with minimal conductivity loss (<5%). This innovation
enables the integration of double-sided electronics without compromising breathability,
as demonstrated by a multiplexed sweat sensor array (pH, K*, Na*, glucose, lactate)
with embedded signal processing. The method's scalability and compatibility with
industrial textile manufacturing processes position it as a transformative tool for next-

generation wearable electronics.

Central to the system success is its monolithic design, which seamlessly integrates
sensors, interconnects, and wireless components into a single textile layer. Unlike rigid
or bulky wearables, the wristband and wound patch prioritize user comfort, exceeding
medical tapes by an order of magnitude. The PAMD-fabricated circuits are
encapsulated to ensure waterproofness while preserving textile porosity, a critical
feature for prolonged wear. The wound patch further incorporates miniaturized chips

that conform to dynamic skin surfaces, enabling reliable biomarker detection during
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movement. This holistic design eliminates external hardware, merging clinic-grade
functionality with everyday wearability—a balance rarely achieved in existing
epidermal biosensors. The research also pioneers aptamer-based pathogen detection on
textiles, addressing a gap in the monitoring of microbial infections. By functionalizing
textiles with aptamers, the wound patch achieves multiplexed detection of TNF-a with
relative standard deviations of 21%. This multi-pathogen detection capability,
combined with cytokine tracking, enables a transition from reactive to predictive

wound care, offering a paradigm shift in the management of chronic wounds.

Finally, the work prioritizes scalability, employing fabrication techniques like PAMD
and photolithography that align with scalable textile production. The system's
manufacturing process utilizes standard equipment, thereby reducing costs, while the
platform washability and mechanical robustness meet consumer expectations for
everyday use. These features accelerate adoption across fitness, healthcare, and military
applications, where real-time monitoring and durability are essential. By harmonizing
high-performance biosensing with user-centric design, this research redefines the
standards for wearable bioelectronics, providing a scalable blueprint for seamlessly
integrating electronics into textiles. The innovations presented here not only advance
technical capabilities but also pave the way for practical, mass-market solutions that

enhance personalized health monitoring and chronic disease management worldwide.

1.4 Outline of the Thesis

The thesis logic is organized as follows:

Chapter 1 provides a brief introduction to the general background of the research
project topic and its associated challenges. The research objectives, as well as the

significance and values, are also included.

Chapter 2 provides a comprehensive review of sweat and wound textile sensing
systems, covering their background, sensing principles, fabrication methods, and

integration techniques.
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Chapter 3 provides a detailed introduction to the experimental methodology,

including materials, design, fabrication processes, and characterization procedures.

Chapter 4 outlines a novel in-textile patterning strategy combining PAMD and
double-sided photolithography. This technique generates robust, precisely defined,
and uniquely three-dimensionally interconnected metallic architectures directly

within textiles.

Chapter 5 initially describes a monolithic textile-integrated wristband (fabricated
using PAMD) for the real-time wireless sensing of potassium ions (K*) in sweat. The
chapter then details the realization of a permeable, metallic cloth-based textile system
that supports multiplexed electrochemical sensing, signal processing, and wireless

data transmission with high durability.

Chapter 6 investigates a textile-integrated sensing platform for real-time wound
monitoring and diagnostic assessment of infection status, including specific

recognition of bacterial and fungal presence.
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CHAPTER 2: LITERATURE REVIEW

In this chapter, we first discussed the background, significance, and detection method of
sweat sensing and wound monitoring. Then, we introduced the advances of textile-based
bioelectronics for electrochemical biomarker monitoring. Lastly, we discussed the

connection and integration method for current textile-based bioelectronics.

2.1 Technology for Epidermal Sensing

Flexible and wearable electrochemical sensing systems have garnered considerable
attention recently(/7, 18, 71-74). Studies exist on flexible biosensors using portable
detectors fabricated on polymeric substrates, such as PI, PET, SEBS elastomer, and
PTFE(7, 10, 75, 76). Following the initial concept of the 1990s, which involved
embedding electronics within clothing, this approach transitioned into healthcare.
Progress in nanoelectronics and materials science has since driven developments in
diagnostic tools, therapeutic devices, and energy systems(77), with core innovations

occurring in sensing, actuation, and power generation components, as illustrated in

Figure 2.1.
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Figure 2. 1 The development for “smart” textile bioelectronics(77).

2.1.1 Sweat monitoring
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Figure 2. 2 Introduction of secreted sweat (78).

Sweat can be secreted by sweat glands, which include a variety of information related
to the human body (Figure 2.2). By analyzing the biochemical indicators in sweat,
individuals can gain a better understanding of their body's health status, including
monitoring human movement, water loss, and muscle fatigue (79-87). In addition, sweat
can also reflect certain diseases, such as a high salt concentration in sweat, which may
be associated with cystic fibrosis(82, §3). Sweat offers distinct advantages over saliva
and tears for non-invasive health monitoring due to its richer profile of chemical
biomarkers. Consequently, sweat analysis has emerged as a significant focus in
personalized medicine research, particularly for bodily fluid diagnostics(84-86). Market
projections (2021 China In Vitro Diagnostics Outlook) indicate sustained global
expansion in this sector, with an estimated ~5% compound annual growth rate pushing
the in vitro diagnostics market to $79.2 billion this year. While emerging technologies,
such as wearables and biosensors, coupled with intensifying cross-disciplinary research,
signal future industry growth, their integration into medical, industrial, and consumer
applications has progressed more slowly than anticipated. A significant limiting factor
is the challenge of effective sweat collection: the obtained volumes are typically minute
compared to other biofluids, prone to contamination from residual sweat, and the
physiology of eccrine glands inherently alters the concentration of specific analytes

relative to blood plasma levels.
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Figure 2. 3 Schematic diagram of sweat collection method (§7).

Wearable sweat sensors have garnered significant research attention in recent years.
Sweat analysis typically comprises four sequential stages: collection, extraction, storage,
and detection. Research confirms that the composition of sweat is predominantly
determined by the anatomical location and glandular origin of the secreted sweat (88).
The accuracy of sweat electrolyte and metabolite concentrations varies with different
sampling steps(89, 90). Figure 2.3 depicts four conventional sweat collection approaches:
whole-body washing, localized patch collection, polymer bags/films, and microcatheter
insertion(9/, 92). These methods often suffer from decoupling from downstream
analysis, which can lead to sample evaporation, degradation, or contamination.
Moreover, they are generally incompatible with the demands of dynamic, real-time
monitoring. Consequently, ongoing research focuses on innovating and refining
sampling strategies. Integration with emerging wearable sensors and skin-conformable
devices aims to achieve autonomous, continuous, and real-time monitoring of diverse

health biomarkers via wearable platforms (e.g., garments, wristbands, patches)(93-95).
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Figure 2. 4 Different process stages from sweat sampling (74).

Figure 2.4 outlines the process of sweat monitoring, including sweat secretion,
collection, sensing, transmission, and analysis. Throughout the process, researchers have
focused on identifying what can be detected in sweat, achieving accurate monitoring
with limited sample volumes. For example, sweat is collected in various practical ways,
and analyzing these different electrochemical signals remains a popular area of research.
Algorithms play a versatile role in signal processing for software, while reducing
similarity is essential for upholding academic integrity. In practice, integrating
innovative algorithm applications with standardized academic writing ensures both
technical value and original contribution. When troubleshooting software issues,
hardware problems often come into view. For instance, various transmission methods

and power supply options were utilized for bioelectronics, which will be introduced in

the next section.
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2.1.2 Wound monitoring

Chronic non-healing wounds fail to follow the typical stages of healing in a structured
and timely manner, frequently becoming trapped in prolonged inflammation(/9).
Globally, approximately 2% of people suffer from chronic wounds, which often lead to
severe outcomes such as limb loss or reduced life expectancy(96). The distinctions
between acute and chronic wounds are substantial, with chronic wounds imposing a
significant financial strain on healthcare systems, costing between $28 billion and $96.8
billion annually in treatment expenses(97). Conventional management of chronic
wounds involves specialized medicated dressings tailored to the wound specific
condition. However, these dressings cannot provide immediate data on wound status or
progression, resulting in a lack of dynamic feedback and slower recovery. Current
wound assessment methods are confined to lab-based analyses, with no practical,

wearable solutions for continuous, on-site, and non-invasive monitoring.
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Figure 2. 5 The evolution of bandages since 2000 B.C. (41).

Figure 2.5 illustrates the evolution of bandage usage and design, a journey spanning
approximately five millennia. This development began in Ancient Egypt, where linen
was employed for wound coverage and exudate management. In addition, the Ancient
Greeks further contributed by providing the first documented descriptions of various
types of wounds. Key milestones include Prof. George D. Winter's introduction of the

"Moist Wound Healing Theory" in 1962, Z.T. Piskozub's 1968 study on "Removing
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Excess Exudate," and J.C. Lawrence's 1982 research on "Importance of Adherence to
Tissue Damage." These advancements redefined the primary functions of bandages,
leading to the development of more sophisticated designs(98-104). The integration of
synthetic polymers, including polyethylene (PE), polyurethane (PU), and nylon, has
significantly advanced wound care by leveraging modern material science. Since the
early 2000s, breakthroughs in 3D printing and flexible electronics have paved the way
for next-generation smart bandages. These innovative dressings have the potential to
revolutionize chronic wound therapy by facilitating tailored treatment approaches,

ultimately improving recovery rates and patient well-being.
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Figure 2. 6 a Wearable bioelectronics for sensing wounds and giving therapy when
needed (regularly detecting, evaluating wounds, and monitoring in real-time). b Chronic

wound healing consists of 4 phases. ¢ The chemical composition of the wound sites(39).

Upon injury, hemostasis is triggered by vasoconstriction, which reduces bleeding.
Platelets and fibrin then form a protective clot, sealing the wound and preventing
infection. This is followed by vasodilation, which increases blood flow to deliver growth
factors, neutrophils, and macrophages, initiating the inflammatory phase. Inflammation
plays a vital role in removing bacteria and damaged tissue. Next, the proliferative phase

begins, characterized by keratinocyte migration to regenerate the epidermal layer and
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granulation tissue formation. Angiogenesis ensures adequate blood supply to support
tissue regeneration. Finally, during remodeling, the extracellular matrix reorganizes to

strengthen the wound site and restore skin integrity.
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Figure 2. 7 Delaying healing factor and therapeutic drugs for non-healing chronic

wounds (/03).

In contrast to acute wounds, chronic wounds often experience impaired healing,
becoming arrested in one or more phases of regeneration. Persistent infection, sustained
inflammation, and insufficient oxygenation and nutrient delivery hinder tissue
regeneration, preventing proper wound closure (Figure 2.7). For example, in diabetic
wounds, chronic hyperglycemia increases oxygen demand, leading to cellular hypoxia
and triggering excessive production of reactive oxygen species (ROS). These ROS
molecules damage mitochondrial DNA and proteins, impairing endothelial cell function.
Additionally, hypoxia in diabetic patients worsens inflammatory responses. The
hyperglycemic microenvironment—characterized by elevated pH and temperature—
further stimulates the overproduction of pro-inflammatory cytokines, such as TNF-a,
IL-8, and IL-6, due to heightened reactive oxygen species (ROS) activity. Consequently,
diabetic wounds exhibit excessive neutrophil accumulation, perpetuating inflammation

and significantly delaying the healing process.
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Figure 2. 8 Recent advances integrate these sensors with wireless systems (e.g.,
smartphone-linked dressings) for closed-loop therapy, such as on-demand drug release

triggered by abnormal biomarker levels(98).

To address this challenge, researchers have developed innovative wound dressings that
can track both physical and biochemical wound parameters (36-38). As illustrated in
Figure 2.8, flexible wearable sensors utilizing electrical detection methods can identify
critical biomarkers such as specific ions, uric acid, pyocyanin, and inflammatory
signaling molecules. Beyond these, other clinically significant markers—including
cytokines like IL-6, IL-1, and acute-phase proteins such as CRP—have been shown to
offer critical insights into wound progression and healing status(/05). Recent
advancements have led to the development of integrated biosensing platforms that
combine multiple detection capabilities on a single chip. These systems enable
simultaneous measurement of diverse wound parameters, paving the way for more

precise monitoring and adaptive therapeutic interventions. Such innovations not only
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promise to transform routine wound care but also hold particular value for improving
outcomes in trauma and military medicine, where real-time physiological data can guide

life-saving decisions(435).

Figure 2. 9 Flexible wound sensing systems. a Wearable sensors for detecting different
ions and temperature in wound sites. b An integrated electrochemical bioelectronic for
inflammatory biomarkers. ¢ Smart bandage for pH and temperature detection and drug

delivery for treatment. d Sensor module for multiparameter wound detection(98).

The dynamic and multifaceted nature of wound pathophysiology necessitates
monitoring beyond single-parameter analysis. Advanced sensor systems now utilize
micro- and nanofabrication to achieve high integration for comprehensive wound
assessment. Liu et al. engineered a flexible, multiplexed sensing platform capable of
concurrently detecting electrolytes (Na*, K*, Ca?"), pH, uric acid, and temperature,
enabling real-time wound profiling (Figure 2.9a) (106). Gao et al. developed a wearable
electrochemical device that synergistically evaluates inflammatory markers, microbial
activity, and biochemical changes, providing insights into infection and healing
progression (Figure 2.9b) (/07). For example, Xu et al. introduced a smart bandage that
integrates sensing and actuation (Figure 2.9¢)(/08). Its features include: a bioinspired
microfluidic exudate sampler mimicking Texas lizard skin (Figure 2.9d) for efficient
fluid collection, an electrochemical array quantifying cytokine (TNF-a, IL-6 and IL-8),

bacterial load (S. aureus), and physicochemical parameters On-demand drug delivery to
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target pathogens based on sensor feedback These systems exemplify the shift toward
precision wound care, where integrated diagnostics and therapeutics optimize healing

outcomes.

2.1.3 Electrochemical biosensors for selective and epidermal sensing
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Figure 2. 10 Different sweat sensing methods for electrochemical sensors. a
Amperometry: glucose, lactate. b Potentiometry: H, Na*, K*, Ca®". ¢ Differential pulse

voltammetry: electroactive drug molecules(709).

Figure 2.10 illustrates three fundamental electrochemical sensing approaches:
potentiometric, amperometric, and differential pulse voltametric systems. Each method
employs distinct operational principles for detecting the analyte. The first configuration
utilizes an ion-selective membrane as the recognition element, creating a measurable

potential difference between working and reference electrodes. In my study, I employ a
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two-electrode potentiometric system, which represents the most established approach
for ion detection. The system operates under equilibrium conditions with minimal
current flow, where the ion-selective membrane (containing specialized ionophores)
generates a membrane potential proportional to target ion activity. The second
configuration is implemented in a three-electrode configuration, which monitors current
changes resulting from electrochemical oxidation of target molecules at a fixed applied
potential. The detection mechanism can utilize either enzymatic or direct oxidation
pathways. The second configuration applies a stepped potential waveform to enhance

sensitivity for detecting redox-active compounds, beneficial for pharmaceutical analysis.
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Figure 2. 11 The principle of all-solid-state electrochemical sensors for single ion

detection.

Figure 2.11 illustrates an all-solid-state sensor comprising two key components: a
reference electrode and a working electrode. When exposed to sweat samples of different
ionic concentrations, this configuration generates distinct potential variations. The
system measures these voltage changes through high-impedance detection, enabling
precise monitoring of ion levels. This fundamental principle allows for quantitative

analysis of ionic species in biological fluids. The relationship between the measured
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potential (E) and ion concentration follows the Nernst equation, which for a complete

electrochemical cell can be expressed as:

RT . Cox
E = Ey+=-In—% (1)

Cred

where E, represent the standard electrode potential, % denotes the temperature-

COX

dependent Nernstian coefficient, n signifies the electron transfer stoichiometry and

red

reflects the activity ratio of oxidized to reduced species.

For proton detection, E — E, demonstrates a characteristic 59 mV response per decade
change in H* activity at 25°C. Therefore, the gate potential is adjusted by ion
concentration, resulting in a change in the current response. Since the reducing matter
(sensitive layer) is in a solid state ([Red]=1]), the potential difference is proportional to
the log of the ion concentration. This electrochemical principle enables the modulation
of gate potential in a concentration-dependent manner, which subsequently alters the
measured current. When employing solid-state redox materials (where [Red] remains
constant at unity), the potential difference varies logarithmically with target ion activity,

forming the basis for quantitative ion-selective measurements.

@ 9
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Figure 2. 12 Construction of working electrode and reference electrode based on textile.

Figure 2.12 illustrates the electrode architecture typically employed in flexible

electrochemical sensors. The potassium-selective membrane incorporates valinomycin
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as the recognition element, while PEDOT: PSS serves as an ion-to-electron transducer.
A dendritic gold nanostructure layer improves sensor performance by increasing
sensitivity and accelerating response times. The current collector utilizes a multilayer
Au/Cu/Ni film, complemented by an all-solid-state Ag/AgCl reference electrode, which
ensures stable potential measurements. For the K* sensor configuration, 10 pL of
reference solution was deposited on the reference electrode. When sweat enters the
sensing area between these parallel electrodes, it generates measurable potential changes.
Despite the superior bending capability and good performance of flexible bioelectronics,
conformal devices with breathability and comfort are greatly restricted by the substrate.
Due to the evolution of materials and electronics, textile is a commonly used material
for wearable bioelectronics. Bioelectronics fabricated on textiles allow direct contact
with the skin while maintaining permeability and biocompatibility. Recent advances in
materials science have enabled the development of textile-integrated biosensors capable
of detecting various biomarkers, including electrolytes (Na*, K*, NH4"), metabolites

(glucose, lactate), and pH levels in biological fluids(/10-114).
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Figure 2. 13 The textile sensors based on fabric or fibers(//2-115).
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Textile-integrated electrochemical sensors offer multiple benefits, making them
particularly suitable for wearable applications, including excellent breathability,
mechanical flexibility, skin compatibility, and resistance to repeated washing. As
depicted in Figure 2.13, contemporary textile-based electrodes exhibit performance
metrics (such as sensitivity and signal stability) comparable to those of conventional
designs. A comparative analysis in Table 2.1 reveals that these sensors achieve
competitive detection limits and dynamic ranges for biomarker monitoring in
physiological fluids, while maintaining strong reproducibility and molecular selectivity,
crucial characteristics for clinical implementation. Common substrate materials include
cost-effective and sustainable options like polyester fabric, carbon filaments, silk textiles,
and metallic yarns. For signal transduction, these systems typically employ conductive
polymers (e.g., PEDOT: PSS) or carbon nanomaterials that efficiently convert ionic

signals to electronic signals.

. Nano- Ion-electron Sensing Sensitivity Drift
Analyte Textile range Ref.
Transducer (mV) (mV/h)
structure (mM)
pH: 3.0-
H K Carbon 11.0
IEIH’ . Cotton yarn nanotubes CNT 59 0.25 (110)
¢ (CNT) K*: 0.01-
100
Polyureth K56
K*, Na* (Pko)ure ane  oNT CNT 0.1-100 ; (114)
Na': 54
Multi-walled
Na* Carbon fibers 200N MWCNTS 1-100 Na*: 56 1.3 (111)
nanotubes
(MWCNTSs)
Na*:1-
1000 Na*: 52
. .
pH+, NH4 PET fiber, steel Conductlve carbon K0 1- NH4" 60.8 5 (116)
Na thread ink
100
pH: 62.3
pH:4-8
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K" 1.25 -

. N-doped +

K*, Na*, Nitrogen- - 40 K*:31.8
glucose, dope(ig carbon  S'%P itic PEDOT:. . PSS - (113)
lactate textile nanocarbon (polymerization) Na™: 5 - Na":51.8

structure : o

100
. Cotton, silkand  Ag/AgCl PEDOT: PSS (drop

cl polyester nanoparticles casting) 0.1-100 82 i (113)

Table 2.1 Various potentiometric sensors have been applied for ammonium detection in

the last ten years.

Cellular cytokines serve as vital mediators of immune function, facilitating critical
intercellular communication during both innate and adaptive immune activation(46).
Among these biomarkers, tumor necrosis factor-o (TNF-0) emerges as a particularly
significant inflammatory indicator, participating in numerous physiological and
pathological processes(//7). This pro-inflammatory cytokine demonstrates rapid
elevation following neural tissue damage and contributes to cellular necrosis and
apoptosis. Beyond acute injury responses, TNF-a overexpression has been implicated in
chronic conditions such as autoimmune disorders (rheumatoid arthritis, psoriasis) and
vascular pathologies (atherosclerosis), as illustrated in Figure 2.14. Contemporary
detection strategies have evolved beyond conventional antibody-based techniques
(ELISAs) that often require complex washing protocols and costly reagents(//8).
Aptamer-based biosensors present a compelling alternative, offering several advantages
including engineered nucleic acid sequences with tunable binding affinities, integrated
signal transduction capabilities within a single molecular construct and enhanced
specificity for target biomolecules compared to traditional immunoassays. Recent
advances in inductive biosensor design have enabled the simultaneous capture of
analytes and the generation of signals, driving significant research interest in aptamer-
based platforms for cellular biomarker detection(//7, 119-125). These developments
demonstrate particular promise for monitoring wound inflammation dynamics and

evaluating therapeutic interventions.
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Figure 2. 14 Schematic of the TNF-a aptamer sensor (/26).

The developed aptamer-based biosensor enables sensitive electrochemical detection of
TNF-a in complex biological matrices, including undiluted human blood. As illustrated
in Figure 2.15, the sensing mechanism relies on target-induced structural reorganization
of the aptamer (/26). Upon TNF-a binding, the conformational change alters the spatial
relationship between the redox reporter and electrode surface, generating a quantifiable

signal modulation. This platform demonstrates several key advantages:
o Regenerative capability through urea treatment (7 mM buffer solution)
o Reusability across multiple measurement cycles

o Detection sensitivity of 1 ng/mL in whole blood - comparable to established

clinical ranges (1-20 ng/mL)

The operational principle involves a folded aptamer configuration that positions the
methylene blue (MB) reporter near the electrode in the absence of target, facilitating
efficient electron transfer. Target binding induces a structural rearrangement that
increases the reporter-electrode distance, resulting in measurable current attenuation.
This reversible mechanism enables repeated analyte quantification while maintaining

consistent performance characteristics(/27).
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Figure 2. 15 The principle of MB-labelled aptamer sensor(/25-131).
2.2 Advances in Textile-Based Electronics

2.2.1 Textile-based electronics in epidermal sensing
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Figure 2. 16 Different transmitting methods for wireless textile electrochemical

sensing system(3, 67, 76, 132).
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Recent advances in wearable sweat monitoring have leveraged multiple wireless
communication technologies, including RFID, NFC, Bluetooth, and Wi-Fi (Figure 2.16),
enabling short-range, real-time data transmission. These methods are suitable for short-
distance communication and transmit the signal in real-time. For instance, Gao et al.
developed a flexible patch capable of 24-hour sweat analysis, demonstrating the potential
for continuous biomarker tracking(67, 133). Textile-integrated systems often incorporate
conductive metal fibers for NFC-enabled temperature sensing, though their utility is
limited by short transmission ranges (3—5 cm). While textile-embedded electronics offer
promising applications, mechanical mismatches can lead to structural failures (e.g.,
delamination), and non-monolithic designs (e.g., replaceable sensors) may compromise
the inherent benefits of textile integration(64-66). Alternatively, modular button-based
systems—combining sensors, power sources, and wireless components—provide a
versatile solution for retrofitting existing garments(/34, /35). Given these considerations,
this project adopts Bluetooth for textile-based sweat sensing due to its balance of range,

energy efficiency, and compatibility with wearable systems.

ZigBee | Bluetooth | Infrared
Radio
1M

Speed (bps) 424 k 2M 100 k 115k 11-54 M
. Distance 1-20 cm <3m 2-20cm 10-100 m 1m 10-200 m
"‘"*j) Fre(q#e)ncy 13.56 M 24G 246G 24G 300 G 24G
S 74
Power 10 mA Low 5mA 20 mA Low 10-50 mA
consumption
Safety Very high  Medium Medium High No Low
« Sensorfactuator +=+ Wireless link 7 waN Cost Low Medium Medium Medium Low Medium

Figure 2. 17 Schematic illustration of some communication possibilities for wearable
point-of-care textile systems and the comparison for these communications possibilities

(i.e., 4G/5G, Bluetooth, Wi-Fi, RFID).
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Device-to-device (D2D) communication is the foundation for creating fully connected,
smart healthcare textiles(/36). Wireless technologies are crucial for linking these
electronic components, with three primary methods being widely used. Near-Field
Magnetic Induction, which includes Near-Field Communication (NFC), transfers data
and power through magnetic fields between coils(/37). It is a low-cost, low-power
solution ideal for short-range connections (up to 10 cm). Its high efficiency makes it
attractive for powering wearable devices. It is often integrated with conductive threads
in textiles, where the threads handle longer-distance transmission and the inductive
patterns manage short-range, wireless links. Far-field technologies use radio waves to
transmit data over longer distances at high speeds. A common approach is to combine
complementary methods. For instance, a system might use low-power RFID (which is
the basis of NFC) for short-range device operation, while employing Bluetooth for
longer-distance data collection(/32). Another method uses the human body itself as a
transmission medium. For example, radio surface plasmons can travel along conductive
textiles, confining signals close to the body to enhance both energy efficiency and data
privacy. Ultrasonic transmission through body tissue is particularly advantageous for
implanted devices, as it eliminates the need for physical access. Because sound travels
much slower than radio waves in tissue, ultrasonic wavelengths are shorter. This allows
for highly directional communication even with small transducers, providing a precise
and efficient link. Bluetooth is a widely adopted, moderate-cost communication
technology for point-of-care textile systems. It provides reliable data transmission within
arange of 10 to 100 meters, making it suitable for portable use in both clinical and home-
based patient monitoring. The impact of transmission distance and physical obstructions

on signal attenuation for this application is illustrated in Figure. 2.17.
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2.2.2 Fabrication method of textile-based electronics
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Figure 2. 18 Different substrates for fabricating textile-based electronics. a Images of
the microelectronics system. b Sensor networks based on NFC. ¢ Image of electronic
devices on a single microfiber. d Schematic diagram of textile electrochemical sensor

system based on liquid metal(/38-141).

Textile-integrated electronic systems offer versatile solutions for wearable sensing by
embedding flexible components into fabrics or fibers. Figure 2.18a illustrates a
stretchable microelectronic system (SMS) that integrates an ultra-thin SABs-powered
module with a sweat-sensing platform, featuring a biosensor for physiological analysis
and an NFC-enabled circuit for wireless data transmission. This lightweight,
conformable design allows seamless attachment to clothing for on-body monitoring
(/40). NFC-enabled bright garments eliminate the need for batteries by utilizing
inductive coupling, with conductive silver threads woven into the fabric to relay signals
across the garment (Figure 2.18b)(/38). Another approach involves fabricating
microelectronic circuits on ultrathin fibers (150 um diameter) via precision lithography
and capillary coating techniques, enabling high-density integration of functional

components (Figure 2.18¢) (/39). Additionally, a PET-based textile circuit with modular
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electrodes utilizes electrochemical sensing, paired with specialized circuitry to amplify

faint nanoampere-level signals while filtering out noise (Figure 2.18d)(/41).
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Figure 2. 19 Textile-based electronics employ diverse fabrication techniques to enable
wearable functionality. a A body area network utilizing metamaterials embedded in
textiles for enhanced signal transmission b Digital embroidery, where liquid metal
fibers—comprising Galinstan-filled perfluoroalkoxy alkane (PFA) tubing—are stitched
into fabrics to create conductive pathways. ¢ Production of flexible textile circuits
through layered printing and lamination processes. d Wearable microgrid system, with
modular components strategically placed on a shirt for optimal performance and user

comfort(64, 67, 142, 143).

Hybrid textile-based electronics employ diverse fabrication techniques to integrate
functional components into fabrics. One approach involves embedding conductive
tracks into garments using heat-activated vinyl adhesives, enabling near-field
communication (NFC) with enhanced signal propagation (Figure 2.19a). Alternatively,
digital embroidery enables the precise patterning of liquid metal fibers (e.g., Galinstan-
filled PFA tubing) onto textiles, offering advantages over screen printing by eliminating

solvents and preserving fabric integrity (/42). For flexible circuits, template-based
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deposition of liquid metal wires on cotton substrates leverages hydrogen bonding with
PMA adhesives, ensuring adhesion without compromising breathability (Figure 2.19b).
The liquid metal fiber is prepared by injecting Galinstan into a PFA tube via a
syringe(67). Another innovation is modular e-textile microgrids, where energy-
harvesting and storage components are synergistically embedded into fabrics to power
wearable applications autonomously (Figure 2.19¢). Applying glue only to the area of
the design line can ensure that the final product retains the textile's good
breathability(64). Figure 2.18d proposes the concept of a wearable electronic textile
microgrid system, whose application is powered by energy collectors and related energy
storage modules, such as triboelectric nanogenerators (TENGs)(/43). These methods
demonstrate the versatility of textile-compatible manufacturing, striking a balance

between functionality and material properties such as flexibility and comfort.

2.2.3 Towards integrated textile-based sensing systems

integrated copper wires

Figure 2. 20 Connectors and joining technologies for electronic textiles. a Stitched

connection. b Soldering and welding. ¢ Crimping. d Adhesives and e connectors(/44).

Despite intensive research on textile sensors, fabricating electronic circuits on textiles
using standard conductive materials (such as tin, copper, and other conductive inks)

remains challenging (/44-146). This is mainly because standard circuits require printed
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circuit boards, which are challenging to implement on textiles due to the variations in
connections and substrates. In recent years, textile-integrated systems, including
biosensors and electronics, have been associated with various conductive materials (e.g.,
liquid metal, silver nanowires, and copper coils) through textile-embedded forms (64,
67, 133, 140). As shown in Figure 2.20, various connectors and joining technologies are
selected to connect rigid electronic components and soft textiles, including stitched
connections, soldering, welding, crimping, adhesives, and connectors. Stitched
connections are challenging to apply when the chips have multiple pins, whereas
soldering and welding are detrimental to the textile when the temperature exceeds
200 °C. As a result, commercial epoxy adhesives were selected as connectors for

bonding the chips to the textiles.
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Figure 2. 21 Schematic illustrations of PAMD (/47).

To address these limitations, we propose developing an electrochemical sensing

platform using polymer-assisted metal deposition (PAMD) on polyester (PET) fabric.
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This cost-effective, solution-based approach enables large-scale production of highly
conductive textiles, with reported conductivities reaching 2x10"7 S m™(148, 149). The
resulting metallized fabrics exhibit exceptional mechanical resilience, maintaining
functionality under bending, folding, and stretching—critical properties for wearable
applications(/50-152). Our fabrication process employs double-sided photolithography,
adapted for textile substrates by using immersion coating to accommodate the porous,

three-dimensional structure of woven fabrics.

This technique overcomes challenges posed by the air permeability and complex
topography (Figure 2.20). To ensure robust electrical connections, we utilize epoxy-
silver adhesive to bond components while preserving textile flexibility(/53, 154). The
method offers rapid, accessible fabrication with potential for system integration. While
PAMD-treated textiles demonstrate promising characteristics, their full potential in
integrated sensing systems remains underexplored. Future work could combine these
textile circuits with miniaturized electronics to create hybrid systems that leverage the
strengths of both approaches, particularly when paired with established power and

communication solutions.

The interfacial polymer layer is crucial for PAMD and the properties of the metal that
it yields. Generally, thicker and denser interfacial polymer with more binding sites of
the ELD activators could induce faster deposition and higher electrical conductivity of
the metal layer. Therefore, one great effort in the development of PAMD is to study the
polymer grafting to meet different application requirements. Over years of study, many
chemistries have been reported to graft the polymer in a PAMD process (Figure 2. 22).
Polymer-Assisted Metal Deposition (PAMD) is a bottom-up method for directly
growing metal layers on flexible substrates. This process involves three key steps:
grafting a functional polymer onto a substrate, immobilizing catalytic activators on this
polymer, and then depositing metal via electroless deposition (ELD).The interfacial
polymer layer is critical, as its properties dictate the quality of the final metal layer. A
thicker, denser polymer with more activator binding sites results in faster deposition
and higher electrical conductivity. PAMD offers several distinct advantages over

traditional "metal ink" strategies:
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1.Material Versatility: It enables the deposition of metals like copper and nickel, which
are difficult to process with inks, by growing them in a reductive environment that

prevents oxidation.

2.High-Quality Films: The resulting metal films are compact and smooth, achieving
conductivity close to bulk metal and surface roughness of just a few nanometers, which

is ideal for electronics.

3.Excellent Flexibility: An interpenetrating polymer/metal network at the interface
creates strong adhesion, allowing for remarkable flexibility with bending radii under 10

pm.

4.Substrate Compatibility: The low-temperature, aqueous ELD process is compatible

with various flexible, 3D, and porous substrates.

5.Patternability: PAMD can be integrated with printing techniques to create metal

patterns with resolutions from nanometers to micrometers.

Despite its success in creating flexible conductors for sensors, solar cells, and other
devices, future development must address key challenges: improving the metal's surface
stability against electrochemical impurities, enabling controlled vertical deposition
without contamination, deepening the mechanical understanding of the polymer-metal
interface, and expanding the range of metals deposited with PAMD. Overcoming these
hurdles will unlock further opportunities for high-performance flexible electronics.
This method mentions the feasibility of fabric metallization and clarifies the interface
bonding mechanism between the polymer brush, fabric fibers, and metal layer,
understanding the core reason for “metal patterns withstanding over-time washes”.

Theoretical support for material interface stability should be supplemented.
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Figure 2. 22 Schematic illustration of “grafting-from” and “grafting-to” strategies
developed for grafting the interfacial functional polymer in PAMD and the

corresponding representative materials in use. (/47).
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CHAPTER 3: METHODOLOGY

In this chapter, the overarching methodology of this thesis is presented. The fabrication
process for textile bioelectronics is described in detail. Additionally, the equipment and
techniques employed for characterizing and evaluating the textile bioelectronics are

thoroughly explained.

3.1 Materials

All chemicals were used as received unless otherwise specified. Key reagents included
hydrogen chloride (HCI), 3,4-ethylene dioxythiophene (EDOT), poly(sodium 4-styrene
sulfonate) (NaPSS), potassium hexacyanoferrate(Il) trihydrate (K4[Fe(CN)6]), sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Na-TFPB), bis(2-ethylhexyl) sebacate
(DOS), tetrahydrofuran (THF), valinomycin (potassium ionophore), sodium
tetraphenylborate (NaTPB), cyclohexanone, PBS (Biosharp BL302A), potassium
chloride (KCl), calcium chloride (CaCl2), glucose, sodium hydroxide (NaOH), ethyl
alcohol, acetic acid, 3-(trimethoxysilyl)propyl = methacrylate = (KHS570),
methacryloxyethyl trimethylammonium chloride (METAC), potassium persulfate
(K2S208), ammonium tetrachloropalladate(Il), potassium sodium tartrate, copper
sulfate pentahydrate, formaldehyde solution, and chloroauric acid (HAuCl4), sourced
from Sigma-Aldrich. Additional materials, including hydrochloric acid (HCI), high-
molecular-weight polyvinyl chloride (PVC), and related solvents, were obtained from
J&K Scientific. Potassium ferricyanide (III), silver paste, polyvinyl butyral resin
(BUTVAR B-98, PVB), sodium chloride (NaCl), iron(III) chloride (FeCl3), and other

reagents were purchased from Aladdin Biochemical Technology.

For biological assays, the Calcein/PI Cell Viability/Cytotoxicity Assay Kit (C2015M)
was acquired from Beyotime Biotechnology (China). Conventional-grade male
C57BL/6 mice were provided by GEMPHARMATECH (Foshan, China), and Masson's
trichrome stain (CO189M) was sourced from Beyotime Biotechnology. Additional
supplies, including paraformaldehyde, paraffin, carbon tetrachloride (CCl4), ethanol,

pentobarbital sodium, povidone-iodine, and nylon, were commercially obtained.
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Deionized water (18.2 MQ cm) was purified using a Millipore Synergy system for all

aqueous solutions.

3.2 Fabrication of Monolithically Integrated Systems
3.2.1 Fabrication of metallic textile

The polymer-assisted metal deposition (PAMD) process was employed to metallize
commercial PET fabrics. First, the textile underwent ethanol cleaning followed by
alkaline treatment (2 M NaOH, 80 °C, one h) to generate surface hydroxyl groups
(Figure 3.1). After thorough DI water rinsing and drying, the substrate was
functionalized with KH570 silane (4% v/v in 95% ethanol, 1% acetic acid, and 4% DI
water) for 1 hour to enable silanol bonding. Subsequent free-radical polymerization was
conducted by immersing the textile in a 20% METAC aqueous solution with K2S208

as the initiator (80 °C, 1 h), yielding quaternary ammonium-rich polymer brushes.

Catalytic activation was achieved by immersing the modified textile in (NH4)2PdCl4
solution (4 mM), where [PdCls]*" ions bound electrostatically to the poly-METAC
chains. After removing unbound catalyst through DI washing, copper deposition was
performed using an electroless plating bath comprising two components: (A) an
alkaline copper-tartrate complex (12 g/L NaOH, 13 g/L CuSO4-5H20, 29 g/L
KNaC4H40¢) and (B) formaldehyde reductant (45 mL/L). The resulting Cu-PET fabric
exhibited uniform metal coating (Figure 3.1), with the PAMD process creating a robust
metal/polymer interfacial layer that enhanced adhesion stability. Key advantages
included the formation of a composite structure at the fiber-metal interface, which

enhanced mechanical durability while maintaining textile flexibility(/48, 155, 156).

Modification lon exchange ELD

Functional polymers o PdCI,2
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Figure 3. 1 Schematic diagram of the PAMD process.

3.2.2 Fabrication of metallic pattern on textile

The electrode and circuit fabrication process employs a dual-sided photolithographic
approach on metallized textiles. First, the conductive textile substrate is uniformly
coated with NR9-1500p photoresist (Futurrex, USA) through immersion coating,
followed by thermal curing at 110°C for 6 minutes. Pattern definition is achieved
through simultaneous UV exposure (1 minute) of both textile surfaces using aligned
photomasks, with post-exposure baking at 110°C for 5 minutes to complete the
photochemical reaction. The developed patterns are then revealed by removing
unexposed resist areas using an RD6 developer solution (Futurrex, USA). Afterward,
non-patterned metal regions are selectively etched with a 0.5 M ferric chloride solution.
The remaining photoresist is stripped using acetone, yielding precisely defined
conductive pathways. The completed textile circuits undergo final cleaning with
ethanol and DI water before air drying (Figure 3.2), resulting in flexible electronic

structures suitable for subsequent integration.

63



PET cloth Cu cloth Dip-coating

Washing Textile circuit UV light

UV light

Etching Developing Exposure

Figure 3. 2 The fabrication of double-sided photolithography for textile sensing

systems.

3.2.3 Fabrication of sensor electrodes

The sensing platform employed a two-electrode system utilizing gold-coated copper
(Au@Cu) electrodes for both working and reference components. Reference electrodes
were prepared through sequential processing: silver was first electrodeposited on
Au@Cu substrates (1 mA/cm?, 30 min) followed by chlorination in 0.1 M FeCls (60 s),
with subsequent application of a polyvinyl butyral (PVB) membrane formed from a

methanol solution containing 79.1 mg/mL PVB and 50 mg/mL NaCl.

For pH sensing, polyaniline (PANI) was electrochemically deposited on working
electrodes using cyclic voltammetry (0.9 V amplitude, 1 Hz, 10% duty cycle, 1200
cycles) in 0.1 M aniline/1 M HCI electrolyte. Ion-selective electrodes incorporated a

PEDOT: PSS interfacial layer, synthesized via constant-current polymerization (2
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mA/cm?, 20 mC) of 0.01 M EDOT/0.1 M NaPSS, to enhance charge transfer kinetics.

Ion-selective membranes were solution-cast with optimized compositions:

e Sodium-selective: Na ionophore X (1 mg), NaTFPB (0.55 mg), PVC (33 mg),
DOS (65.45 mg) in THF

e Potassium-selective: Valinomycin (2 mg), NaTPB (0.5 mg), PVC (32.75 mg),
DOS (64.75 mg) in cyclohexanone

Before functionalization, electrodes underwent ultrasonic cleaning (5 min) and
electrochemical pretreatment (cyclic scanning in 0.5 M H2SOa4, -0.2 to 1.3 V, 4 V/s).
Aptamer sensors were prepared through thiol-gold chemistry, involving disulfide
reduction with TCEP (1 hour), surface immobilization (1 uM aptamer, 4°C, 1 hour),
and passivation with C6-OH (2 mM, 6 hours). Sensor performance was evaluated in
physiological buffers (10 mM phosphate, 100 mM NaCl, pH 7.4) and biological fluid

mimics (1:1 mixture of urine and saliva with PBS).

PN PVBINaC

Nanostructured layer Ag/AgCl
Au —@— Au
Textile Voltmeter Textile
pH sensor Reference electrode
 MB-labelled aptamer
Passivation layer Ag/AgCI
Au Au
Textile Ammeter Textile
Aptamer sensor Counter electrode

Figure 3. 3 Structure of the electrodes of 2 types of wound sensors. a pH sensor. b

Aptamer sensor.
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3.2.4 Fabrication of the hybrid in-textile wristband

The system's signal conditioning circuitry incorporated three LMV358 operational
amplifiers for low-noise signal amplification, along with an AD5941 electrochemical
front-end chip for precise measurement. The processing backbone consisted of an
STC8H3K64S2 microcontroller for core operations, supplemented by an ESP32 for
wireless connectivity. Bluetooth communication was enabled through CH9141K and

FR8003 transceiver modules.

Sensor signals were first conditioned by amplifying the open-circuit potential to
millivolt-level outputs, followed by noise reduction via an active low-pass filter. The
microcontroller firmware, developed using Keli and Cubeide IDEs, implemented a 12-
bit ADC for high-resolution analog-to-digital conversion. The AD5941's integrated
DAC generated excitation waveforms, while processed data packets were wirelessly
transmitted to mobile devices via the Bluetooth interface. This architecture achieved

efficient signal acquisition with optimized power consumption for wearable

applications.
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Figure 3. 4 Schematic diagram of signal-conditioning (potentiometric and

amperometric) and wireless circuit. (Bluetooth, ADC part).
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3.2.5 On-body and real-time epidermal analysis with wireless bioelectronics

A cohort of healthy adults (aged 20-30 years) participated in sweat analysis trials using
our wearable sensing platform. The study protocol involved a two-phase exercise
regimen while wearing the sensor-integrated wristband, which transmitted data
wirelessly to a paired smartphone application. Participants first completed a 30-minute
cycling warm-up to induce perspiration, allowing sweat to fill the microfluidic channels
naturally. A standardized 30-minute stationary cycling session at constant intensity

followed this.

During the exercise period, the mobile application continuously recorded and processed
sensor data, displaying real-time potassium concentration trends on the user interface.
For validation purposes, sweat samples were collected at 5-minute intervals for parallel
analysis by ICP-MS. This dual-measurement approach enabled direct comparison
between the wearable sensor outputs and laboratory-grade analytical results, providing

robust performance evaluation of the system under dynamic physiological conditions.

3.3 Characterization

The study employed comprehensive analytical techniques to evaluate sensor
performance and textile properties. Microstructural analysis was performed using a
Hitachi TM3000 scanning electron microscope and a Nikon polarizing microscope,
while electrochemical characterization utilized CHI760e and Ivium Soft 4 workstations.
Elemental quantification in sweat samples was verified through ICP-MS (Thermo Q
Exactive). Textile properties were rigorously assessed according to standardized
methods: air permeability (ASTM D737-08, SDL MO21S tester), moisture
permeability (ASTM E96/E96M-13 cup method), and mechanical properties (Instron
5599 universal testing system). Electrical characterization under strain conditions was
conducted using a Keithley 2400 source meter coupled with a programmable stretching

apparatus.
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For physiological validation, participants (aged 20-30 years) wore either a headband or
a wristband sensor during controlled exercise protocols. Following a 20-minute warm-
up on stationary bicycles, subjects completed 30 minutes of standardized cycling,
during which the system wirelessly transmitted data via Bluetooth to a dedicated
smartphone application. Sweat samples were collected at 400-second intervals (0-1600s)
from forehead microtubes for comparative analysis using a pH meter, ICP-MS, and
HPLC. All samples were preserved at -4°C before laboratory analysis, with the
collection sites cleaned between samplings. This protocol enabled simultaneous real-
time sensor evaluation and reference measurements under physiologically relevant

conditions.
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CHAPTER 4: IN-TEXTILE PHOTOLITHOGRAPHY FOR

FABRICATING METAL PATTERNS WITHIN TEXTILES

Textile electronics face inherent trade-offs between achieving high-resolution
conductive patterns and preserving vital textile properties, such as permeability and
flexibility. This work introduces in-textile photolithography, a transformative
manufacturing paradigm that combines polymer-assisted metallization (PAMD) with
dual-sided UV patterning to embed binder-free, three-dimensional metal networks
(Cu, Ag, Ni) directly within the textile bulk. The technique achieves sub-100 um
resolution, surpassing conventional screen printing (>500 um) and weaving methods,
while eliminating planarization layers to retain >95% porosity, breathability (561
g/m?/day moisture vapor transmission, 77.3 mm/s airflow), and mechanical
compliance (bending radius <1.5 mm). Metalized traces permeate the textile thickness,
enabling dual-sided circuitry and multilayer integration with exceptional stability:
resistance changes remain negligible after 10,000 bending cycles and 20 washing
cycles. Demonstrated across diverse textiles (polyester, glass-fiber hybrids, and
nonwoven PP), the method enables the development of complex e-textile systems,
including micro-supercapacitors that exhibit 300% higher areal capacitance
(leveraging conformal 3D current collectors) and integrated health-monitoring
sensors. This approach resolves the critical precision-permeability-durability
trilemma, establishing a scalable platform for advanced, comfortable wearable

electronics in healthcare and human-machine interfaces.

4.1 Introduction

Wearable bioelectronic devices have emerged as crucial tools for the epidermal or non-
invasive tracking of physiological indicators and chronic biomarkers, which are essential
for fitness oversight and daily healthcare management(3, 4, 17, 157-161). Over the past

two decades, significant progress has been made in flexible electronics using thin-film
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substrates fabricated via established nanomanufacturing methods(93, 162-165). However,
such thin-film devices often exhibit limited breathability and moisture permeability,
reducing comfort during prolonged health monitoring. Their smooth surfaces also lack
sufficient active sites for applications such as sensing or batteries, where a high surface
area is critical for performance(/66). In contrast, textiles inherently possess tunable 3D
porous architectures, enabling superior airflow, moisture regulation, mechanical
flexibility, and enhanced surface interactions(/36, 167-171). These multifunctional
textiles, which incorporate sensors, energy harvesters, and wireless modules, can
unobtrusively interface with the body and environment, providing unparalleled comfort
and enabling real-time health monitoring solutions(/72-176). A central hurdle in textile
electronics is embedding conductive pathways that retain textile properties while ensuring
electrical functionality. Conventional strategies include interlacing conductive threads
(e.g., metallic yarns, carbon nanotube fibers) into textiles or printing conductive pastes

onto surfaces(/77-183).

The key challenge lies in embedding conductive patterns into textiles without sacrificing
permeability, softness, or durability. Existing methods involve weaving conductive yarns
(e.g., silver-coated fibers, carbon nanotube threads) or printing conductive inks onto
textiles(/84-188). While textile patterning methods preserve the inherent flexibility and
breathability of fabrics, their capacity to produce complex circuits is limited by
incompatibility with conventional electronics manufacturing processes. In contrast,
printed electronics offer a promising alternative, as conductive inks—consisting of
functional materials suspended in polymeric binders—are directly deposited onto textile
substrates, allowing for the creation of customizable conductive pathways. This method
exhibits superior scalability and design flexibility compared to conventional textile
integration techniques. (/89-791). While woven conductive threads maintain flexibility
and breathability, they lack compatibility with standard electronics manufacturing
processes, which limits the complexity of circuits. Printed conductive layers, though
versatile, face issues with ink diffusion on rough textile surfaces, resulting in low-
resolution traces (>500 um), reduced permeability, and stiffened textiles prone to

cracking(/92-195). Planarization layers improve patterning resolution but eliminate
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textile porosity, undermining comfort. Current approaches thus fail to unite high

conductivity, precision, and textile functionality.

The urgent need for seamless integration of electronic components within textiles using
conventional conductors (e.g., Cu, Sn) has driven innovation in scalable manufacturing
techniques (/96). PAMD emerges as a superior method, combining cost efficiency with
the high-throughput production of durable, conductive textiles(/48). Metalized copper
fabrics engineered through PAMD demonstrate exceptional electrical conductance
(~2.0 x 107 S m™"), approaching the intrinsic conductivity of bulk copper (6.41 x 107 S
m')(/97). The process generates a hybrid polymer-metal matrix at the interface,
enhancing interfacial bonding strength while preserving textile flexibility. Despite these
advances, the full potential of PAMD-engineered conductive networks in creating
unified sensing architectures remains underexplored, particularly for applications that
require the monolithic integration of multifunctional systems within single textile

substrates.

To overcome these challenges, we introduce an innovative fabrication technique called
embedded textile lithography, which integrates photolithographic patterning with
selective metallization to create three-dimensional conductive architectures directly
within the fabric structure. This hybrid approach enables the formation of intricate,
interconnected circuitry while preserving the textile's native mechanical and comfort
properties. This technique allows high-precision metal patterning (sub-100 pm) without
the use of binders or planarization, thereby preserving the textile porous structure,
breathability, and softness. The metalized patterns permeate the textile thickness,
enabling dual-sided circuitry and multilayer integration. These interconnects exhibit
exceptional stability, enduring 10,000 bending cycles and 20 washing cycles with
negligible changes in resistance. This breakthrough in precision patterning overcomes
key limitations in textile electronics, paving the way for highly integrated, permeable,

and durable wearable systems for healthcare and human-machine interfaces.

4.2 Experiment
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4.2.1 Fabrication of metallic cloth

The metallization process began with commercial polyethylene terephthalate (PET)
fabric, which underwent sequential surface modifications to enable electroless metal
deposition. Initial preparation steps included solvent cleaning with ethanol and alkaline
pretreatment (2 M NaOH, 80°C, 1 h) to generate reactive hydroxyl groups. The
hydroxylated substrate was then silanized using y-methacryloxypropyltrimethoxysilane
(4% v/v in ethanol/acetic acid/water) to create polymerizable surface sites. Surface
functionalization was continued through thermally initiated (80°C) radical
polymerization of [2-(methacryloyloxy)ethyl]trimethylammonium chloride (20% v/v
aqueous solution) using potassium persulfate as the initiator, resulting in positively
charged polymer brushes. These quaternary ammonium groups served as anchoring
sites for palladium catalyst immobilization from a four mM (NH4)>PdCls solution via

ion exchange.

The final metallization step employed an electroless copper plating system consisting

of:

e An alkaline copper complex solution (CuSO4-5H20, NaOH, KNaC4H406)

e A formaldehyde-based reducing agent

The resulting copper-coated textiles exhibited uniform conductivity while maintaining
fabric flexibility, achieved through the formation of a durable metal-polymer interface
at the fiber surface. This PAMD approach enabled the creation of highly conductive

textile circuits without compromising the substrate's inherent properties.

4.2.2 Fabrication of metallic electrodes and interconnects on textile

A dual-sided photolithographic method was implemented to construct textile-integrated
electrodes and circuitry. Initially, the conductive fabric substrate was uniformly coated
with a negative-tone photoresist (NR9-1500p) via immersion, followed by thermal
curing at 120°C for 5 minutes to stabilize the polymer layer. Symmetrical UV exposure

through aligned photomasks was performed for 60 seconds under collimated light to
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transfer the predefined circuit patterns onto both surfaces. A post-exposure bake (120°C,
3 minutes) enhanced crosslinking in UV-irradiated regions, after which unexposed
areas were selectively dissolved using an alkaline developer (RD6). The exposed
metallic zones were chemically etched via immersion in 1 M ferric chloride solution to
isolate conductive traces, followed by stripping residual resist with acetone. Finalized
patterned textiles underwent sequential rinses in ethanol and deionized water to remove
processing residues, followed by drying in an ambient environment. This optimized
protocol enables high-resolution, dual-layer circuit fabrication while preserving textile

flexibility and permeability.

4.2.3 Fabrication of micro-supercapacitors

The Fabrication of micro-supercapacitor electrodes employed dual methodologies:
mask-based lithographic patterning on textile substrates and stencil-assisted conductive
ink deposition. Manganese dioxide (MnO2) electrodeposition was conducted using an
aqueous solution containing 0.1 M manganese acetate, 0.1 M sodium sulfate, and 10
vol.% ethanol as a wetting agent. A pulsed asymmetric voltage profile (1.4 V peak
potential, 0.75 V baseline) with a 11% duty cycle and a frequency of 0.11 Hz was
applied for 10 minutes to achieve a conformal MnO: coating on interdigitated textile
current collectors. The solid-state electrolyte formulation consisted of polyvinyl alcohol
(11 g) and a 85% aqueous solution of lithium acetate (11 g) dissolved in 120 mL of
deionized water, stirred continuously at 80°C, followed by ambient-temperature

gelation before precise application over the active electrode regions.

Morphological analysis of the textile architecture revealed bicomponent elliptical
geometries, with warp yarns exhibiting primary/minor axis ratios of 3:1 and weft yarns
demonstrating 2.5:1 dimensional proportion. Each elliptical conductive strand is
integrated with twelve hemicylindrical microfilaments (radius = approximately 50 pm),
arranged in a periodic array across the polyester-dominated (approximately 98%) textile
matrix. The effective surface area enhancement was computationally modeled using
geometric superposition principles, which account for the hierarchical organization of

conductive microstructures within the heterogeneous textile framework. This structural
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optimization facilitated enhanced interfacial charge storage while maintaining the

mechanical compliance characteristic of textile-based energy storage systems:

] (m+2x2)Z  (m+2x3)Z
Ratio = 24+ 2

Lwarpxg Lwarpxg
2X3 2X4

X 0.98 = ( ) x098=372 (2)

where L is the length of the cross section for one chosen yarn, Lwarp and Lweft are the

parameters of chosen yarn, 0.98 is the cover factor.

4.2.4 Characterization

Microstructural analysis was conducted using a Nikon Eclipse Ni-U inverted
microscope for optical imaging, complemented by high-resolution morphological
assessment via a TESCAN MAIA3 field-emission scanning electron microscope. The
mechanical robustness of metalized textile traces was quantified through uniaxial
tensile testing (Instron 5566, using the ASTM D5035 protocol). At the same time,
electromechanical stability under dynamic bending was evaluated using a Keithley
2400 Source Meter synchronized with programmable linear actuators (strain rates: 0.1—
5 mm/s). Permeability metrics were systematically characterized under controlled
ambient conditions (26°C, 65% RH). Airflow resistance was measured under ASTM
D737-08 standards using an SDL MO21S differential pressure system, while moisture
vapor transmission rates (MVTR) were determined through gravimetric analysis of
water loss in sealed test chambers (ASTM E96/E96M-13). Durability against
laundering was assessed through accelerated wash cycles (AATCC 135, 40°C, 50 rpm)
in a Whirlpool WTW4955H industrial washer with nonionic detergent.

4.3 Results and Discussion
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4.3.1 In-textile photolithography of conductive metal patterns in textiles

Figure 4.1 delineates a two-stage process for creating precision metallic architectures
within textile substrates: (i) polymer-mediated metallization and (ii) dual-side
photolithographic patterning. Initially, the textile undergoes polymer-assisted metal
deposition (PAMD) to establish a conformal conductive layer across its fibrous network.
Subsequently, the metalized substrate is immersion-coated with a negative-tone
photoresist and subjected to synchronized ultraviolet irradiation from opposing
directions. This advanced photolithographic strategy diverges from conventional
single-sided exposure techniques typically employed in planar microelectronics. By
aligning identical photomasks on both surfaces of the three-dimensional porous matrix,
the protocol ensures uniform photochemical crosslinking throughout the textile's depth.
Such bidirectional irradiation addresses the optical scattering challenges inherent in
fibrous media, enabling faithful replication of micron-scale patterns across the textile's
z-axis. The dual-exposure mechanism facilitates comprehensive photoresist
modification on individual fibers within the textile's interwoven hierarchy. This critical
innovation addresses the limitations of traditional single-plane lithography, which often
results in incomplete pattern transfer due to shadowing effects in non-planar geometries.
Following exposure, the meticulous development of the resist in a selective manner,
coupled with the subsequent etching process, yields conductive traces that are
geometrically precise and elegantly delineated. Simultaneously, this procedure ensures
the substrate retains its inherent mechanical compliance, a quintessential attribute

indispensable for the burgeoning field of wearable electronics.
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Figure 4. 1 Schematic illustration of in-textile photolithography.

Following bidirectional UV irradiation, the photolithographic sequence progressed
through alkaline development, which dissolved the unexposed resist regions, allowing
for the selective etching of underlying metallic layers (Figure 4.2). UV-polymerized
resist domains functioned as protective barriers during chemical etching, preserving
predetermined conductive pathways. Subsequent resist stripping revealed high-fidelity
metallic architectures embedded within the textile matrix. This subtractive patterning
methodology facilitates scalable production of complex circuitry across meter-scale
textile substrates. A 7x10 cm polyester-integrated circuit exhibited geometrically
defined Cu traces (300 um to 2 mm linewidths) while maintaining textile drape
characteristics. Microstructural analysis via SEM confirmed localized metallization
restricted to individual fiber surfaces within patterned zones, avoiding interfilamentous
bonding that typically compromises textile flexibility. Crucially, the processed textile
retained its native mechanical and transport properties. Comparative vapor permeability

tests demonstrated a deviation of less than 5% from untreated substrates.
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Photoresist ) Photoresist ~ Cu@Polyester

Figure 4. 2 SEM images of Cu patterned PET fabrics. a-b SEM image of the photoresist-
coated Cu-PET textile after the developing process. ¢-d Images showing the boundary

of the Cu in PET fabrics after the etching process.

To validate the broad applicability of the in-textile photolithographic technique,
functional conductive architectures were engineered across heterogeneous textile
systems: silver (Ag) interconnects and nickel (Ni) interdigitated electrodes (100 um
linewidth resolution) in polyester textiles, copper (Cu) sensing arrays within glass-
fiber/cotton hybrids, and Ni electrode networks in polypropylene nonwoven substrates.
(Figure 4.3). This cross-material Fabrication achieved sub-200 pm feature consistency
while retaining textile flexibility (bending radius < 1.5 mm) and porosity (> 90% of that
of untreated textiles). The successful replication of intricate geometries in noble metals
(Ag), transition metals (Ni, Cu), and varied textile matrices (woven, composite,
nonwoven) underscores the method capacity as a generalized platform for e-textile
manufacturing. Notably, energy-dispersive spectroscopy confirmed metal localization
to fiber surfaces (<5 um depth), preserving inter yarn mobility critical for textile drape
(Figure 4.4) Such precision enables concurrent integration of signal transmission

pathways (Ag), energy storage components (Ni interdigitated arrays), and biochemical

77



sensors (Cu) within a single textile system, meeting stringent resolution requirements
for wearable microelectronics. This substrate-independent approach bridges the gap
between conventional micro-fabrication and textile-compatible processes, offering a
scalable route to multifunctional e-textiles that maintain inherent breathability and

mechanical compliance.

Figure 4. 3 Implementation of in-textile photolithography for creating metallic circuit
architectures on fabric substrates. a Macroscopic view of a copper-based printed circuit
board (PCB) design patterned onto polyester textile. b&c High-resolution scanning
electron microscopy reveals the precise interface between deposited copper traces and
textile fibers in both planar and cross-sectional orientations. d&e The technique's
material versatility is evidenced by silver PCB patterns on polyester and nickel
interdigitated electrodes with varying feature sizes. f Adaptation of this approach to

glass-fiber textiles.
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Figure 4. 4 SEM images of Cu lines in different textiles. a Cu pattern on glass-fiber

textile. b Ni pattern on non-woven textile.

4.3.2 Permeable, robust and sub-100 pm conductive metal patterns in textiles

The in-textile photolithographic approach demonstrates superior performance metrics
compared to established textile patterning techniques, particularly in breathability
retention, mechanical resilience, feature definition, and conductive pathway stability.
This enhancement stems from the three-dimensional distribution of metallic networks
within the textile matrix and their nanoscale conformal encapsulation of individual
filaments (Figure 4.5), which is enabled by the polymer-assisted metallization protocol
(PAMD). Unlike surface-applied conductive coatings, this strategy ensures the
preservation of the native fibrous architecture, thereby maintaining interconnected

micro-voids that are critical for unrestricted gaseous exchange.

In-textile photolithography On-textile patterning

S0 pm
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Figure 4. 5 Cu patterns on Polyestero.o4 made by different patterning methods. a Metal-
textile boundary by in-textile photolithography. b Metal-textile boundary by an on-

textile patterning method.

In contrast, conventional non-textile patterning techniques—such as screen printing, as
demonstrated in this study—rely on surface deposition of conductive inks, which
diffuse into the textile matrix and coat fiber bundles within printed regions (Figure 4.6).
This infiltration leads to pore occlusion, which increases fabric rigidity and reduces
breathability. The resulting conductive layers exhibit restricted air and moisture
permeability, as well as diminished mechanical flexibility, compared to embedded

metallization approaches.

.5 hu’a |Ja“
PET cloth

20'um

Figure 4. 6 SEM photos of Cu PET textile. a Sensor electrode. b Etched Cu cloth.

The in-textile lithographic methodology demonstrated substantial improvements over
surface-applied conductive patterning, achieving a 21-fold increase in air permeability
(77.3 vs. 3.4 mm/s) and a 10% higher moisture vapor transmission rate (560 g/m?/day)
compared to conventional techniques (Figure 4.7a). Electromechanical testing revealed
superior interfacial stability under cyclic flexure: embedded conductive traces exhibited
minimal normalized resistance drift (R/Ro = 2) after 500 bending cycles (4.7 mm radius),
stabilizing thereafter, whereas surface-patterned equivalents degraded catastrophically
(R/Ro >4) within 10,000 cycles (Figure 4.7b). This methodology further advanced
microfeature resolution, producing 200 pm linewidths with stable conductivity (22
Q/cm) — surpassing the 300 um limit of traditional approaches (Figure 4.7c). The

enhanced precision stemmed from two synergistic mechanisms: (i) photoresist-
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mediated confinement of conductive phases, suppressing lateral diffusion, and (i)
bidirectional UV crosslinking ensuring uniform pattern replication across the textile’s
depth. Such innovations preserved textile porosity (>95% retention) while enabling
micron-scale circuit definition, overcoming the resolution-flexibility trade-off inherent
to planar textile electronics. The combined geometric control and structural preservation
establish this technique as a transformative advancement for breathable, mechanically

compliant e-textiles requiring high-density interconnects.
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Figure 4. 7 A systematic evaluation of copper-coated textiles reveals distinct
performance differences between in-textile photolithography and on-textile patterning
methods. a Water vapor and air permeability of the textiles coated with Cu fabricated
with different patterning methods. b Resistance changes (R/Ro) of the Cu patterns
fabricated with different patterning methods. ¢ Linear resistance of the Cu patterns

fabricated with different patterning methods.

A comparative analysis of single versus dual UV exposure protocols revealed
fundamental limitations in the fidelity of textile metallization. Opaque textile substrates
prevented complete photoresist crosslinking during unilateral exposure, resulting in
incomplete polymerization at depth (Figure 4.8a). This incomplete reaction caused
developer-induced resist dissolution on unexposed surfaces, exposing the underlying
metal to etchant penetration and creating discontinuous conductive pathways.
Conversely, bidirectional irradiation enabled full-depth photochemical modification,
with cross-sectional analysis confirming the presence of uniform protective barriers
surrounding individual fibers (Figure 4.8b). The methodology's efficacy proved
thickness-dependent: 100 pum textiles achieved 80 um UV penetration per side, while
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170 um polyester required dual exposure for full-depth curing. Optimal pattern fidelity
was achieved in substrates with thicknesses <160 pm, where bidirectional processing
enabled 200 pm linewidths at 22 Q/cm resistivity, surpassing the unilateral exposure's
600 um resolution limit (25-63 Q/cm). Electrical characterization demonstrated the
superiority of bilateral exposure: features with diameters of 400-1000 um maintained a
linear resistance of 1.7-4.6 Q/cm, whereas unilateral failure occurred below 600 pm.
This performance enhancement stems from three factors: (i) volumetric resist
crosslinking preventing etchant infiltration, (i1) elimination of optical shadowing in 3D
textiles, and (iii) precise confinement of conductive phases through spatial
photopatterning. The technique's depth-resolved curing mechanism enables
microelectronic-grade patterning in breathable textiles while preserving <5%

permeability reduction versus untreated textiles.
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Figure 4. 8 a Schematic illustration of the single-sided UV light exposure in

photolithography. b Schematic illustration of the double-sided UV light exposure.

The geometric packing density of woven substrates quantified through the textile
coverage index (TCI = projected yarn area/total textile area), emerged as a critical
determinant of both lithographic precision and electrical functionality in textile-
integrated circuits (Figure 4.9). Elevated TCI values (>0.85) corresponded to reduced
inter-yarn spacing, creating interconnected microfibril networks that facilitated
percolative charge transport across metalized regions. This enhanced conductive

continuity enabled reliable current pathways even in ultranarrow traces (<200 pum
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linewidth), overcoming the classical trade-off between miniaturization and conductivity

degradation typically observed in sparse textiles (TCI < 0.7).
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Figure 4. 9 a SEM photos of well-defined metal patterns in different PET textiles. b

Linear resistance of the Cu PET patterns with different cover factors.
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Figure 4. 10 Cu patterns Characterization with different widths. a-¢ Images showing
the Cu patterns with different linewidths patterned in Polyestero oo textile, Polyestero.o4
textile, and Polyesteroos textile. (0.90, 0.94, and 0.98 are the cover factors of the

polyester textiles). d Air and moisture permeability of the different PET textiles.
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The experimental analysis demonstrated that textile coverage density is the predominant
factor governing lithographic resolution limits and charge transport efficiency.
Metallization processes on woven matrices with 0.94 coverage achieved critical
dimensions of 400 um. In comparison, ultra-dense substrates (0.98 coverage) enabled
state-of-the-art linewidths of 100 um, accompanied by ohmic resistance of 18 £/cm and
interlacing spacing of 80 um (Figure 4.10 and Table 4.1). This fourfold enhancement in
resolution originates from inter-yarn proximity effects in high-coverage architectures,
where compressed microfibril networks establish redundant conductive pathways via
three mechanisms: (i) increased surface contact areas between metalized fibers, (ii)
reduced current crowding at pattern edges, and (iii) controlled electric field distribution
during electrodeposition. Importantly, these microscale advancements were achieved
without compromising macroscale permeability, as evidenced by moisture transmission
rates of 590 g/m?/day and airflow rates of 240 mm/s — key performance indicators for
epidermal-compatible wearables. The methodology's ability to decouple electronic
resolution from textile porosity represents a paradigm shift, overcoming longstanding
challenges in achieving simultaneous miniaturization and breathability for on-skin

microsystems.
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Figure 4. 11 Characterization of well-defined and conductive metal patterns in textiles.

a Optical image (left), cross-sectional schematic diagram (top right), and SEM image
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(bottom right) of the Cu pattern fabricated by the in-textile photolithography method. b
Optical image (left), cross-sectional schematic diagram (top right), and SEM image
(bottom right) of the Cu pattern fabricated by on-textile patterning method (screen
printing). ¢ Comparison of water vapor and air permeability of the fabrics coated with
Cu made by the in-textile photolithography method and the on-textile patterning method.
Error bars represent the s.d. of the mean from three fabrics coated with Cu. d
Comparison of resistance changes (R/R0) of the Cu patterns made by the in-textile
photolithography method and on-textile patterning method. Inset is the digital image
showing the flexibility of the Cu patterns made by two methods. e Linear resistance of
the Cu patterns as a function of the patterning resolution. Error bars represent the s.d.

of the mean from three Cu patterns.

In-textile photolithography demonstrates clear advantages over standard on-textile
patterning techniques across several performance metrics, including breathability,
mechanical durability, feature resolution, and electrical performance. The fundamental
reason for this lies in the unique composite structure it forms. Utilizing a solution-based
metal deposition process (PAMD), this technique creates conductive tracks that
permeate the textile scaffold, resulting in a firm and conformal metal coating
exclusively around individual fibers (Figure 4.11a). This approach maintains the
original configuration of the fiber bundles, safeguarding the fabric's inherent 3D porous
network. This preserved structure is vital for maintaining softness and allowing
unimpeded air and moisture flow. Furthermore, the composite at the metal-fiber
interface, as previously discussed, ensures strong adhesion, drastically improving the
pattern's mechanical endurance. Conversely, traditional methods like screen printing, as
examined in this study, suffer from ink diffusion that floods the fabric scaffold. This
creates a conductive layer that predominantly coats the textile surface and fuses the fiber
bundles together within the patterned zone (Figure 4.11b). This fusion critically
obstructs the material's pores and increases stiffness, adversely impacting both the

fabric's breathability and the flexibility of the electronic patterns.

Quantitative tests confirm these structural differences. Fabrics patterned with the in-

textile method showed an air permeability of 77.3 mm/s, which is 21 times greater than
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the 3.4 mm/s measured for the on-textile patterned fabric. A 10% improvement in water
vapor permeability (561 g/m?/day) was also recorded for the in-textile sample (Figure
4.11c). The mechanical robustness was also superior; when subjected to bending tests,
conductive tracks from in-textile photolithography saw their resistance stabilize at
approximately twice the initial value (~2 R/Ro) after just 500 cycles. In stark contrast,
the resistance of the on-textile patterns escalated to over four times the original value
after 10,000 cycles (Figure 4.11d). Finally, in-textile photolithography provides a
significant leap in patterning fidelity. It retains the high precision of its namesake,
producing circuits with sharp, well-defined edges. The conventional approach was
limited to a minimum linewidth of 300 um, but the in-textile technique reliably
fabricated finer lines down to 200 um while maintaining a low sheet resistance of 22
Q/cm (Figure 4.11e). This enhanced resolution is a direct result of the photoresist barrier,
which curbs the uncontrolled diffusion of the conductive coating, combined with the

process's double-sided UV exposure mechanism.

Materials f;iﬁggg;% Resolution  Resistance  Process rate Cost Yield Ref.
CNT/PU psrfrrfg; 1.5 cm 0.2 kQ/sq 6 hours Low - (198)
CNT@Silk Stitching - 310 S/cm 1.5 hours  Medium lrggll/ (199)
Ag/AZCITP N Imm  5000Sem Scecondsto i (200)
Ag flake psrf;fﬁlf; 500um  1,333Sfem  12hours  Low  'S0MM - (762)
Plated Cu Elgf;{fnlgss 25mm  0.5Qsq MU pegiym (201)
R T S T S et R P v N ETE
Liquid metal Embroidery 635 um 4.2 Q/m Low High 5 mm/s (67)
AgNW/TPU  Laser scribing 135 um 5,030 S/cm Low Medium - (203)
Cu phé?&igtzltégrap 100 um 1.7 Q/cm Miﬁg&i: to High 011’919/(1)1 ;52;?(

CNT: carbon nanotube; PU: polyurethane; AgNW: silver nanowire; TPU: thermoplastic polyurethane.
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Table 4.1 Comparison of the resolution and conductivity of different metal patterns

reported in the literature.

4.3.3 High-performance bioelectronics enabled by Cu patterns in textiles
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Figure 4. 12. High-performance supercapacitor enabled by in-textile lithography. a
Mechanical testing revealed minimal alteration in tensile properties between pristine
and metallized polyester fabrics. b Electrical durability assessments demonstrated
stable conductivity of copper traces during extended bending (10,000 cycles, 4.4 mm
radius), with linewidth-dependent resistance variations. ¢ Washability tests showed
gold-deposited interconnects exhibited superior stability (<20% resistance change after
20 cycles) compared to non-treated counterparts. d The metallized textiles also endured
severe mechanical deformation, showing <15% resistance variation after 180 crumpling
cycles. e Resistance upon 20 washing cycles. f Electrochemical characterization of
nickel interdigital electrodes revealed linewidth-dependent capacitive behavior when

coated with MnO: active material.
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The textile-integrated lithographic technique enables the fabrication of multiscale
metallic networks within woven matrices, demonstrating critical durability for wearable
implementations. Mechanical characterization revealed only an 11% reduction in
ultimate tensile strain compared to untreated textiles (Figure 4.12a), confirming the
structural preservation. Cyclic flexural testing (10,000 cycles, 4 mm radius) on 400—
700 um Cu traces exhibited initial resistance increases (1,000-2,000 cycles) due to
microfibril reorientation, followed by ohmic stabilization through microstructural
relaxation (Figure 4.12b). Laundering tests demonstrated exceptional wash fastness,
with only a 2-fold resistance elevation after 20 cycles, despite the presence of
hydrodynamic shear stresses (Figure 4.12¢). Performance was significantly enhanced
by employing noble metal cladding, specifically Au-overcoated traces, which ensured
consistent baseline conductivity after 10,000 bending cycles and 20 washing cycles.
System-level robustness was validated through elastomer encapsulation, which reduced
interconnect resistance drift by 50% post-laundering and limited fluctuations to 11%
during 120 crumpling cycles (Figure 4.12d and e). This multifunctional durability arises
from three mechanisms: (i) depth-localized metallization preventing yarn embrittlement,
(i1) interfacial alloying at Au-Cu junctions mitigating oxidative degradation, and (iii)

viscoelastic stress dissipation through textile-encapsulant composites.

o

)

=
T

J [l /n-textile photolithography + 3-MnO:
12 ) Bl On-textile patterning * Ni 2

5] ! ——
mm T =]
— 3mm

PDF#97-000-0393 PDF#97-019-1753
L1 1 P Y | | 1
20 40 60 30

200 ym 400 pm 600 um 2 Theda(degree)
Linewidth of interdigital electrodes

o«
|

L
Intensity (a.u.)

N
1 1

Areal capacitance (mF/cm?

o

Temperature sensing patch

a

£ =v U=
Face side ~ LED indicator

Back side . N Temp. sensor

88



Figure 4. 13 a Electrochemical analysis revealed that the areal capacitance of micro-
supercapacitors exhibited a clear dependence on electrode linewidth, with finer features
demonstrating enhanced charge storage capacity. b Structural characterization through
XRD confirmed the successful integration of MnO: with nickel interdigital electrodes,
showing characteristic diffraction peaks of the composite material. ¢-d Microscopic
evaluation via SEM revealed a homogeneous MnO: coating with porous morphology,
providing high surface area for electrochemical reactions. e The practical application of
this technology was demonstrated through a fully functional, double-sided temperature

monitoring patch featuring precision-patterned copper circuits on polyester fabric.

The in-textile photolithographic technique establishes three-dimensional distributed
conductive networks within textile matrices, serving as foundational elements for
miniaturized wearable devices. As demonstrated through micro-supercapacitor
development, this method surpasses surface-limited approaches (e.g., screen printing's
400 pum resolution barrier) by fabricating 200 um comb-shaped current collectors with
matched interelectrode spacing, eliminating electrical cross-talk while retaining 92%
substrate porosity (Figure 4.12f). Geometric modeling revealed a 3.7-fold increase in
electroactive surface area relative to planar counterparts, attributable to conformal metal
deposition along individual fibers rather than superficial coating. This structural
advantage enabled enhanced MnO: nucleation during electrodeposition, resulting in
energy storage devices with 300% greater areal capacitance than their screen-printed
equivalents under matched synthesis parameters (Figure 4.13a-d). The methodology's
through-thickness conductivity further permits bidirectional circuit integration within
monolithic textile layers, exemplified by a dual-surface thermal monitoring system:
resistive sensors on the dorsal surface enabled epidermal temperature acquisition. At
the same time, ventral LED arrays triggered optoelectronic alerts when the temperature

exceeded 36°C thresholds (Figure 4.13e).
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4.4 Conclusions

In-textile photolithography represents a transformative advancement for textile
electronics, overcoming longstanding limitations in integrating high-precision,
durable conductive pathways without compromising the inherent properties of textiles.
By synergizing polymer-assisted metallization (PAMD) with dual-sided
photolithography, this technique embeds 3D interconnected metal networks (e.g., Cu,
Ag, Ni) directly within the textile bulk, achieving sub-100 pm resolution—
unattainable with conventional methods such as screen printing or conductive yarn
weaving. Crucially, the technique eliminates binders and planarization layers,
preserving >95% of the textile's porosity, breathability (561 g/m?*day moisture
transmission, 77.3 mm/s airflow), and mechanical flexibility (bending radius <1.5
mm). Metalized patterns permeate the textile thickness, enabling dual-sided circuitry
and multilayer integration while exhibiting exceptional stability, with resistance
changes remaining negligible after 10,000 bending cycles (4.4 mm radius) and 20
laundering cycles. The technique's versatility is demonstrated across diverse textiles
(polyester, polypropylene, glass-fiber hybrids) and applications, including micro-
supercapacitors with 300% enhanced areal capacitance (leveraging 3.7x surface area
amplification) and dual-sided wearable sensors for real-time health monitoring. This
innovative methodology successfully bridges the gap between microscopic precision
and textile functionality, enabling the development of sophisticated electronic textiles
that combine superior comfort with robust durability. The technology demonstrates
particular promise for next-generation medical monitoring systems and intuitive
human-machine interfaces, meeting stringent performance requirements for real-
world applications. Furthermore, the fabrication process establishes a production-
compatible framework that seamlessly integrates with conventional electronics

manufacturing protocols, facilitating scalable industrial implementation.

90



CHAPTER 5: IN-TEXTILE SYSTEMS FOR MULTIPLEXED

SWEAT BIOSENSING

This study presents a monolithically integrated textile-based platform for multiplexed,
continuous monitoring of sweat biomarkers. The system was fabricated directly onto
conformally metalized polyester (PET) cloth via a modified photolithographic process,
enabling precise patterning of conductive interconnects (line width = 1 mm) while
preserving substrate permeability. The platform incorporates potentiometric sensors (K*,
Na*, pH) and amperometric biosensors (glucose, lactate) with nanostructured electrodes
(e.g., dendritic Au on Cu) to enhance sensitivity. A PEDOT: PSS ion-to-electron
transducer minimized potentiometric drift (2.88 mV/h at 1 mM K*). Microfluidic
channels facilitated continuous sweat sampling, and porous Ecoflex encapsulation
maintained mechanical robustness (>3000 bending cycles). Custom signal-conditioning
circuitry interfaced with a BLE-enabled microcontroller for wireless data transmission to
a smartphone application. On-body validation during exercise demonstrated an excellent
correlation between decoded biomarker concentrations (K*, Na*, pH, glucose, and lactate)
and ex vivo analysis via ICP-MS, HPLC, and pH meters. This integrated approach
provides a breathable, mechanically compliant solution for non-invasive health

monitoring.

5.1 Introduction

Recent breakthroughs in epidermal sensor technologies have significantly enhanced
their application in individualized health tracking(3-5). These systems enable the non-
invasive acquisition of physiological metrics through continuous, real-time data
transmission to user interfaces(/()). Sweat emerges as a critical diagnostic medium,
containing diverse biochemical markers such as electrolytes, metabolites, and proteins,
which can be quantitatively assessed via integrated biosensing platforms(204).
Longitudinal monitoring of these analytes supports dynamic health surveillance,
enabling early pathological detection and precision therapeutic strategies through

physiological correlation(/3). Recent progress in materials science and
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microfabrication has established textiles as a preferred substrate for wearable
biosensors, leveraging their inherent advantages, such as breathability, biocompatibility,

and conformal skin interfacing(/13).

Current research focuses on integrating electronic components into textiles for the
epidermal detection of different biomarkers. This is typically achieved through methods
like screen-printing conductive composites onto porous fabrics(66). Nevertheless, these
techniques are prone to mechanical degradation caused by material incompatibilities,
frequently leading to interfacial fractures. Additionally, alternative strategies, such as
modular sensor arrays with integrated power and communication units attached to
garments, encounter reliability issues due to thread degradation and -electrical
crosstalk(7/35). Digital embroidery techniques enable robust electronic integration
while preserving textile flexibility and air permeability(67). Yet their application in
miniaturized systems is constrained by the spatial demands of standard surface-mount
packaging formats, such as SOIC, which require a pin spacing of less than 1.77 mm(70).
These limitations highlight the need for refined interconnection strategies to support the

integration of high-density components in next-generation e-textiles.

This study presents an integrated textile-based wristband for the wireless, continuous
monitoring of sweat potassium in real-time. The developed system features a durable,
permeable metallic fabric substrate engineered to withstand mechanical stress (e.g.,
bending, folding) while enabling seamless electrochemical signal processing and
transmission through an embedded textile circuit. A tailored double-sided
photolithographic technique, adapted for textile compatibility, replicates conventional
PCB fabrication principles to ensure precision in circuit patterning. The design achieves
exceptional breathability (79 mm s™' air permeability) and moisture management (270
g m? day'), outperforming commercial medical adhesives and elastomers used in
flexible electronics by over an order of magnitude, thereby enhancing wearer comfort.
The textile sensor demonstrates a K* sensitivity of 66 mV/decade, robust selectivity,
and stability, validated against ICP-MS standards in human trials. With a calibration fit
(R?=0.994) and seamless mobile data transmission, the platform showcases efficacy

in on-body perspiration analysis. Additionally, we developed a wireless, multiplexed
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biosensing headband for real-time analysis of sweat. Leveraging the textile's permeability,
the device monitors biomarkers continuously while maintaining wearer comfort. The
analytical precision of the textile-based sensors was characterized by relative standard
deviations of 3.4% for pH, 19.3% for Na*, 8.7% for K*, 21.2% for glucose, and 6.3%
for lactate, highlighting the inherent variability in dynamic sweat analysis compared to
controlled metabolite detection. These monolithic textile-integrated systems
demonstrate promising utility across multiple domains, including real-time athletic
performance tracking, personalized digital healthcare solutions, and connected medical
devices within the Internet of Medical Things (IoMT) ecosystem. The findings from
this study advance the field of wearable technology by establishing a framework for
next-generation textile-embedded electronic systems capable of continuous, non-

invasive physiological monitoring.

5.2 Experiment
5.2.1 Fabrication of K* sensor electrode

The potassium-sensing membrane was prepared by dissolving a precisely weighed
mixture of valinomycin (2%), sodium tetraphenylborate (0.5%), PVC (32.5%), and
DOS plasticizer (65%) in tetrahydrofuran (660 pL solvent per 100 mg solid
components), with the resulting solution refrigerated at 4°C before use. The working
electrode architecture incorporated multiple functional layers: first, a gold
nanostructured surface was electrodeposited using a 50 mM HAuCl4/HCI electrolyte
under pulsed potential conditions (-2 V, 50 Hz, 50% duty cycle, 9000 cycles) to create
an enhanced surface area substrate. A 3 pL aliquot of PEDOT:PSS (PH1000) was then
applied as a conductive interfacial layer, followed by the deposition of 6 pL of ion-

selective membrane solution.
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For reference electrode preparation, a 10 pLL methanol-based solution containing PVB
(79.1 mg/mL) and NaCl (50 mg/mL) was cast onto Ag/AgCl and allowed to cure
overnight. Before operation, the complete sensor assembly underwent a critical 4-hour
conditioning period in 1 mM KCI solution to establish stable phase boundaries,
significantly improving measurement reproducibility and extending operational
lifetime for continuous monitoring applications. This comprehensive fabrication and
conditioning protocol enabled reliable potassium detection with minimized potential

drift.

5.2.2 Fabrication of biosensor array for sweat monitoring

A versatile sensing platform for the simultaneous detection of Na*, K*, pH, glucose, and
lactate was developed using subtractive lithography on polyester substrates. The system
architecture featured eight precision-etched copper interconnects, fabricated through a
multi-step metallization process. Initial copper traces were selectively gold-plated (1
mA/cm?, 90 min), followed by ferric chloride etching (1 M) to define conductive
pathways. Critical junctions were insulated using Ecoflex 00-50 silicone to prevent
signal interference. The electrochemical sensors employed a modular design with gold-
functionalized copper electrodes. Reference elements were created through silver
electrodeposition (1 mA/cm?, 30 min) and controlled chlorination (0.1 M FeCls, 60 s),
capped with a PVB/NaCl membrane (79.1 mg/mL PVB, 50 mg/mL NaCl in methanol).
Working electrodes incorporated a PEDOT: PSS interfacial layer, electrochemically
synthesized from 0.01 M EDOT and 0.1 M NaPSS (2 mA/cm?, 20 mC), to enhance
charge transfer kinetics. Ion-selective membranes were precisely formulated and

deposited:

Sodium detection: 1 wt% ionophore X, 0.55 wt% NaTFPB in PVC/DOS matrix
(33:65.45 ratio)

Potassium detection: 2 wt% valinomycin, 0.5 wt% NaTPB in PVC/DOS (32.75:64.75

ratio)
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The pH sensor utilized electropolymerized PANI synthesized via cyclic voltammetry
(0.9 V, 1 Hz, 1200 cycles) in acidic aniline solution. This integrated fabrication
approach enabled precise spatial control of multiple sensing modalities on flexible

textile substrates while maintaining electrochemical performance.

5.2.3 Assembly of the integrated in-textile sensing system

The electronic subsystem employed a multi-stage signal conditioning pipeline,
beginning with three LM V358 operational amplifiers configured for low-noise, rail-to-
rail signal amplification. An STC8H3K64S2 microcontroller managed data acquisition
and processing, while a CH9141K BLE transceiver enabled wireless connectivity. The
analog processing chain incorporated gain amplification and active filtering (second-
order, low-pass) to enhance signal quality before digitization by the microcontroller's
12-bit analog-to-digital converter (ADC). Firmware developed in Keil uVision
facilitated real-time signal processing and BLE transmission to mobile devices. The
system was powered by a 3.7 V LiPo battery (40 mAh), featuring a power-optimized
circuit design that ensured extended operation. This implementation successfully
reconciled the competing demands of signal integrity, energy efficiency, and wearable

compatibility in textile-integrated applications.

The multifunctional sensing platform was realized through the heterogeneous
integration of a biosensor array and textile-embedded circuitry, forming an ergonomic
headband configuration via precision stitching techniques. The system architecture
featured an ESP32 system-on-chip (SoC) microcontroller, optimized for multichannel
analog front-end processing and wireless data transmission, with firmware developed
using the Visual Studio Code (VSCode) integrated development environment. Signal
conditioning electronics employed dual operational amplifier architectures (LMV358)
to accommodate both potentiometric and amperometric transduction modalities within
a unified low-power framework (3.7 V nominal supply). Amperometric sensing
(glucose, lactate) utilized current-to-voltage conversion through a trans-impedance
amplifier with high-gain preamplification (10°-107 V/A) and subsequent signal

conditioning via a second-order passive RC filter (cutoff frequency: 10 Hz). Processed
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analog signals were digitized through the ESP32's 12-bit SAR ADC (sampling rate: 1
kHz/s) before being transmitted via the BLE 4.2 protocol to paired smart devices. Power
management was achieved through a 200 mAh Li-polymer battery (3.7 V nominal, 0.74
Wh energy density) directly interfaced with a low-quiescent LDO regulator, which
maintained system operation for over 24 hours under continuous sensing conditions.
Mechanical compliance was ensured through the strategic placement of components
along textile stress-neutral axes, with critical interconnects encapsulated in a silicone

elastomer (Ecoflex 00-50) to withstand cyclic flexion (>10* bending cycles).
5.2.4 Characterization

Electrochemical functionality was validated using a CHI660¢ potentiostat/galvanostat
system. Potentiometric sensors (pH, Na*, K*) were characterized through open-circuit
potential (OCP) measurements in phosphate-buffered saline (PBS, pH 7.4). In contrast,
amperometric  biosensors (glucose, lactate) underwent chronoamperometric
optimization at physiologically relevant analyte concentrations (0.1-20 mM).
Reference electrode stability was verified against commercial Ag/AgCl counterparts,

with pH sensor accuracy cross-validated using a calibrated PHS-3C benchtop pH meter.

On-body testing protocols adhered to the ethical standards approved by the Southern
University of Science and Technology Institutional Review Board (SUSTech IRB No.
20200037), which governs human subject research. Physiological evaluations involved
healthy adult participants (aged 24-26 years) wearing a textile-based wristband
wirelessly paired with a mobile application via Bluetooth Low Energy. Following a 20-
minute cycling warm-up to induce perspiration, subjects transitioned to stationary
cycling for 30 minutes, during which the system recorded potentiometric data
autonomously. Synchronized sweat samples were collected at 5-minute intervals using
absorbent patches for subsequent validation by inductively coupled plasma mass
spectrometry (ICP-MS). The custom-developed mobile interface enabled real-time
visualization of ion concentration trends during exercise, with transmitted data
undergoing onboard signal conditioning before being relayed via Bluetooth. This

comparative framework ensured analytical accuracy between the wearable sensor
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outputs and reference laboratory measurements, thereby maintaining physiological
relevance across the dynamic phases of sweat secretion. All experimental procedures

prioritized participant safety and data integrity under continuous monitoring.

5.3 Results and Discussion

5.3.1 Design and fabrication of integrated textile-based potassium monitoring

system

The wearable platform comprised three core functional elements: (1) a potassium-
selective electrochemical sensor, (2) signal conditioning electronics, and (3) wireless
communication modules (Figure 5.1). The sensing unit employed a two-electrode
configuration fabricated on copper-metallized fabric, featuring a 1.5 mm diameter
Ag/AgCl reference electrode with PVB coating for stable potential referencing, paired
with a working electrode modified with PEDOT: PSS to ensure efficient ion-to-electron
transduction. This design enabled drift-free potentiometric measurements across
physiologically relevant potassium concentrations. Signal integrity was maintained
through Ecoflex encapsulation of interconnects, which provided electrical insulation
while preserving textile breathability. The processed data was transmitted via low-
power Bluetooth to mobile devices for real-time monitoring. This monolithic
integration of sensing, processing, and communication components within a textile
matrix demonstrates a viable approach for continuous physiological monitoring

applications.
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Figure 5. 1 Schematic illustration of the wristband for real-time and wireless sweat K*
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Figure 5. 2 The physical implementation and operational concept of the monolithic
textile wristband. a A compact flexible patch (2.5 x 8§ cm) demonstrating successful

integration of electronic components with textile substrates. b A systematic architecture
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diagram outlining the signal pathway from electrochemical sensing to wireless data

transmission

The textile-integrated platform (Figure 5.2a) incorporates a complete signal processing
chain for real-time analysis of sweat. Electrochemical sensor outputs first undergo
impedance conversion through a voltage follower stage, followed by precision
amplification and analog filtering to optimize signal-to-noise ratio. A dedicated
microcontroller performs three critical functions: (1) dynamic signal calibration using
embedded algorithms, (2) temperature/offset compensation, and (3) packetization of
processed data for wireless transmission. The BLE transceiver establishes a robust
communication link with mobile devices, where a custom application (Figure 5.2b)
provides two operational modes: real-time visualization of analyte concentrations
through interactive graphs, and automated background data logging for longitudinal
analysis. This hierarchical design ensures reliable biosignal acquisition while

maintaining the system's wearable form factor.

a | Signal conditioning
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Figure 5. 3 a Schematic of an analog signal processing chain featuring impedance
matching (voltage follower), programmable gain amplification, and active noise
suppression (2nd-order low-pass filter), integrated with a 12-bit ADC and BLE
transceiver for wireless connectivity. b A compact single-layer implementation on
copper-metallized textile demonstrating successful miniaturization of conventional

circuit elements onto flexible fabric substrates

The system employed open-circuit potentiometry for physiological signal detection,
incorporating a high-impedance measurement circuit to minimize signal distortion
while simultaneously acquiring, conditioning, and transmitting the signal wirelessly
(Figure 5.3a). The electronic architecture was implemented using a single-layer textile
circuit design (Figure 5.3b), which preserved the fabric's inherent breathability through
strategic component placement and optimized conductive trace routing. This minimalist
approach maintained electrical performance while ensuring mechanical compatibility

with wearable applications.

Figure 5. 4 The fabrication process employed a precisely designed photomask. a A

single-layer interconnect architecture with 1 mm trace widths. B High-resolution
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patterns printed on A4-format transparent substrates for accurate UV light projection

during photoresist exposure.

The wearable platform was constructed from commercial polyester fabric, which
underwent polymer-assisted metallization to create a conductive copper-coated
substrate. A specialized double-sided photolithographic process was developed to
pattern sensor electrodes and interconnects directly on the textile (Figure 5.4). The
fabrication sequence involved: (1) uniform photoresist application via immersion
coating to accommodate the fabric's porous structure, (2) optimized UV exposure
through both surfaces to ensure complete pattern transfer, and (3) precision etching to
define conductive traces. Critical process adaptations included replacing conventional
spin-coating with dip-coating to achieve conformal coverage across the textile's
interwoven fibers, and implementing epoxy-silver interconnects to bridge rigid
electronic components with the flexible conductive textile. This approach successfully
transformed standard polyester fabric into a functional electronic substrate while

preserving its inherent mechanical properties and breathability.

The metallized polyester fabric demonstrated exceptional mechanical flexibility,
maintaining functionality even when twisted or deformed (Figure 5.5a). Microscopic
evaluation revealed well-defined conductive patterns with sharp boundaries (Figure
5.5b), confirming the precision of the textile-specific photolithographic process. The
methodology enabled the scalable production of complex circuits (Figure 5.5¢) using
commercially printed photomasks, thereby facilitating cost-effective manufacturing of
diverse designs. A complete potassium ion sensor was successfully integrated into the
textile platform (Figure 5.5d), with final encapsulation ensuring operational stability
during physiological monitoring. These results validate the approach's ability to
combine electronic functionality with the mechanical properties required for wearable

applications.
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Figure S. S Fabrication and Characterization of Flexible Textile-Based Sensors. a The
manufacturing process of the textile wristband begins with a versatile polyester (PET)
substrate, which demonstrates exceptional flexibility when folded. b Metallization and
patterning were achieved through a modified photolithographic process, with the
resulting conductive traces exhibiting sharp, well-defined edges under polarizing
microscopy. ¢ The final textile-integrated circuits maintain the fabric's inherent
properties while enabling electronic functionality. d The flexible electrochemical sensor,

comprising both working and reference electrodes directly patterned onto the textile.

5.3.2 Characterization of the monolithically integrated in-textile wristband

The textile-based wristband underwent rigorous evaluation of its electrical and
structural properties (Figure 5.6). Precision-patterned copper interconnects
demonstrated stable signal transmission capabilities, with photolithographically defined
traces maintaining consistent conductivity (<1% resistance variation over three months)
when protected by Ecoflex encapsulation. The analog front-end electronics exhibited
excellent signal fidelity, as evidenced by a coefficient of determination of 0.994 for
voltage amplification (Figure 5.6d), confirming accurate biosignal conditioning. The
system architecture successfully integrated: (1) durable conductive traces, (2) stable

electrochemical interfaces, and (3) optimized signal processing chains - all while

102



preserving the textile's structural integrity through strategic material selection and
protective coatings. These results validate the platform's reliability for long-term

physiological monitoring applications.
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Figure 5. 6 The monolithically fabricated wristband demonstrated robust electrical
performance through comprehensive testing. a Copper interconnect patterned directly
onto the textile substrate. b Excellent conductivity in the flexible sensing platform. ¢
Long-term stability testing revealed minimal resistance variation (<5% change) in the
conductive traces over 90 days. d Electrochemical evaluation using artificial sweat
showing a reliable potentiometric response from the potassium ion sensor, with signal

processing modules accurately amplifying the open-circuit potential.

The textile-based wristband successfully combined electronic functionality with wearer
comfort through its unique material design, demonstrating high air permeability (79 mm
s!) and moisture permeability (270 g m2 day'), which significantly outperformed
conventional flexible substrates (Figure 5.7b). By strategically patterning conductive
traces and selectively applying waterproof encapsulation, the system maintained the
PET fabric's inherent breathability while achieving robust waterproof performance, as
evidenced by the stable operation of the LED during underwater testing (Figure 5.7a).
This balance was accomplished through precise control of the encapsulation process,
which protected electronic components without occluding the textile's porous structure.
The results highlight how engineered material interfaces can overcome traditional trade-
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offs between environmental protection and physiological comfort in wearable

electronics, offering superior performance compared to solid-film alternatives.
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Figure 5. 7 The textile-based wearable device underwent comprehensive
characterization to assess its functional properties. a The system maintained excellent
breathability, as demonstrated through comparative permeability testing between
unmodified PET fabric and the fully integrated sensor platform. b Quantitative

measurements revealed outstanding air and moisture transport capabilities.

5.3.3 Wireless, on-body and real-time application with the integrated in-textile

wristband
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PET cloth

Dendritic Au

Figure 5. 8 Scanning electron microscopy revealed distinct morphological
characteristics at each fabrication stage a Pristine PET fiber displayed characteristic
smooth surfaces with well-defined woven architecture. b PAMD-treated samples
showed conformal copper coatings preserving the underlying textile structure. ¢
Electrodeposited gold formed dendritic nanostructures uniformly distributed across
copper-plated fibers. d Higher magnification imaging demonstrated three-dimensional

gold growth originating from individual fiber surfaces.

A nanostructured electrochemical sensor was fabricated on a copper-patterned
polyester fabric to enable the detection of potassium in sweat, leveraging K+ as a
clinically relevant biomarker for assessing electrolyte balance. Potassium's
physiological significance stems from its critical role in cellular function, where
decreased concentrations in biofluids correlate strongly with muscular fatigue and
systemic physiological stress(205). Research indicates that post-exercise reductions in
both blood and sweat potassium levels reflect the body's metabolic response to the
cessation of physical activity, establishing sweat potassium monitoring as a valuable

approach for non-invasive evaluation of fatigue (206, 207).
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The potassium-selective sensor was developed through sequential functionalization of
copper-patterned textile electrodes. Initial characterization confirmed the mechanical
robustness of bare copper interconnects, demonstrating <5% resistance variation after
3000 bending cycles. Sensitivity was significantly enhanced through the
electrochemical deposition of gold nanostructures (Figure 5.8), improving the response
slope from 14 mV/decade to 59.2 mV/decade compared to planar electrodes(208).
Further stability improvements were achieved by incorporating a PEDOT: PSS ion-to-
electron transduction layer, which reduced potential drift from 52 mV/h to <5 mV/h.
The sensing interface was completed with a valinomycin-based ion-selective membrane,
providing selective potassium recognition through biomimetic complexation. The
optimized architecture demonstrates how material engineering at multiple length scales

can overcome the traditional limitations of flexible electrochemical sensors(71).
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Figure 5. 9 The textile-based potassium sensor demonstrated robust analytical
performance across multiple evaluation metrics. a Open-circuit potential measurements
with excellent repeatability with <5% variation between consecutive measurements. b
The system detection limitation. ¢ Inter-device reproducibility testing across three
sensor units showed <8% relative standard deviation in sensitivity. d The valinomycin-

based membrane provided exceptional selectivity against common interferents. e
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Mechanical testing revealed stable operation through 120 bending cycles. f The sensor

maintaining 92% of initial sensitivity after 30 days of storage.

The developed sensor demonstrated excellent analytical performance with a near-
Nernstian sensitivity of 65 mV/decade (Figure 5.9a) across the physiologically relevant
range of 300 uM—40 mM, encompassing typical sweat potassium concentrations (1-18
mM) (Figure 5.9b). Device reproducibility was confirmed through low inter-sensor
variability (RSD = 2%, n = 3) (Figure 5.9c), while the valinomycin-based ion-selective
membrane provided exceptional selectivity against common interferents (Na*, Ca*",
NH+") (Figure 5.9d). Mechanical testing revealed stable operation after 120 bending
cycles (Figure 5.9¢), and the sensor maintained greater than 90% of its initial sensitivity
after four weeks of storage (RSD = 18%) (Figure 5.9f). The nanostructured electrode
design minimized potential drift to 2.88 mV/h at | mM K" by enhancing the surface
area and optimizing material interfaces. These results collectively demonstrate the
sensor's suitability for reliable sweat analysis, meeting key requirements for
physiological monitoring, wearable integration and clinical relevance. The competitive
performance metrics validate this textile-based platform as a viable solution for non-

invasive electrolyte monitoring.
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Figure 5. 10 Demonstration of microfluidic channels. a The wearable platform
incorporated engineered microfluidic channels fabricated through a layered assembly
process. b Functional validation using artificial sweat demonstrated reliable liquid
handling at physiologically relevant flow rates. ¢ Illustration of the function of

microfluidic channels.
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The wearable monitoring system integrates textile-based sensors with microfluidic
channels and wireless electronics in a wristband configuration (Figure 5.10a), where
multi-inlet microfluidics enable continuous sweat collection across an expanded
epidermal area through passive hydrostatic flow. This design achieves reliable real-time
analysis by maintaining a consistent 10 pL./min fluid transport for prolonged monitoring,
while preventing analyte accumulation. The microfluidic architecture simultaneously
supports both sweat induction and sampling functions without requiring active pumping
components. The complete integration demonstrates an effective solution for non-
invasive electrolyte tracking through optimized material interfaces and autonomous
fluid handling, which preserves natural perspiration dynamics during physical activity

(209-211).

The microfluidic system employs a multilayer architecture for efficient sweat collection
and transport (Figure 5.10b and c). A patterned double-sided adhesive bottom layer
features five distributed inlets for maximal epidermal coverage, coupled with a
centralized reservoir positioned above the sensing electrodes. The PDMS channel layer,
fabricated using reusable molds, allows smooth fluid transport at controlled rates when
interfaced with external pumping systems. This modular design enables rapid
replacement of contaminated components while maintaining consistent performance
through: (1) optimized inlet distribution for enhanced sweat capture, (2) passive fluid
guidance to sensing elements, and (3) cost-effective manufacturing via mold replication.
The system demonstrates reliable artificial sweat handling with complete fluid
exchange capabilities, confirming its suitability for longitudinal wearable monitoring

applications.

The textile-based wristband can also capture sweat without microfluidic module.
However, it will be beneficial to integrate microfluidic modules to facilitate sweat
collection, and eliminate the mixing of old sweat and refreshing ones. In our strategy
and systematic design, the integration of microfluidic modules is relatively facile
without introducing complexity. Wearable epidermal microfluidic devices can not only
characterize the local sweat chemistry in freshly secreted sweat but also measure the

average and instantaneous sweat loss for real-time analysis or subsequent studies. It has
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a variety of advantages, such as continuous sampling, real-time analysis, no
contamination and sweat evaporation. By utilizing epidermal microfluidic channels as
efficient sampling methods, wearable sweat devices enable autonomous and continuous
sensing of vital electrolytes and metabolites in sweat with high sensitivity and reliability.
We added the data when the conductive interconnect (glued with Ecoflex) bent under
water. After 3000 cycles, the result was stable, and it can prove the monitoring
durability of potassium ions (Figure 5.11). The integrated band can be cleaned by water
rinsing it has water-proof capability with electronics packaging. However, it cannot
sustain normal machine washing. It is a critical challenge to develop washable sensors,

which is now under investigation.
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Figure 5. 11 Bending characterization of the interconnect glued with Ecoflex. a
Resistance changes over 3000 bending cycles. b The setup for bending and insulation

test. ¢ SEM photo after bending 3000 cycles.
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Figure 5. 12 The monolithically integrated wristband demonstrating practical
functionality during on-body trials. a&b Monitoring sweat potassium dynamics during
exercise through synchronized operation of its textile-based sensors, microfluidics, and
wireless electronics. ¢ Mobile App for real-time K monitoring. d Continuous data
acquisition during endurance running revealed characteristic potassium fluctuation
patterns correlating with exercise intensity. e Method validation against ICP-MS

showed strong correlation across the physiological concentration range.

The textile-based wristband successfully demonstrated real-time sweat potassium
monitoring during exercise trials (Figure 5.12a-c), with the microfluidic channels filling
within 20 minutes of cycling activity. Pre- and post-calibration with artificial sweat
ensured measurement reliability, while continuous tracking revealed dynamic
concentration changes correlating with physical exertion (Figure 5.12d). A comparative
analysis with ICP-MS revealed strong agreement in both absolute concentrations (R? >
0.95) and temporal trends (Figure 5.12e), validating the system's accuracy for non-
invasive health monitoring. The platform's performance, featuring rapid sample

collection (20-minute priming), consistent measurements (<10% variation from

110



reference methods), and real-time mobile data display, confirms its viability for

practical wearable electrolyte monitoring applications.

5.3.4 Fully integrated biosensing headband for multiplexed sweat monitoring
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Figure 5. 13 Characterization of the Au@Cu interconnects. a Resistance of the samples
with different Au deposition times and FeCls etching times. b SEM image of the
Au@Cu-textile boundary. ¢ Micro-structure of the Au coating. d SEM image of the
Ecoflex encapsulation coating on interconnect regions. e Cross-sectional SEM image
of the Ecoflex encapsulation coating on interconnect regions. f Resistance change of the

Au@Cu pattern and the Ecoflex-coated Au@Cu pattern.

Textile-integrated electronics present unique advantages for epidermal biosensing,
particularly in sweat analysis, due to their inherent breathability and mechanical
compliance sensing(8, 9, 66, 113, 204, 212, 213). However, the fibrous topography of
textiles often compromises the uniformity of functional material deposition, which is
critical for high-sensitivity sensors. The developed in-textile lithographic methodology
addresses this limitation through conformal metallization, creating continuous
conductive pathways across fiber networks. This platform enabled the integration of

multi-analyte detection systems, including potential-response sensors for pH, Na*, and
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K*, as well as current-response biosensors for glucose and lactate monitoring. To
enhance operational durability, Cu electrodes underwent Au electroplating before
selective FeCls etching, resulting in a 40% improvement in flexural stability, despite
minor reductions in conductivity (Figure 5.13a-c). Critical circuit interconnects were
insulated with porous Ecoflex membranes, which prevented electrochemical crosstalk
while retaining 89% of the baseline air permeability and textile pliability (Figure 5.13d-
f). This encapsulation strategy circumvented traditional rigid coatings, preserving the
textile's moisture-wicking capacity (MVTR: 550 + 30 g/m*/day), which is essential for

prolonged epidermal contact.

Figure 5. 14 Characterization of Ag/AgCl/PVB reference electrode. a Image of the
metal-textile boundary by photolithography. b Image of the metal-textile boundary by
screen printing.  Cross-sectional SEM image of ¢ metal-textile boundary by

photolithography and d metal-textile boundary by screen printing.

The metallized textile platform was functionally enhanced through sequential surface
modifications, enabling multiplexed analyte detection (Figure 5.14). Each sensor
employed a geometrically optimized dual-electrode configuration that minimized inter-
sensor interference while maintaining sub-millimolar detection limits. The pH sensing
modality specifically utilized a polyaniline-modified working electrode paired with a
stable PVB-encapsulated Ag/AgCl reference, capitalizing on the conjugated polymer's

proton-dependent redox characteristics for quantitative measurements. The integrated
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architecture demonstrates how strategic material interfaces can transform conductive

textiles into precision biosensing platforms.
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Figure 5. 15 SEM images of sweat sensors. a PANI coating for the pH sensor. b Cross-
section of the PANI. ¢ SEM image of the PANI coating. d PEDOT: PSS coating for
Na'/K" sensors. e Cross-sectional image of the PEDOT: PSS. f Ion-selective membrane
of the Na* sensors. g PB coating for Glucose/lactate sensors. h Cross-sectional image

of the PB. i Enzyme membrane of the glucose sensors.

Potentiometric cation detection modules (Na*/K*) employ multilayer interfacial
engineering, involving the sequential deposition of PEDOT: PSS conductive polymer
and analyte-specific ionophores onto Au@Cu electrodes (Figure 5.15a-f), utilizing a
typical reference configuration shared with the pH sensor to minimize the spatial
footprint. The PEDOT: PSS layer served as a mixed ionic-electronic conductor,
mitigating interfacial impedance and potential drift. Concurrently, amperometric
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biosensors for glucose and lactate quantification leveraged Prussian blue-mediated
electrocatalytic interfaces functionalized with oxidase enzymes (Figure 5.15g-1). These
enzymatic transducers operated via mediated electron transfer mechanisms, where
Prussian blue nanostructures enhanced charge transfer kinetics while minimizing
overpotentials. Current outputs were transduced through Au counter electrodes,
enabling precise quantification of redox currents proportional to metabolite
concentrations. This hybrid sensor design unifies potentiometric and amperometric
modalities on a single textile substrate, achieving cross-talk-minimized multiplexing

through the spatial isolation of functional domains and the optimization of a shared

reference system.
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Figure 5. 16 The fabricated wearable array successfully integrated five distinct
biosensors on a single textile platform. a Digital image of 5 different biosensors. b-f

Systematic evaluation revealed optimized performance for each analyte.

The textile-integrated sensing system achieved exceptional analytical performance
through optimized material interfaces (Figure 5.16). The pH sensor exhibited near-ideal
potentiometric response (55 mV/pH, R>>0.99) across physiological ranges (4-8 pH),
while ion-selective electrodes demonstrated Nernstian behavior for sodium (59.73

mV/decade, 10-160 mM) and potassium (57 mV/decade, 2-16 mM). Enzymatic
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detection showed enhanced sensitivity for glucose (19 nA/uM/cm?, 50-300 uM) and
lactate (1.6 pA/mM/cm?, 3-12 mM) through Prussian blue-mediated electron transfer.
These capabilities resulted from photolithographically patterned 3D conductive

networks that quadrupled the active surface area while maintaining excellent

reproducibility (<5% device variation)(/8, 214).
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Figure 5. 17 Long-term stability or drift for a pH sensor, b K* sensor, ¢ Na* sensor, d

glucose sensor and e lactate sensor.

The working life of the sensor was provided and discussed. The working life of the
sensors can be evaluated in two aspects: long-term duration for characterization and on-
body sensing life. For long-term characterization, a minimized sensor signal drift was
observed during the 0.5-10 hours continuous test (Figure 5.17). For on-body sweat
sensing applications, due to unavoidable pollution from the skin surface, the sensing
patch can be re-used 2-3 times (each time for around 2 hours). Noted that sensor
contamination by the pollution from the skin surface, including dermal debris and

sebum, is difficult to eliminate although skin cleaning was performed.
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Figure 5. 18 The selectivity for a pH sensor, b K" sensor, ¢ Na* sensor, d glucose sensor

and e lactate sensor.

The selectivity of pH, Na®, K", glucose and lactate sensor were investigated to ensure
that the commonly seen interference biomarkers (such as NaCl, KCIl, MgCl, glucose

and lactate) in body fluids have limited effect on each other interferences monitoring.
(Figure 5.18).
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Figure 5. 19 Biocompatibility of the sensor electrodes, polyester (PET) film, PDMS

film, and commercial medical tape.

Extended dermal compatibility testing revealed significant advantages of the textile-
based sensors compared to conventional flexible substrates (Figure 5.19). While
traditional polyester films caused observable erythema due to their occlusive nature and
strong adhesion, the porous textile electrodes demonstrated excellent skin compatibility
throughout prolonged wear. This favorable safety profile stems from three key material
characteristics: breathable architecture, reduced mechanical stress and minimized
occlusion. As shown in Supplementary Figure 5.20, the tensile strain at break of the
polyester fabric after in-textile photolithography process has decreased about 11%
compared to the original commercial polyester fabric, which indicates that the physical

properties of the textiles can be well-maintained.
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Figure 5. 20. Tensile properties of the original commercial polyester fabric and the

one after in-textile photolithography.
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Figure 5. 21 The wearable system incorporates a multiplexed sensor array seamlessly
integrated into a textile headband. a Digital image of continuous sweat analysis system
during physical activity with multiplexed sensing arrays. b The device operated through
a streamlined signal acquisition and processing pipeline, where electrochemical sensors
detect target biomarkers, and onboard electronics wirelessly transmit data to a paired

mobile application. ¢ Field testing demonstrated reliable functionality during exercise.

The sensing platform incorporated a multiplexed biosensor array within a textile-based
headband (Figure 5.21a), designed to maintain breathability while enabling continuous
epidermal monitoring. The electronic architecture featured optimized signal processing
pathways, including a high-impedance interface for potentiometric ion detection and a
current-sensing amplifier for enzymatic metabolite measurements, both of which
incorporated active noise suppression (Figure 5.21b). A 12-bit microcontroller with
integrated wireless capability performed analog-to-digital conversion and transmitted

processed data to a dedicated mobile application (Figure 5.21c¢).
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A custom smartphone application was designed to enable real-time visualization and
automated data logging of sweat biomarkers through a wireless interface (Figure 5.22a).
System validation during controlled cycling trials (30-minute sessions following a 10-
minute warm-up) demonstrated reliable correlation between the wearable sensor
outputs and reference analytical techniques (pH meter, ICP-MS, HPLC), with
measurement precision quantified by relative standard deviations: pH (3%), Na* (19%),
K* (9%), glucose (21%), and lactate (6.3%) (Figure 5.22b). The platform's robust
performance stems from key engineering innovations including high-resolution
patterning (sub-200 um features), optimized signal isolation, and Breathable
encapsulation , maintaining textile flexibility and comfort. These advances address
fundamental challenges in wearable biochemical monitoring, combining clinical-grade

accuracy with practical usability for continuous health tracking applications.
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Figure 5. 22 On-body analysis of the patch for real-time sweat sensing. a Mobile
application for 5 different biomarkers sensing. b Real-time sweat concentration during

stationary cycling.

5.4 Conclusion

This study establishes a scalable platform for non-invasive health monitoring by
developing a monolithically integrated, textile-based wearable system capable of
multiplexed analysis of sweat biomarkers. The core innovation lies in the advanced
fabrication methodology: commercial polyester (PET) cloth was conformally metalized

with copper via PAMD treatment, followed by modified double-sided photolithography
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to achieve high-precision circuitry patterning (1 mm line width) while preserving textile
structure. The platform's sensing capabilities were enhanced through the use of
nanostructured electrodes. Dendritic gold deposition on Cu electrodes enhanced the
electroactive surface area, while PEDOT: PSS ion-to-electron transduction minimized
potentiometric drift to 2.88 mV/h. A shared PVB-stabilized Ag/AgCl reference
electrode ensured signal stability across potentiometric sensors (K*: 65 mV/decade, Na*:
59.73 mV/decade, pH: 54.93 mV/pH) and amperometric biosensors (glucose: 19.43
nA/uM/cm?, lactate: 1.59 uA/mM/cm?), with rigorous selectivity against physiological
interferents. System integration resolved key challenges in wearable bioelectronics: 1)
A multi-inlet PDMS microfluidic module enabled continuous sweat sampling via
hydrostatic pressure; 2) Custom electronics (voltage follower, amplifier, low-pass filter)
processed high-impedance OCP signals with 99.4% amplification fidelity; 3) BLE-
enabled wireless transmission facilitated real-time data streaming to a smartphone
interface. Crucially, porous Ecoflex encapsulation provided waterproofing (>3 months
operational stability), mechanical robustness (>3000 bending cycles), and
biocompatibility (zero skin irritation vs. erythema from PET/PDMS controls).
Validation during on-body trials confirmed system reliability: sweat K* dynamics
tracked via the wristband exhibited strong correlation with ICP-MS (RSD: 8.7%). In
comparison, multiplexed headband measurements of five biomarkers showed <21.2%
RSD against HPLC/pH meter references. This work fundamentally advances wearable
technology by reconciling traditionally competing demands: analytical precision
(Nernstian sensitivities), textile comfort (uncompromised permeability), and industrial
scalability (compatible with roll-to-roll processing). The seamless co-design of
conformal metallization, microfluidics, and mixed-signal electronics establishes a
versatile framework for next-generation epidermal diagnostics, with significant

implications for personalized healthcare monitoring in real-world settings.
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CHAPTER 6: IN-TEXTILE PATCH FOR WIRELESS WOUND

BACTERIAL AND FUNGAL SENSING

Chronic wounds, affecting millions globally, are plagued by infections and dysregulated
inflammation, necessitating real-time monitoring to avert severe complications. Current
methods—invasive biopsies, delayed cultures, and occlusive wearable sensors—fail to
provide timely, multiplexed data while preserving skin health. Here, we present a
wireless, textile-integrated biosensing platform that enables continuous, non-invasive
surveillance of wound biomarkers through a breathable, patient-centric design. The
system combines a porous polyester substrate with embedded copper interconnects (air
permeability: 110 mm s™'; moisture transmission: 290 g m? day') and multiplexed
electrochemical sensors for simultaneous detection of bacterial (Staphylococcus aureus),
fungal (Candida albicans), cytokines (TNF-a: 0—15 ng mL™"; IL-6: 0—60 ng mL™"), and
pH (54.6 mV/pH sensitivity). Methylene blue-tagged aptamers enable reagent-free,
conformation-dependent detection via square wave voltammetry, while a miniaturized
circuit with Bluetooth Low Energy (BLE) wirelessly relays data to a smartphone
interface. The platform demonstrated <1% signal drift over three months and 70%
accuracy against ELISA in tracking murine wound TNF-a and fungal glucan (10-500
pg mL ). Rigorous biocompatibility assays confirmed >80% fibroblast viability and no
adverse tissue responses in vivo. By merging clinical-grade sensitivity with unmatched
breathability, this technology addresses the critical limitations of existing wearables,
providing a scalable solution for real-time infection discrimination and personalized
wound management. Its integration with future closed-loop therapies could
revolutionize chronic care, reducing hospitalizations and healthcare costs through

proactive, data-driven interventions.

6.1 Introduction
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Chronic wounds, including diabetic ulcers, venous leg ulcers, and pressure injuries,
affect approximately 2% of the global population, with prevalence rising sharply due to
aging populations and increasing rates of diabetes and obesity. These wounds cost
healthcare systems over $50 billion annually in the U.S. alone, driven by prolonged
hospitalizations, surgical interventions, and recurrent infections (2/5-218). A critical
barrier to healing is the dysregulated inflammatory microenvironment, characterized by
elevated levels of cytokines such as TNF-a and IL-6, which perpetuate tissue damage
and impair tissue repair. Compounding this issue, up to 60% of chronic wounds become
infected with biofilm-forming pathogens such as Staphylococcus aureus and Candida
albicans, which evade immune responses and antibiotics, leading to sepsis or amputation

1n severe cases.

Current clinical strategies for wound monitoring rely on invasive biopsies,
microbiological cultures, and visual inspection—methods that are slow, subjective, and
disruptive to the wound bed. Biopsies risk further tissue damage, while cultures require
24-72 hours for results, which can delay critical interventions(62, 108, 219-225).
Emerging wearable biosensors, though promising for real-time biomarker tracking, face
significant limitations. Rigid or film-based devices impede skin respiration,
exacerbating maceration. At the same time, existing electrochemical systems lack the
multiplexed detection capabilities needed to simultaneously monitor pathogens,
cytokines, and physicochemical markers (e.g., pH) in wound exudate. Moreover, most
wearable sensors depend on bulky external equipment for signal processing or require
frequent reagent replenishment, rendering them impractical for continuous, ambulatory

use.

Recent advances in textile-based electronics have sought to address wearability
challenges by integrating sensors into breathable textiles. However, these systems often
sacrifice analytical performance for flexibility, with limited sensitivity, poor interference
rejection, or short operational lifetimes. For instance, prior aptamer-functionalized
textiles for cytokine detection exhibited more than 20% signal drift after 48 hours, while
pH sensors using metal oxides suffered from hysteresis in protein-rich biological fluids.

Additionally, few platforms combine infection-specific biomarkers (e.g., fungal glucan)
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with inflammatory cytokines in a single dressing, despite the clinical need to

differentiate bacterial vs. fungal etiologies for targeted therapy (226-233).

This study introduces a transformative wireless biosensing platform that redefines
chronic wound management through seamless integration of textile engineering,
multiplexed electrochemical sensing, and cloud-based analytics. By embedding
aptamer-functionalized sensors into a breathable polyester textile, we achieved
simultaneous, real-time detection of bacterial (S. aureus) and fungal (C. albicans)
infections, inflammatory cytokines (TNF-a, IL-6), and pH levels with clinical-grade
sensitivity. The platform's unique architecture preserves skin respiration (290 g m 2 day !
moisture permeability) while maintaining mechanical stability (<1% resistance drift
over 3 months), addressing a longstanding trade-off between functionality and
wearability in flexible electronics. Validation in diabetic murine models demonstrated
the system's ability to track TNF-a and fungal glucan dynamics with 70% accuracy
relative to gold-standard ELISA, while its glucan-specific biosensor (10-500 pg mL™*
range) enabled precise discrimination of fungal vs. bacterial infections. The non-
invasive design proved biocompatible in ISO-certified cytotoxicity assays and in vivo
implantation studies, with no adverse effects on wound healing or murine behavior.
Looking forward, this technology establishes a scalable framework for next-generation
innovative dressings. Future iterations could incorporate antibiotic-eluting hydrogels or
neuromodulation circuits for closed-loop therapy, while machine learning algorithms
could predict the onset of infection from trends in biomarkers. By enabling proactive,
data-driven wound care, this platform has the potential to reduce hospitalizations,
amputations, and healthcare costs, marking a critical step toward equitable, patient-

specific chronic wound management.
6.2 Experiments

6.2.1 Fabrication of textile aptamer-based sensor array

The three thiolated and MB-modified aptamers were purchased from Integrated DNA

Technologies (IDT) in Singapore. The three probe sequences are as follows:
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Human TNF-a:
5'HS-(CH2)e-TCCTCATATAGAGTGCGGGGCGTGT(MB) 3’
Mouse TNF-a:

5'-/5ThioMC6-D/GCGCCACTACAGGGGAGCTGCCATTCGAATAGGTGGGCC
GC/3MeBIN/-3’

Human IL-6:
5'-/5ThioMC6-D/GGTGGCAGGAGGACTATTTATTTGCTTTTCT/3MeBIN/-3’
Fungi glucan:

5'HS-(CH2)s-TCTAGAATCCCAATCCCAATCCCATACCGCACTGTACCGACC
TGCAAGTGCCGCCGACGACTGAAGTGGCATGAACCCTAAAGCTT(MB) 3’

Before fabrication, electrodes underwent thorough cleaning via ultrasonication (5 min)
followed by electrochemical conditioning in 0.5 M H2SO4 (cyclic scanning from -0.21
V to 1.31 V at 3 V/s) until stable surface oxidation-reduction profiles were achieved.
The aptamer-based sensors were then functionalized through sequential steps: (1)
disulfide bond reduction using TCEP (1.5 pL, 10 mM) in aptamer solution (1 pL, 0.2
mM) for 90 min, (2) dilution to 1.5 uM in PBS, and (3) overnight incubation in 4 mM
C4-OH at 4°C, with PBS rinsing between each step. Sensor performance was validated
in physiologically relevant media, including PBS (pH 7.5, 10 mM sodium phosphate/100
mM NaCl), 1:1 urine: PBS, and 1:1 saliva: PBS, all prepared with ultrapure water (18.2
MQ-cm). This standardized protocol ensures reproducible biosensor fabrication while

maintaining molecular recognition specificity across different biological matrices.

6.2.2 Assembly of in-textile patch

The wearable platform incorporates an FR8003 Bluetooth-enabled microcontroller for
multichannel data acquisition and wireless transmission, programmed via the Keil

development environment. Electrochemical sensing utilizes an AD5941 precision front-
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end chip to process both square wave voltammetry (for cytokine detection:
human/mouse TNF-0, human IL-6, fungal glucan) and potentiometric (pH) signals, with
the processed data wirelessly transmitted to a mobile interface. Power is supplied by a

compact 30 mAh Li-ion battery (3.0 V nominal) supporting continuous operation.

6.2.3 Characterization of textile wound sensors

Sample morphology was analyzed using scanning electron microscopy (Tescan
VEGA3), while electrochemical deposition and sensor characterization were performed
with CHI 760E and Gamry Reference 600 Plus workstations. Analytical validation
included ELISA quantification of mouse TNF-a (Thermo Fisher) and Candida albicans
colony counting using a microplate reader (Thermo Fisher). Aptamer-based sensors
were tested in human serum spiked with target analytes (PBS-reconstituted), using
square wave voltammetry parameters set to a -0.4—0 V range, a 4 mV step potential, a
50 Hz frequency, and a 30 mV pulse amplitude. pH response was evaluated in serum-
Mcllvaine buffer mixtures (pH 4-8). Between measurements, immunosensors were

stored at 4°C under a nitrogen atmosphere to prevent degradation.

6.2.4 Biocompatibility evaluation of wound biosensors.

In Vitro cytotoxicity

The cytotoxicity assessment involved culturing NIH 3T3 fibroblasts (4 % 10* cells/well)
with various sterilized textile electrodes (Au, pH, TNF-a, IL-6, and glucan sensors) in
triplicate wells under standard conditions (37°C, 5% CO.). Following 24- or 48-hour
incubation, cell viability was analyzed using calcein AM/PI staining according to the
manufacturer's protocols. After PBS washing, cells were treated with a fluorescent dye
solution (250 pL, 1:1 AM/PI) for 20 minutes at 37°C and imaged via confocal
microscopy (Leica TCS SP8). This standardized protocol enabled the quantitative
evaluation of sensor biocompatibility through the simultaneous visualization of viable
(green) and nonviable (red) cells, with triplicate measurements ensuring statistical
reliability for assessing the potential cytotoxic effects of different sensor materials and

their functionalization.

125



The proliferative capacity of NIH 3T3 fibroblasts exposed to textile electrodes was
quantitatively evaluated using a CCK-8 assay under identical culture conditions (37°C,
5% COz) as those used in the viability staining experiment. Following 24/48-hour co-
culture periods with test materials (Au, pH, TNF-a, IL-6, and glucan sensors), cells were
incubated with 400 pL of 10% CCK-8 reagent in fresh medium for 2 hours. Metabolic
activity, directly correlated with cell proliferation rates, was measured
spectrophotometrically at 450 nm (Thermo Scientific Microplate Reader), enabling
comparative quantification of potential material-induced growth inhibition relative to
control groups through formazan dye absorbance. This colorimetric method provided
complementary proliferation data to the fluorescence-based viability assessment,
together establishing a comprehensive biocompatibility profile for the wearable sensor

materials.

In Vivo cytotoxicity

In brief, 15 male KM mice (approximately 25 g, 5-6 weeks old) were anesthetized and
randomly divided into three groups (n = 3). A sham surgery group was used as a control,
while in the experimental groups, sterilized PP and Janus coating were implanted
subcutaneously on the backs of the mice. After 14 days of housing, the mice were
anesthetized and euthanized, and the subcutaneous muscle tissue directly in contact with
the materials was removed. The tissue samples were then embedded in paraffin for
histological examination using hematoxylin and eosin (HE) staining. In addition,
immunofluorescence staining (TNF-a, IL-6) was performed to detect the expression of

inflammation. Each group had three replicates.

6.2.5 Wound chronic infection modeling

The chronic wound infection model was based on a diabetic mouse model, constructed
using the streptozotocin (STZ)-induced method. After fasting for 12 hours, the mice
were intraperitoneally injected with streptozotocin (STZ, 150 mg/kg) and given a regular
diet and water. The glucose concentration in the tail vein blood of fasting mice was
detected on the 3rd, 7th, and 10th days, respectively. If mice exhibit excessive water

intake, polyuria, increased appetite, but weight loss, and blood glucose levels of
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approximately 16.7 mmol/L, they are considered to have diabetes. Then the wound
model was constructed. The diabetic mice were first anesthetized and shaved. A full-
thickness skin wound with a diameter of 1 cm was incised on the back of each mouse.
After establishment, mice with diabetic wounds were randomly divided into 3 groups:
the control group, the bacterial infection group (with S. aureus infection), and the fungal
infection group (with C. albicans infection). Digital photos of the wound surface were
taken on days 0, 1, 2, and 3. We also record the wound biomarker concentrations on days

0,1,2,and 3.

6.3 Results and Discussion

6.3.1 Design and fabrication of the in-textile patch for wireless wound biosensing

Figure 6.1a shows the in-textile patch for wireless wound biosensing containing
immunosensors applied to an open and chronic non-healing wound. The patch can
selectively detect bacterial (S. aureus) and fungal (C. albicans) infections through
electrochemical scanning and functionalized biorecognition layers. The function of the
textile layer is to allow normal skin function by allowing oxygen in and moisture vapor
to escape. Figure 6.1b presents the prototype for chronic wound monitoring, which is
composed of textile sensor arrays, textile interconnects, and electrical components. A
textile-integrated wearable system was developed to realize automatic wound
biomarker sensing. This system features textile electrodes for autonomous wound

exudate collection and sampling, making it suitable for daily life.

The miniaturized textile platform incorporated a potentiometric pH sensor and three
square-wave voltammetry aptamer biosensors, integrated with signal processing
electronics and Bluetooth Low Energy wireless transmission for real-time data
streaming to mobile devices. Designed with mechanical stability and epidermal
conformability, the system was rigorously validated through comparison with clinical

reference methods and demonstrated in murine wound infection models, establishing
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its capability for personalized wound assessment through simultaneous monitoring of
multiple infection biomarkers. This wearable technology combines analytical precision
with textile-based comfort, enabling continuous physiological monitoring in clinical

and home-care settings.
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Figure 6. 1 Schematic of an advanced wound monitoring system designed for venous
ulcer applications. a Illustration of a microenvironment of venous ulcers. b Illustration
of biomarker-sensing textile dressing that conforms to wound beds for real-time

infection surveillance.
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Figure 6. 2 a Logical flow of the systematic design. b Photograph of the textile wound

patch and its sensor arrays (2.5%2.5 cm).

The wireless wound monitoring system features an AD5941 electrochemical front-end
chip that processes both square-wave voltammetry signals (for human/mouse TNF-a,
human IL-6, and fungal glucan detection) and potentiometric pH measurements with
high precision while eliminating interference, with data transmitted via Bluetooth Low
Energy to a custom smartphone application for real-time visualization and patient
management (Figure 6.2a). The multiplexed sensor array integrates with a breathable
single-layer textile circuit (Figure 6.2b) using a practical dual-component design
consisting of reusable wound-adhesive patches and replaceable immunosensor modules
(Figure 6.3), maintaining fabric permeability while enabling continuous biomarker
monitoring. This integrated system combines 16-bit resolution electrochemical sensing
with wearable-compatible wireless functionality for clinically viable wound infection

tracking.

Figure 6. 3 a Schematic diagram of signal conditioning and wireless circuit. b One-layer

circuit design.

The fabrication process yields a high-performance in-textile sensing platform with
desirable scalability, flexibility, and durability. The as-developed in-textile wound
monitoring system was thoroughly characterized on its key electrical and physical

properties. The in-textile high-resolution and conformal patterning technique
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successfully produces a highly conductive, flexible, and stable metallic circuit onto a
breathable PET textile. Figure 6.4a shows that over 120 circuit patterns can also be
fabricated on a sheet of A3-sized textile in a scalable and efficient manner. The as-
fabricated PET-Cu textile remains high flexibility. Figure 6.4b shows the optical images
of different layers morphologies along the sensor fabrication process, including bare
PET textile, Cu patterned textile fabricated via PAMD, Cu textile sensor electrodes
electroplated with Au and the one with Ecoflex encapsulation. The scanning electron
microscopy (SEM) images reveal that the Cu only conformally wrapped around the fiber
surfaces within the designated patterned regions without binding the fiber bundles,
which could preserve the 3D fibrous structure of the textile (Figure 6.4c). As shown in
Figure 6.4d, the as-fabricated in-textile circuits integrated with a blue LED matrix were
illuminated under water, demonstrating the waterproofness. In addition, the in-textile
biosensing platform shows competitive air permeability compared with reported
literatures, which enables gas and liquid exchange to facilitate wearable comfort while
effectively shielding electronic components from moisture interferences (Figure 6.4e).
To further validate the conductivity of the in-textile circuit, the resistances of 5 different

interconnects with Ecoflex encapsulation were measured (Figure 6.4f).
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Figure 6. 4 Fabrication and characterization of as-fabricated conductive metal patterns

and WIPEs platform a Scalable fabrication of over 120 patches of in-textile
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electrode/interconnects patterns in a 15 x 50 cm size. b Optical image of different layers
functionalization during sensor fabrication. ¢ SEM image showing the sharp boundary
of the Cu pattern in a PET textile. d Waterproofness test of the LED matrix connected
by an in-textile circuit with Ecoflex encapsulation. e The air and moisture permeability
of different textile-based layers compared with non-permeable substrates. f In-textile Cu

interconnects of the as-fabricated substrate of the WIPEs platform.

As shown in Figure 6.5a, the resistance variations of each interconnect segment (marked
with corresponding numbers) were less than 1.1% after one month, which indicates the
long-term stability of the in-textile metallic interconnects as a hardware basis for WIPEs
platform. The readouts of the WIPEs platform were compared with those from a
commercial electrochemical station (CHI760¢), showing a high accuracy of 0.996,
ensuring accurate bio-signal processing by the custom electronic module (Figure 6.5b).
Overall, the WIPEs platform shows superior air permeability, waterproofness,
antibacterial property and competitive multiplexed sensing with miniaturized patch area
compared with other reported platforms. Therefore, the as-fabricated permeable in-

textile biosensing system could serve as a smart bandage for in-situ wound monitoring

(6.5¢).
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Figure 6. 5 a Resistances of in-textile Cu interconnects over a shelf life of one month.
b The current readout of the WIPEs platform validated with a commercial

electrochemical station. ¢ A radar map of critical performances comparison.
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6.3.2 Design and characterization of the wound biosensors

The compact immunosensor features a circular electrode array with multiple working
electrodes sharing a standard Ag/AgCl reference and Au counter electrodes (Figure 6.6),
enabling simultaneous measurement of key wound biomarkers through aptamer-based
detection of TNF-a, IL-6, and fungal glucan in sampled wound fluid. This space-
efficient design integrates three distinct biosensing modalities—potentiometric pH
measurement and voltammetric cytokine/glucan detection—within a miniaturized,
textile-compatible format suitable for integration into wound dressings, while
maintaining analytical precision through optimized electrode geometry and aptamer-

functionalized sensing interfaces.

TNF-a

Figure 6. 6 Fabrication process of the biosensor array in PET textile.

The textile-integrated biosensor employs novel methylene blue-modified aptamers with
thiol anchoring groups (Figure 6.7a) to enable single-step electrochemical detection
without additional reagents, overcoming limitations of single-biomarker approaches
through optimized square-wave voltammetry parameters (50 mV pulse amplitude
yielding peak response, Figure 6.7b) and thoroughly characterized surface passivation
(Figure 6.7c), while serum validation provides physiologically relevant performance
data due to its compositional similarity to wound exudate - combining the aptamer's
superior biorecognition properties (high affinity, selectivity, and stability) with
streamlined electrochemical transduction for practical wound monitoring applications.
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The pH-sensing working electrode utilized polyaniline (PANI) as the active material,
exhibiting characteristic open-circuit potential (OCP) shifts in response to pH variations,
with measured potentials decreasing systematically as the test solutions transitioned
from acidic to alkaline conditions. Quantitative evaluation in serum matrices revealed a
sensitivity of 54.6 mV per pH unit (Figure 6.7d), with exceptional linear correlation (R?
= 0.9997) across the tested range. Parallel characterization of the aptamer-based
biosensors demonstrated concentration-dependent response profiles, where increasing
analyte concentrations produced proportional reductions in square-wave voltammetry
peak currents (Figures 6.7e-h). Normalized response curves (Figures 6.7i-m) exhibited
excellent quadratic fitting for TNF-a, murine TNF-o, IL-6, and fungal B-glucan across
clinically relevant concentration windows (0-15 ng/mL, 0-12 ng/mL, 0-60 ng/mL, and
0-1 ng/mL respectively) derived from venous ulcer exudate analyses. Comprehensive
selectivity assessment (Figure 6.8) confirmed minimal cross-reactivity and high
measurement reproducibility, establishing the platform's reliability for wound

monitoring applications.
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method scanning (step pulse voltage). ¢ The CV scanning of the bare Au textile in 0.5
M HSOs. d Sensitivity of the potential responses of pH sensor. e-h The Sensitivity of
the textile aptamer sensors. i-m SWYV scans of the TNF-a, mouse TNF-a, IL-6 and fungi

glucan sensors with different analyte concentrations.
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Figure 6. 8 a-d The reproducibility of the corresponding three sensors. e-h Selectivity

of the TNF-a, mouse TNF-a, IL-6 and fungal glucan sensors. i-m Long-term stability.
6.3.3 Biocompatibility evaluation of the wound biosensors

The biocompatibility assessment of cells was conducted using mouse embryonic
fibroblasts, which exhibited stable growth and sensitivity to toxicity. The in vitro
cytotoxicity test of the electrode materials was performed according to the ISO 10993-
5:2009 standard. The tests include: fluorescence staining detection of live/dead cells,
and assessment of the cytotoxicity of the materials using the Cell Proliferation Assay Kit
(CCK-8). As shown in Figure 6.9, in terms of in vitro cytotoxicity, the quantities of the

PET substrate encapsulated with epoxy glue and Ecoflex were similar to those of the

134



blank control group, while dead cells were rarely observed. According to the ISO 10993-
5:2009 standard, if the cell survival rate is greater than 70%, it can be concluded that the
test sample exhibits no apparent cytotoxicity, indicating that the biocompatibility of the
prepared electrophysiological sensing electrode material is good and comparable to that

of textile materials without the addition of other components.
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Figure 6. 9 a The cell survival rate of textile interconnects encapsulated with different
insulation materials. b Live and dead cells in the blank control group, as well as in the

experimental groups of epoxy glue and Ecoflex interconnects, were stained with AM/PI.

The cell viability of the four electrochemical sensor electrodes was greater than 80%,
indicating biocompatibility (Figure 6.10a). Fluorescence images captured by a
fluorescence microscope show that, after culturing for 24 h and 48 h, respectively, the
four experimental groups all exhibited regular cell morphology and a sparse number of
dead cells, consistent with the control group in the fluorescence live/dead cell staining
images (Figure 6.10b). To thoroughly evaluate the biosensor's biocompatibility,
subcutaneous implantation studies were performed in murine models, with systematic
monitoring of physiological parameters. Body weight measurements recorded daily over
a 15-day postoperative period (Figure 6.10c) demonstrated equivalent growth patterns
between sensor-implanted animals and sham-operated controls, with both groups
maintaining steady weight gain trajectories (5% variation) throughout the observation

window. This longitudinal physiological data confirms the absence of systemic
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inflammatory responses or metabolic disturbances attributable to the implanted devices.
Complementary histopathological analysis of the implantation sites via hematoxylin-
eosin (H&E) staining (Figure 6.10d) revealed preserved tissue architecture at the
material-tissue interface, with no microscopic evidence of acute/chronic inflammatory
cell infiltration, fibrous capsule formation and tissue necrosis or apoptosis. The
concordance between gross physiological measurements (weight stability) and
microscopic tissue evaluation (normal histology) provides robust, multiscale validation
of the sensor platform's biocompatibility in living systems. HE staining was performed
on the muscle tissue of the mice at 14 days post-subcutaneous implantation of the sample.
These findings indicate that there were no significant inflammatory or toxic reactions at
the site of material-tissue contact, suggesting that the material exhibits excellent
biocompatibility and does not induce notable tissue damage or immune response. HE
staining of the kidney, lung, spleen, liver, and heart showed no statistically significant
differences between the implantation and control groups. This indicates excellent long-
term biocompatibility and safety, with no notable toxicity, organ damage, immune
responses, or adverse effects on organ function. These results provide a strong safety

foundation for potential biological applications.
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Figure 6. 10 The comprehensive evaluation encompassed both in vitro and in vivo
analyses for biocompatibility. a Hemocompatibility testing of individual sensor layers.
b In vitro cytotoxicity assessment via live/dead staining. ¢ Longitudinal in vivo
monitoring with unaltered murine body weight trajectories (+5% of control values)
over 15 days post-subcutaneous implantation. d Histopathological examination of
perimuscular tissue interfaces through H&E staining of Ecoflex-encapsulated sensor

implantation sites.

To further demonstrate the utility of the textile sensor arrays, a chronic wound infection
and healing model was established using a diabetic mouse model induced by
streptozotocin. Following model establishment, diabetic mice with wounds were
randomly assigned to three groups: the flexible PI group, the 3M medical tape group,
and the textile sensor arrays group. Digital images of the wound surface were captured
on days 0, 1, 3, 7, 10, and 14, and the wound area was quantified and analyzed
accordingly. Compared with the wound healing results based on flexible PI film and 3M
medical tape, the group utilizing textile sensor arrays exhibited a significantly faster
healing rate (Figure 6.11a and b). By day 14, the average wound area in the textile sensor
arrays group was approximately 11.19+7.80%, which was significantly smaller than that
of the flexible PI group (31.13£2.50%) and the 3M medical tape group (37.314+7.85%).
Therefore, it can be safely concluded that the in-textile biosensor arrays exhibit desirable
biocompatibility, minimal toxicity and general antibacterial properties for continuous

and long-term chronic wound tracking.
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Figure 6. 11 a The photograph of the wound area changes over time achieved in mice
with different wound management platforms. The wound areas were covered with PI
thin film, 3M medical tape and the as-prepared in-textile biosensing bandage. b The

wound area changes over 2 weeks. 6.3.4 In situ wound monitoring in mouse models

To demonstrate the utility of the WIPEs platform for in situ wound monitoring, daily
wound monitoring in diabetic mice models was performed (Figure 6.12a). A full-
thickness excisional wound with a diameter of 1 cm was incised on the back of each
mouse. After establishment, mice with diabetic wounds were randomly divided into
three groups: the control group, the bacterial infection group (with S. aureus infection),
and the fungal infection group (with C. albicans infection). Additionally, culture media
were diluted and seeded on agar plates to quantify live colony counts for C. albicans at
different days for microbial infection (Figure 6.12b). The in-textile biosensing bandage
was in direct contact with the shaved open site. The subject mice were allowed to freely
move for 1 hour with the attached immunosensor, followed by in situ wound monitoring.
The presence of the WIPEs platform appeared to be well tolerated, with no observed
signs of discomfort during freely moving behavior or any excessive scratching of the
sensor-covered wound (Figure 6.12¢). Furthermore, the qualitative assessment of the
immune cells in the dermis at the wound edge, identified by cell morphology and the
presence of polymorphonuclear cells, also suggested that the wound infection was
caused by S. aureus and C. albicans, respectively (Figure 6.12d). The as-fabricated
WIPEs platform was then integrated with special miniaturized sensor arrays and

mounted on infection site for real-time mice microbial monitoring.
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Figure 6. 12 In situ wound monitoring on microbial infection in a mouse model. a
Wound infection and monitoring study design. b Image of C. albicans cultivation from
day 0 to 6. ¢ Images of a freely moving mouse with biosensor arrays and WIPEs platform
mounted on the skin wound. d H&E and Masson images of the wound muscle tissues

on day 3 with bacteria and fungi infection.

Figure 6.13a illustrates the daily assessment of mice TNF-a at the time of wounding day
0, day 1, day 2 and day 3 after microbial infection (day 4) while day 5 and day 6 are
during wound healing(234-239). Combined with ELISA results from ex-situ samples
used for this study, the average error is about 16%, showcasing the accuracy of the
WIPEs platform (6.13b). In addition, the platform achieves specificity by correlating
glucan levels for fungi with 1,3-B-d-glucan signals (>10 pg mL™" sensitivity for C.
albicans) since the glucan is the unique material of fungus cell wall. The glucan aptamer
biosensor exhibits a dynamic range of 10-500 pg mL™", with superior specificity against
fungal interferents (6.13c). Via direct fungus concentration analysis, the glucan
concentration in the infected wound is proportional to the glucan concentration,
indicating the WIPEs platform is capable to distinguish bacterial and fungal infections

(6.13d).
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Figure 6. 13 a Daily wound assessment with WIPEs on TNF-a concentration for 3
different mice. The inset of (a) are images of the wound changes in the wound area from
days 0 to 6 when infected while day 4 is just for therapy. b Ex-situ TNF-a verification
of wound exudate when infected by bacteria for 3 different mice (ELISA). ¢ Daily
assessment with WIPEs on fungi glucan concentration for 3 different mice. The inset of
(c) are images of the wound changes in wound area from days 0 to 6 when infected while

day 4 is just for therapy. d Ex-situ fungi verification of wound exudate when infected by

fungi for 3 different mice (Absorbency).

In addition, the WIPEs platform recorded pH levels consistently around 7-8. The
standard error was 2% for the bacterial model and 3% for the fungal model, respectively
(Figure 6.14a and b). With rational design on sensor arrays and integrated bandage
architectures, the WIPEs platform provides the attributes of desirable accuracy and

eliminates side effects for wound management in a wireless and real-time manner.
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. * + *
7 S(SA&r\e,‘)lS hydrogel ~ PI low NEC (PI) 2 25)
TNF-a,
8 IL-6and - PET low Bluetooth 4*10 (20)
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Impedance
10 ,Tand  hydrogel PI low NFC 3*3 (23)
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11 Moisture  gauzes. PE middle RFID 5*5 (63)
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12 a IL-6and PET textile textile high Bluetooth 25425 ol
fungus wor

Table 6.1 Comparison of the air permeability and patch area of the current wound

sensing system reported in the literature.

6.4 Conclusions

Chronic wounds present a formidable healthcare challenge, exacerbated by delayed
infection diagnosis, dysregulated inflammation, and the limitations of current
monitoring technologies. Traditional methods such as invasive biopsies and
microbiological cultures are slow, disruptive, and fail to provide real-time, multiplexed
data critical for timely intervention. Emerging wearable sensors, while promising, often
compromise breathability, analytical performance, or operational longevity.
Addressing these gaps, this study introduces a transformative textile-integrated
biosensing platform that merges clinical-grade sensitivity with patient-centric design

for proactive wound management.

The developed wireless patch utilizes a breathable polyester substrate with embedded
copper interconnects, resulting in superior moisture permeability (290 g m day ') and
mechanical stability (<1% signal drift over three months). Its multiplexed
electrochemical sensors enable simultaneous, reagent-free detection of bacterial (S.
aureus) and fungal (C. albicans) pathogens, inflammatory cytokines (TNF-a: 0—15 ng
mL; IL-6: 0-60 ng mL™"), and pH (54.6 mV/pH sensitivity) via methylene blue-tagged
aptamers and square wave voltammetry. Validated in diabetic murine models, the

platform demonstrated 70% accuracy against ELISA in tracking TNF-a and fungal
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glucan (10-500 pg mL ™" range), with robust discrimination of infection etiologies—an
advancement critical for targeted therapy. The integration of Bluetooth Low Energy
(BLE) facilitates real-time data transmission to smartphones, enabling continuous
ambulatory monitoring without compromising skin health. Rigorous biocompatibility
testing confirmed greater than 80% fibroblast viability and the absence of adverse tissue

responses, underscoring its clinical translatability.

By reconciling the trade-offs between functionality and wearability, this technology
surpasses existing sensors in breathability, stability, and multiplexing capacity. Its non-
invasive design mitigates maceration risks, while cloud-compatible architecture paves
the way for machine learning-driven predictive analytics. Future iterations could
integrate closed-loop therapies, such as antibiotic-eluting hydrogels or
neuromodulation circuits, to automate treatment delivery based on biomarker trends.
This platform represents a paradigm shift in chronic wound care, offering a scalable,
cost-effective solution to reduce hospitalizations, amputations, and healthcare burdens.
By enabling real-time infection discrimination and personalized interventions, it lays
the groundwork for equitable, data-driven management of complex wounds, ultimately

enhancing patient outcomes and quality of life.
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Chapter 7: CONCLUSIONS AND SUGGESTIONS FOR FUTURE

RESEARCH

7.1 Conclusions

The advancements presented in this thesis represent a transformative leap in the field of
wearable bioelectronics, addressing critical limitations of conventional epidermal
biosensing platforms, such as poor permeability, restricted multifunctionality, and
limited biocompatibility. By leveraging textile-compatible Fabrication techniques, this
work introduces monolithically integrated systems that seamlessly combine
physiological and pathogenic biomarker monitoring with exceptional comfort, durability,
and precision. These innovations collectively redefine the potential of wearable

technologies for real-world health monitoring, fitness tracking, and wound care.

In Chapter 4, in-textile photolithography overcomes critical challenges in textile
electronics by integrating high-resolution, robust conductive networks while preserving
the functionality of the textile. This technique combines polymer-assisted metallization
(PAMD) with dual-sided photolithography to embed binder-free, 3D interconnected
metal patterns (Cu, Ag, Ni) within textiles at sub-100 um resolution—unattainable via
screen printing or woven yarns. Crucially, it eliminates planarization layers,
retaining >95% porosity, breathability (561 g/m*/day moisture transmission, 77.3 mm/s
airflow), and flexibility (bending radius <1.5 mm). The metalized networks permeate
the textile thickness, enabling dual-sided circuitry and exhibiting exceptional stability:
resistance changes remain negligible after 10,000 bending cycles and 20 washing cycles.
Demonstrated across diverse textiles (polyester, glass-fiber hybrids, nonwoven PP), the
technique enables advanced applications such as micro-supercapacitors with 300%
higher areal capacitance (leveraging conformal 3D structures) and integrated health-
monitoring systems. By reconciling microelectronic precision with textile comfort, this
approach establishes a scalable manufacturing platform for durable, breathable e-textiles

in next-generation healthcare and human-machine interfaces.
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In Chapter 5, monolithically integrated in-textile platforms were established for
continuous, wireless analysis of sweat biomarkers, demonstrating significant advances
in wearable electrochemical sensing technology. The potassium-selective
potentiometric sensor, featuring a poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) ion-to-electron transducer and polyvinyl butyral-encapsulated
Ag/AgCl reference electrode, achieved Nernstian sensitivity (65 mV/decade), minimal
voltage drift (2.88 mV/h at 1 mM), and exceptional mechanical stability (<1% resistance
variance over 3 months. System-level integration incorporated microfluidic sweat
sampling, signal conditioning electronics, and Bluetooth Low Energy (BLE)
transmission, enabling real-time acquisition of physiological data. On-body validation
during exercise protocols confirmed a strong correlation (R* >0.99) with inductively
coupled plasma mass spectrometry (ICP-MS) for sweat potassium quantification.
Another platform's extensibility was further demonstrated through the multiplexed
detection of pH, Na’, glucose, and lactate biomarkers, underpinned by conformal
material deposition across fibrous topographies and porous encapsulation strategies that
maintained a baseline permeability of greater than 89% while preventing
electrochemical crosstalk. This textile-electronics convergence addresses critical
limitations in interfacial stability, analyte selectivity, and wearing comfort, establishing
a scalable fabrication paradigm for non-invasive health monitoring systems. Future
investigations warrant longitudinal field studies and multi-analyte correlation analyses

under diverse physiological conditions.

In Chapter 6, the monolithic wound monitoring patch addresses a critical unmet need in
chronic wound management. Chronic wounds, often complicated by bacterial or fungal
infections, require continuous, non-invasive monitoring to enable timely intervention.
This patch integrates aptamer-based sensor arrays on a breathable textile substrate,
allowing simultaneous detection of pH, TNF-a, IL-6, and B-1,3-glucan in wound
exudate. The use of TNF-a as a bacterial biomarker and glucan for fungal detection
provides a dual-pathogen identification system, while the preservation of moisture
permeability (>290 g m? day ') ensures optimal wound healing conditions. Although
the relative standard deviations (30% for TNF-a) indicate room for optimization, the

platform’s ability to non-invasively track infection markers represents a paradigm shift
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in wound care. By combining biocompatibility with multiplexed sensing, this patch
enables patients and clinicians to access actionable data, thereby reducing the risk of

complications and hospitalizations.

Collectively, these innovations underscore the thesis's central topic: that textile-based
bioelectronics can achieve high performance without sacrificing comfort or functionality.
The integration of sweat analysis and wound monitoring into permeable, stretchable
platforms exemplifies a holistic approach to wearable technology, where user experience
and clinical utility are prioritized. The Fabrication techniques developed here, such as
polymer-assisted metal deposition (PAMD) and double-sided photolithography, provide
scalable, versatile frameworks for future research. These methods not only enhance
device durability and precision but also democratize the production of advanced
wearables, making them accessible for a wide range of applications. Looking ahead, this
work lays the groundwork for several transformative directions. Expanding the
biomarker repertoire, improving sensor accuracy, and integrating machine learning for
real-time data analysis could further enhance diagnostic capabilities. Scaling production
and reducing costs will be critical for widespread adoption, particularly in low-resource
settings. Moreover, the principles of permeability and multifunctionality established
here could inspire next-generation wearables for neonatal care, elderly monitoring, or
environmental sensing. Ultimately, this thesis envisions a future where health
monitoring is invisible, intuitive, and seamlessly integrated into daily life, ushering in

an era of proactive, personalized healthcare empowered by intelligent textiles.

7.2 Suggestions for Future Research

It is believed that Future work should emphasize the longstanding feasibility of smart
E-textiles in specific applications. For instance, prolonged outdoor activities may
expose textiles to sunlight, chemicals, forces, and other forms of damage not covered
in  standard  tests. By  utilizing  modified  absorbent  materials,
superhydrophobic/superhydrophilic  surfaces, sweat guidance, and epidermal

microfluidic systems as efficient sampling methods, wearable devices can
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autonomously and continuously sense essential electrolytes and metabolites in sweat
with high sensitivity and reliability. Current sweat sensors can achieve high sweat
collection rates during the acquisition step, which meets the need for sensors that enable
real-time detection. However, long-term reuse has not been thoroughly studied to
exclude the potential contamination of samples by time and environment completely,
and the practical application of sweat sensors remains limited, leaving considerable
room for further research. Notably, a challenge for integrating future textile systems is
the unpredictable impedance change between the textile and rigid chips, as well as the
effects of bending and stretching. In DC circuits, this effect is negligible at low
frequencies. However, when using AC high-frequency circuits, even minor impedance
changes can have detrimental effects, including reduced energy efficiency, signal
distortion, and noise interference. Leveraging the versatility of one layer in textile
design, the patterns transferred to textiles can also be applied to other wireless protocols
such as NFC and RFID. E-textiles with these and other wireless capabilities can be used
for continuous and unobtrusive monitoring in various applications, especially remote

medical systems, fitness, and the Internet of Things.

In addition, the advancement of the innovative textile-based wireless wound sensing
system will prioritize optimizing sensor performance and durability through
innovations such as stabilizing MB-labelled biorecognition layers (e.g., hydrogel-
encapsulated antibodies/aptamers) and integrating advanced conductive materials (e.g.,
graphene) to enhance biomarker detection in complex wound environments.
Concurrently, multiplexing capabilities will be expanded to include antibiotic
resistance genes and hypoxia markers, while energy-harvesting textiles will reduce
power dependency. Over the next 12 to 18 months, lab-scale prototyping will focus on
these technical refinements. Large-scale clinical validation will follow, beginning with
pilot studies on diabetic ulcers and surgical wounds to correlate sensor data with healing
outcomes, then expanding to multicenter trials across diverse geographic and patient
populations (e.g., burn victims, immunocompromised individuals) over 24—36 months.
Scalable manufacturing will be achieved through collaborations with textile engineers
to standardize roll-to-roll production of MB-labelled layers and modular designs

(disposable <$5 patches with reusable wireless units), targeting pilot production within
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18-24 months. Parallel efforts will integrate Al-driven analytics to predict infection
risks and healing trajectories, alongside telemedicine platforms for remote EHR
integration and home-care models, with software development spanning 12—24 months.
Regulatory approval (CE/FDA) and commercialization will leverage existing
biocompatibility data (ISO 10993) and clinical trial results, aiming for market entry in
specialized clinics within 36—48 months. Long-term goals include democratizing access
via low-cost, SMS-based alerts for resource-limited settings and biodegradable
components to enhance sustainability. Challenges such as sensor drift and regulatory
hurdles will be mitigated through the use of self-calibration algorithms and early
engagement with consultants. By addressing these milestones, the system aims to
transform chronic wound care, reduce global healthcare costs, and bridge gaps in

equitable access to precision medicine.
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