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Measuring the pH of human biofluids provides meaningful information about physiological balance and
potential pathological changes. While blood remains the conventional medium for diagnostic evaluation,
there has been an increasing focus on external biofluids, such as sweat, that enable non-invasive,
continuous health assessment. Recent advances in wearable sensing technologies have resulted in the
development of flexible, miniaturized and biocompatible systems that can monitor sweat pH in real time
on the body. This review highlights the latest progress in wearable electrochemical and optical sensors
designed for sweat pH monitoring. It first outlines the general procedures for sweat pH sensing,
including sweat secretion and collection, pH sensing, signal conversion, and data interpretation.
Subsequent sections focus on electrochemical approaches, particularly potentiometric sensors based on
ion-selective membranes and ion-sensitive field-effect transistor (ISFET) configurations, which are
recognized for their high sensitivity and rapid response times. The review further explores optical sensing
technologies, such as surface-enhanced Raman scattering (SERS), fluorescence and colorimetric

sensors, emphasizing their versatility for visual and spectroscopic detection. Looking ahead, the
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Accepted 7th March 2026 integration of artificial intelligence, microfluidic systems, and self-powered modules will facilitate the
development of fully autonomous, wireless sensing platforms. The convergence of advanced materials,

DOI: 10.1039/d5ral0052f sensor engineering, and digital health technologies is expected to establish wearable sweat pH sensors
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1 Introduction

To facilitate the non-invasive disease diagnosis of patients,
there is a growing emphasis on assessing the pH levels of
external biofluids, such as urine, saliva, tears and sweat, as an
alternative to traditional blood-based analyses."* The pH values
of these biofluids can provide valuable insights into various
physiological states related to health. For example, urinary pH
can provide valuable information about kidney function,? renal
lithiasis* and tubular acidosis.? Similarly, salivary pH has been
linked to metabolic disorders such as diabetes® and gastro-
oesophageal reflux disease.” A reduction in tear pH can act as
an early marker for corneal infections before clinical symptoms
manifest.®*'° Despite the fact that pH measurements in these
biofluids provide diagnostic insights, they encounter several
limitations. For instance, urine pH is unstable when subjected
to elevated temperatures.* The high viscosity of saliva typically
requires pre-treatment processes such as filtration, thereby
increasing operational complexity and cost.” Furthermore,
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as a cornerstone of personalized medicine, preventive care, and real-time health tracking.

evaluating tear pH is technically challenging due to the small
sample size, rapid evaporation rate and the need for buffer
solutions to dilute the fluid for subsequent chemical analysis."

Compared to other biofluids, sweat offers the advantage of
non-invasive collection, increased sample availability, reduced
risk of contamination and ability to accurately reflect an indi-
vidual's physiological and biochemical status. Therefore,
irregular sweat pH levels have been associated with several
disorders. For example, individuals with type 2 diabetes melli-
tus typically have lower sweat pH levels than healthy people.*
Altered sweat pH levels have also been linked to various
dermatological conditions, such as irritant contact dermatitis,
acne, atopic dermatitis, ichthyosis and Candida albicans infec-
tions."” Additionally, variations in sweat pH may indicate
underlying pathological states, such as tumour metastasis,
microbial infections, systemic acidosis and impaired wound
healing.*® Patients diagnosed with cystic fibrosis often exhibit
alkaline sweat, with pH levels occasionally rising to 9 due to
a deficit in bicarbonate reabsorption.’” Given these associa-
tions, reliable sweat pH monitoring shows great potential for
ongoing health surveillance.

In general, pH measurements are traditionally performed
using either glass electrodes or pH indicator paper. Glass elec-
trodes, regarded as the gold standard for pH measurement,
operate by measuring the potential difference across a pH-
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sensitive glass membrane separating two solutions of different
pH. While this technique provides high accuracy and sensitivity
under controlled laboratory conditions, it suffers from several
inherent limitations, including the requirement for relatively
large sample volumes, susceptibility to temperature fluctua-
tions, frequent calibration, mechanical fragility, and poor
portability. Consequently, glass electrodes are unsuitable for
continuous, on-body, or real-time monitoring applications.
Similarly, pH indicator paper offers a simple and low-cost
alternative; however, it provides only semi-quantitative results,
with limited sensitivity, subjective visual interpretation, and no
capability for continuous or real-time measurement. These
shortcomings significantly restrict its use in precise and
dynamic physiological monitoring. Unlike conventional
laboratory-based systems, wearable electrochemical and optical
sweat pH sensors overcome these limitations by enabling real-
time, continuous, and non-invasive sweat pH monitoring
using flexible and skin-conformal platforms. Electrochemical
sensors offer rapid response times and quantitative electrical
outputs, while optical sensors enable visual or optoelectronic
readout with minimal interference and enhanced user comfort.
Owing to their high sensitivity within the physiological pH
range, fast response, mechanical flexibility, and suitability for
on-body operation, wearable pH sensors represent a promising
alternative for next-generation personalized health monitoring
in real-world scenarios.
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The three primary categories of wearable sweat pH sensing
platforms that have recently emerged are epidermal patches
(including tattoo-like sensors), smart textiles,’® and
sweatband-type devices.” Each format offers distinct benefits in
terms of comfort, adaptability to different surfaces, and prac-
ticality for daily life and physical activity. To guarantee user
safety and reliable signal acquisition, critical factors such as the
flexibility, stretchability, breathability, biocompatibility and
mechanical robustness of the sensing materials must be care-
fully evaluated. Additionally, wearable sensors can incorporate
wireless communication modules to facilitate real-time trans-
mission of physiological data to mobile devices or cloud-based
systems.”** This connectivity converts wearable sweat pH
sensors into powerful tools for continuous health monitoring,
early disease detection and personalized medicine.

To the best of our knowledge, this review is the first to
provide a comprehensive overview of wearable sweat sensors,
with an exclusive focus on sweat pH as a critical physiological
parameter for real-time, non-invasive health monitoring. The
novelty of this work lies in its integrated analysis of both
electrochemical and optical wearable sweat pH sensors, offering
a systematic comparison of their sensing mechanisms, key
performance metrics, and respective advantages and limita-
tions. In addition, the review examines essential sensor design
aspects, including flexible substrates, biocompatible materials,
and electrode or optical configurations, alongside performance
indicators such as sensitivity, stability, response time, and

—— Physical stimulation

Sweat secretion

Thermal stimulation J

lontophoresis

—[ Microfluidic channel J

—{7 Absorbant material J

Fig. 1 Workflow of wearable sweat pH sensing system.
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operational pH range. By critically assessing current technolo-
gies and remaining challenges, this review defines key
requirements for advancing wearable sweat pH sensors toward
practical healthcare applications and highlights emerging
trends and future directions for their clinical translation and
integration.

2 Procedure for sweat pH sensing

Fig. 1 presents a flowchart summarizing the key steps involved
in sweat pH sensing using wearable devices. The workflow
begins with sweat secretion being induced, either naturally
through physical activity or artificially using iontophoresis or
thermal methods.” Once sweat has been produced, it is effi-
ciently collected and transported to the sensing area via
microfluidic systems designed to prevent evaporation and
contamination. These systems frequently incorporate hydro-
philic materials and flexible channels to ensure efficient,
continuous flow of sweat. The third stage involves pH sensing,
during which the hydrogen ion concentration in the collected
sweat is converted into measurable signals using a specialized
sensing interface. Subsequently, these signals are transmitted
to the electronic processing unit, where they undergo filtering,
amplification and calibration to ensure accurate readings.
Finally, the processed data is transmitted wirelessly to external
devices for real-time monitoring or further analysis. This inte-
grated workflow enables the non-invasive, continuous and
reliable assessment of physiological conditions through sweat
pH analysis.’

2.1 Sweat secretion

Sweat secretion varies considerably between individuals and is
influenced by factors such as physiological state, health,
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Fig. 2 Schematic of iontophoresis process.
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hydration level and physical activity. While wearable sweat
sensors are commonly used during physical activity, especially
by athletes, the volume of sweat produced naturally under these
conditions may not always be sufficient for reliable biochemical
analysis. This limitation has led to the development of
controlled sweat stimulation techniques, which ensure consis-
tent and adequate sample volumes. To this end, several sweat
stimulation strategies have been explored, including thermal,
physical, and chemical methods. Among these, iontophoresis
has emerged as one of the most effective and widely used
approaches for wearable sweat pH sensing. This technique
involves applying a low-voltage electrical current through the
skin to deliver a sweat-inducing agent, such as pilocarpine, into
the dermis via an electrolyte gel, thereby stimulating eccrine
sweat glands and inducing localised sweat secretion. The
iontophoretic stimulation device can be programmed to control
sweat secretion rates and collection intervals, enabling the
acquisition of a consistent and sufficient sweat volume for
subsequent sensor analysis. Fig. 2 illustrates a schematic
representation of the iontophoresis process.”® Despite these
advantages, iontophoresis presents several limitations that
must be considered. Prolonged or repeated stimulation may
cause skin irritation or discomfort, and sweat rates can vary
significantly due to inter-subject variability related to skin
properties, age, and physiological condition. In addition, the
application of electrical current and chemical agents raises
ethical and safety considerations, particularly for long-term or
frequent use in wearable healthcare applications. Compared
with exercise-induced sweating, iontophoresis offers the
advantage of controlled and localised sweat generation inde-
pendent of physical activity or environmental conditions,
making it particularly suitable for sedentary or clinical moni-
toring scenarios. However, exercise-induced sweating reflects
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a more natural physiological state and may better represent
real-world sweat composition, albeit with reduced control over
sweat rate, location, and timing. A clear understanding of these
trade-offs is essential for selecting appropriate sweat stimula-
tion strategies in wearable pH sensing applications.

2.2 Sweat sampling

Microfluidic technology is used to continuously collect and
transport sweat from the skin to the sensing area. This enables
efficient collection while minimizing the risk of evaporation
and external contamination. The microfluidic system is
frequently combined with a sweat-absorbent material (or pad)
made from a porous, hydrophilic structure such as cellulose
paper. This efficiently collects small volumes of sweat through
capillary force and guides its continuous flow through channels
sized in the micrometer range. Microfluidic sweat systems can
be designed using flexible, biocompatible, and low-cost mate-
rials such as silicone elastomers and plastics, employing simple
fabrication techniques such as molding and CO, laser
engraving.”” This platform enables autonomous sample storage,
filtration, transportation and multiple detection.

2.3 Sweat pH sensing

The sensing structure consists of a sensing area that effectively
converts hydrogen ion concentrations into measurable signals.
Key features of wearable sensors intended for pH sweat sensing
include flexibility, durability, biocompatibility and light weight.
To ensure optimal contact between the sensor interface and the
skin, which is crucial for accurate sweat pH measurements,
wearable sensors have been specifically designed for sweat
analysis. These sensors are being used in an increasing number
of locations on the body, including the wrist, forehead, chest,
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hands, feet and neck. They are presented in various formats,
such as sweatbands, textile-based systems and epidermal
patches (tattoos).”® Each format has its own advantages and
limitations in terms of reliability, user comfort, and signal
stability. Sweatbands are particularly useful for areas of the
body where they can be tightened securely, such as the wrist,
arm or forehead. This ensures stable skin contact and reliable
signal acquisition during physical activity. However, their
performance may be affected by motion artefacts and pressure
variations during prolonged use. Textile-based wearable sensors
are a highly comfortable and unobtrusive solution for contin-
uous sweat monitoring as they can be seamlessly integrated into
garments without restricting movement. Although textiles allow
for long-term wear and good user compliance, challenges
remain in ensuring consistent skin-sensor contact and stable
signals under repeated deformation, washing or uneven sweat
distribution.” Recently, epidermal patch or tattoo-based
sensors have emerged as a promising alternative due to their
ultrathin, flexible and skin-conforming nature. This ensures
intimate adhesion and reduced motion-induced noise, leading
to enhanced signal stability. These sensors are usually made
using inexpensive, large-scale screen-printing techniques on
flexible materials such as polyethylene, polydimethylsiloxane,
polyimide, polyurethane or paper. Their ease of application and
removal, combined with the ability to acquire high-quality
signals, makes them particularly suitable for reliable on-body
sweat pH monitoring. However, long-term adhesion and skin
compatibility must still be carefully considered.*

Recent advances in materials science have driven the devel-
opment of wearable sweat sensors with enhanced reliability and
sensitivity. The incorporation of nanomaterials has been
particularly influential in enhancing electrochemical and
optical transduction. Their unique physicochemical properties,
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Scheme 1 Graphical summary of wearable sweat pH sensors.
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including high surface-to-volume ratios and superior charge-
transfer capabilities, enable faster response times and lower
detection limits. These advancements collectively contribute to
the realization of highly efficient, flexible, and durable plat-
forms for continuous, non-invasive health monitoring (Scheme

1).

2.4 Electronic processing, calibration, and data
transmission

The electronic component is a critical part of wearable sweat pH
sensing systems, as it enables signal acquisition and trans-
mission, as well as real-time data analytics and long-term data
management. Electrical signals generated in response to vari-
ations in hydrogen ion concentration are amplified and filtered
first to suppress noise and motion-related artefacts, ensuring
stable and accurate measurements. Embedded processing units
implement adaptive calibration algorithms that compensate for
environmental factors, such as temperature and humidity
fluctuations, and sensor drift during prolonged operation. This
maintains the reliability of the data over continuous monitoring
periods. Real-time sensing is achieved by integrating flexible,
miniaturised electronic circuit boards that conform to the non-
planar, dynamic surface of the skin to ensure stable skin-sensor
contact. Beyond on-device processing, wearable systems
increasingly rely on wireless data transmission via bluetooth,*
radio-frequency identification (RFID) or near field communi-
cation (NFC) to stream data to external devices and cloud-based
platforms.**** Cloud-based data processing enables the scal-
able storage of large datasets generated during long-term
monitoring, as well as real-time visualisation and advanced
analytics, including trend analysis, anomaly detection and user-
specific baseline adaptation. Combining on-device signal
conditioning with cloud-supported analytics facilitates contin-
uous, real-time sweat pH monitoring and supports large-scale
data aggregation for population-level studies and remote
healthcare applications. This hybrid edge-cloud architecture
enhances device portability and user comfort while enabling
data-driven, personalised health monitoring.

3 Wearable sensors for sweat pH
monitoring
3.1 Electrochemical sensor

Recent progress in wearable sensors has led to the development
of highly promising platforms for non-invasive and real-time
health monitoring.** These devices combine affordability and
high analytical performance, making them suitable for contin-
uous disease tracking. Among them, wearable electrochemical
pH sensors for sweat analysis are commonly based on either
potentiometric principles or ion-sensitive field-effect transistors
(ISFETs).* Compared to conventional pH sensing technologies,
these systems offer superior stability, high sensitivity, rapid
response, low power consumption, as well as the possibility of
integration into wearable devices for continuous sweat pH
monitoring. Their compact design also facilitates seamless
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integration into wireless and flexible wearable systems, sup-
porting long-term and continuous physiological monitoring.
3.1.1 Potentiometric sensors. Over the last decade, poten-
tiometric sensors have emerged as promising candidates for the
development of ion-sensing devices thanks to their portability,
simplicity, affordability and flexibility. These sensors are based
on a reference electrode and an ion-selective electrode (ISE) that
acts as the working electrode, converting the activity of
hydrogen ions present in sweat into an electrical signal.*® To
prepare the ISE, the base electrode is coated with an ion-
selective membrane (ISM) solution and left to dry. This solu-
tion contains an ionophore, a material that has been proven to
be pH-sensitive. Such ionophores include organic polymers,
hydrogen ionophores, carbon nanotubes and metal oxides.*”*°
Ideally, the potentiometric response of these sensors follows the
Nernst equation, with a theoretical sensitivity of approximately
59 mV pH ' at room temperature. However, sensitivities
exceeding the Nernst limit have been reported in several
studies, which may arise from non-ideal interfacial effects,
redox-active sensing layers, capacitive coupling, signal amplifi-
cation by the readout electronics, or calibration over narrow pH
ranges. These factors should be carefully considered when
interpreting reported super-Nernstian responses. Ion-selective
electrodes offer several key advantages that make them partic-
ularly suitable for sweat Ph analysis in wearable sensing plat-
forms. Recent advancements in printing technologies, such as
screen-printing and inkjet printing, have facilitated the inte-
gration of ISEs onto flexible substrates including paper, textiles,
and polymers, allowing seamless incorporation into wearable
and microfluidic systems. Furthermore, these electrodes
require only a few microliters of sample, enabling efficient
analysis with minimal sweat volume.** Nevertheless, long-term
stability remains a major challenge for wearable potentio-
metric sensors, as signal drift may occur due to membrane
degradation, hydration layer changes, biofouling, temperature
fluctuations, and mechanical deformation during prolonged
wear. In addition, the instability of miniaturized reference
electrodes, particularly Ag/AgCl electrodes, caused by chloride
depletion or potential drift can significantly affect measure-
ment reliability. Such drift phenomena are especially critical in
continuous and long-term sweat pH monitoring, where even
small potential shifts may lead to cumulative measurement
errors. To mitigate these issues, several strategies have been
reported, including the use of solid-state or quasi-reference
electrodes, protective and ion-buffering membranes, improved
encapsulation techniques, and periodic recalibration protocols.
A variety of potentiometric sensors have demonstrated
considerable promise for non-invasive and real-time moni-
toring of sweat pH, along with numerous advancements in
wearable technologies. For example, Yuhan Zhao et al. devel-
oped a flexible sweat pH sensor based on a two-electrode system
fabricated on a polyimide (PI) substrate. The sensor integrates
a three-dimensional porous polyaniline (3D PANI) working
electrode onto an interdigital gold electrode (IGE), paired with
a printed Ag/AgCl reference electrode. The reference electrode is
formed by depositing a silver layer directly onto the same flex-
ible substrate, then chemically chloridizing it to produce

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Potentiometric sweat pH sensors (a) schematic diagram of the fabrication process of flexible 3D PANI sensor; (b) response of 3D PANI
sensor with increasing pH levels under mechanically normal and bending states; comparison between 3D PANI sensor with a commercial pH
meter (Reproduced from ref. 41 with permission from Elseiver, Y. Zhao et al., Microchemical Journal, 2023, copyright 2023); (c) schematic
illustration of the wearable sensor; (d) photograph of the sweat generated through the stimulation by the IP electrode; (e) the linear calibration
curve of the OCP response versus pH (insert: OCP responses of the sensor in the pH range from 8.09 to 3.98) (Reproduced from ref. 42 with
permission from Elseiver, Z. Xu et al., Biosensors and Bioelectronics, 2023, copyright 2023); (f) schematic illustration of the synthesis of TizC,T, by
two etching methods and SEM images of MILD-TizC,T, and HF-TizC,T,; (g) examination of pH reversible responses for MILD-TizC,T, and HF-
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a stable Ag/AgCl interface. The polyimide substrate (PI) exhibits
exceptional mechanical flexibility, positioning the sensor as
a promising tool for real-time monitoring of sweat pH in
medical care under-exercising (Fig. 3a). The open-circuit
potential (OPC) was recorded by immersing 3D PANI sensors
in various pH levels of artificial sweat (ranging from 4 to 9)
under both normal and bent conditions (Fig. 3b). The proposed
3D PANI sensor exhibited exceptional sensitivity (69.33 mV
pH ), selectivity, a rapid response time (7.75 s), commendable
reversibility, a low drift rate (0.10 mV h™'), minimal tempera-
ture drift (0.06 mV per pH per oC), and high repeatability (0.44%
RSD) along with reproducibility (1.02% RSD). The reported
sensitivity slightly exceeds the theoretical Nernstian value,
which may be attributed to the redox-active nature and high
surface area of the 3D PANI architecture, as well as interfacial
charge storage effects. To asses the accuracy of the prepared 3D
PANI sensor for detecting sweat pH, both the developed sensor
and a commercial pH meter were used to measure the pH levels
of five unknown pH artificial sweat samples. The findings show
strong correlation in the recorded pH values between the 3D
PANI sensor and the commercial pH meter (Fig. 3b).** In
a further study, Zhenying Xu et al. have developed a non-
invasive wearable sweat sensing patch for simultaneous moni-
toring of pH and tyrosine (Tyr) levels in human sweat. This
sensor consists of two parts. The first part is the electrochemical
sensing system, which is based on screen printed three-
electrode configuration. This setup includes an Ag/AgCl refer-
ence electrode, a carbon counter electrode, and a carbon
working electrode that has been modified with a tannic acid-Ag-
carbon nanotube-polyaniline (TA-Ag-CNT-PANI) composite
through using the drop casting method. The second part is an
iontophoretic (IP) electrode, used for direct sweat stimulation
(Fig. 3c). Agarose gels were used on both cathode and anodic
side, which were preloaded with a 3% pilocarpine nitrate
solution. Upon energizing of the system, the positively charged
pilocarpine drug is effectively driven across the skin to stimu-
late sweat secretion (Fig. 3d). The open circuit potential (OCP)
was recorded within the pH range of 8.09 to 3.98, with a sensi-
tivity determined to be —71.86 mV pH ™' (Fig. 3e). Such super-
Nernstian behavior may result from synergistic effects
between the conducting polymer and nanocomposite compo-
nents, as well as non-equilibrium measurement conditions. The
specificity was evaluated towards various ions present in human
sweat, namely, NaCl, KCl, NH,Cl and CaCl,. The sensor
response for the above ions was much lower than for H' ions,
confirming the sufficiently high specificity of the developed pH
sensors. The stability of the device was assessed over a 20 days
storage period, retained nearly 97.7% of its initial response. For
the real sweat pH measurement, the integrated electrochemical
sensors were attached to the forearms of six volunteers to
accurately measure the sweat pH values. The results prove that
the pH values of the sweat measured with the proposed sensor
were comparable to those collected with a conventional pH
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meter.”” In addition, R. Liang et al. reported a Ti;C,T,-based
potentiometric pH sensor for sweat analysis. The Ti;C,T, was
synthesized using two etching methods: a mild LiF/HCI mixture
and a HF solution, yielding pH-sensitive materials MILD-
Ti;C,T, and HF-Ti;C,Ty, respectively, both showing a lamellar
structure (Fig. 3f). These pH-sensitive materials were used to
functionalize the GCE and the electromotive force (EMF) was
recorded over a pH range of 1-11. The results showed excep-
tional performance for HF-Ti;C,T, in terms of sensitivity
(—43.51 4+ 0.53 mV pH "), selectivity and reversibility
(Fig. 3g and h). Although the sensitivity is slightly below the
ideal Nernstian slope, the sensor demonstrates good linearity
and stability over a wide pH range, which is advantageous for
practical applications. Therefore, HF-Ti;C,T, was selected as
the ion-sensitive material for the fabrication of a flexible pH
sensor on a polyethylene terephthalate (PET) substrate with an
Ag/AgCl reference electrode (Fig. 3i). The developed flexible
sensor was worn on the forehead of a healthy male volunteer for
real-time monitoring of sweat pH (Fig. 3j and k). The recorded
values were compared with those obtained using a conventional
pH strip, showing comparable measurements (Fig. 31).** Table 1
illustrate some other example of wearable electrochemical
sweat pH sensors.

3.1.2 ISFET based sensors for sweat pH monitoring. Orig-
inally developed in the 1970s, the ion-sensitive field-effect
transistor (ISFET) offers numerous advantages over traditional
glass electrodes, particularly for monitoring sweat pH levels. As
a flexible, miniaturisable sensing platform, ISFETs can be
seamlessly integrated into compact on-chip systems that are
suitable for wearable devices such as patches® to monitor sweat
pH levels. Unlike conventional glass electrodes, which are
fragile and bulky, ISFETs are mechanically robust and highly
resistant to shock, making them ideal for use on the body. Their
compatibility with small sample volumes and their ability to
operate within microfluidic flow cells further enhances their
suitability for real-time, continuous sweat analysis. When
combined with their high sensitivity, fast response times, and
ease of integration, these characteristics make ISFETs the
preferable choice for low cost and easy operation for wearable
sweat pH monitoring.*® In terms of functionality, the process
begins with efficient sweat collection through microfluidic
channels, which direct the sweat to the ISFET gate, consisting of
an ion-sensitive membrane (ISM). The interaction between H"
ions in the sweat and the ISM alters the surface potential, which
in turn modulates the gate voltage of the transistor and affects
the current flowing between the source and drain. This change
in current is directly proportional to the concentration of H"
ions, enabling precise measurement of sweat pH.*® Integrating
ISFETs into wearable devices provides a non-invasive, contin-
uous and real-time method of monitoring sweat pH, offering
valuable insights into an individual's health and physiological
state. In this regard, S. Nakata et al. have developed a flexible
sweat pH sensor based on an InGaZnO ISFET (see Fig. 4a-c).

TizC,T,; (h) pH response calibration curves; (i) schematic fabrication of flexible pH sensor; (j) photograph illustrates the on-body test of sweat pH
monitoring during outdoor running; (k) on-body test pH analysis by the device; () comparison of sweat pH measured by HF-TizC,T,-based pH
sensor and pH meter (Reproduced from ref. 43 under the terms of the Creative Commons CC-BY License, published by MDPI, 2023).

18910 | RSC Adv, 2026, 16, 18904-18920

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10052f

Open Access Article. Published on 09 April 2026. Downloaded on 4/12/2026 12:21:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Table 1 Performance summary of wearable potentiometric sensors for sweat pH monitoring

pH-sensitive material PpH range Sensitivity (mV pH ") Stability Response time Wearable format Ref
PEDOT:BTB 4-7 1310°° — — Headband 44
Iridium oxide (IrOx) 4-8 71.90 — 90 s Patch 45
Iridium oxide 4-8 —47.54 — — Textile 46
PANI/CNT/gold nanoshee 4-8 71.44 10 days — Patch 47
Graphite-polyurethane (G-PU) 6-9 4 2000 s 58 Textile 48
Polyaniline/polyurethane 2-7 —60 50 min 10s Electrode chip 49
Polyaniline/gold fibers 4-8 60.60 8000 s — Textile 50
Iridium oxide 3-8 79 2h 60 s Patch 51
PANI/rGO/ITO 2-8 62.30 — 50s — 52
F-Ti3C2Tx/PAN 1-11 —40.70 — — Patch 53

Their findings suggest that the effect of temperature on ISFET
devices can be offset by integrating the sensor with a flexible
temperature sensor, thus enabling precise pH measurements to
be acquired. Following sensor characterisation, real-time
recordings of sweat pH and skin temperature were success-
fully obtained by attaching the device to a test subject's neck
during exercise (Fig. 4d), providing the first proof of concept for
the device. Real-time monitoring showed accurate analysis of
both sweat pH and skin temperature, validated by control
measurements using commercially available sensors (Fig. 4e).>*

3.2 Optical sensor

Wearable optical sensors represent a widely used technology for
measuring sweat pH, and they provide exceptional rapidity and

Temperature sensor ()

(a)

Ag-AgCl reference

Temperature sensor

ISFET

a non-invasive approach.*” Optical sensors offer several notable
advantages over electrochemical sensors for detecting analytes
in complex biological fluids, such as sweat. Unlike electro-
chemical systems, which require direct electrical contact and
are susceptible to signal drift or electrode fouling, optical
sensors typically rely on visible color changes in response to pH
fluctuations. This allows for label-free detection, eliminating
the need for electronic signal processing and making them
highly compatible with low-power, wearable or disposable
formats. Furthermore, recent advances in smartphone-based
optical analysis have significantly improved the quantitative
performance of these sensors, closing the accuracy and
temporal resolution gap with electrochemical technologies.
Taken together, these features make optical pH sensors
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Fig. 4

ISFET based sensors for sweat pH monitoring (a) a schematic of a wearable device integrating flexible pH and temperature sensors; (b)

a photograph of the fabricated device; (c) optical micrograph of the ISFET component prior to covering with polyimide; (d) photograph showing
attachment of the flexible pH and temperature sensors to the test subject’s neck, and (e) real-time pH and skin temperature acquired by the
device. Red and blue dots represent the control experiment data for pH and skin temperature, respectively, measured using commercially
available pH and IR sensors (Reproduced from ref. 54 with permission from American Chemical Society, S. Nakata et al., ACS Sensors, 2017,

copyright 2017).
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Fig. 5 SERS based sensors for sweat pH quantification (a) SERS based sensor for urea and uric acid detection and pH change in sweat; (b)
mechanism diagram of hydrogel adhesion to skin; (c) S-CNF-Ag NPs/PAA/4-MBA sensor's SERS spectra at different pH values (Reproduced from
ref. 64 with permission from Elseiver, W. Wang et al., Chemical Engineering Journal, 2023, copyright 2023); (d) attachment of SERS-active Au/
TPU electrospun fibers to a transparent adhesive dermal patch; (e) attachment of wearable pH sensor to the subject’s arm; (f) Raman spec-
troscopy performed ; (g) SERS spectra of 4-MBA on Au/TPU nanofibers within the sweat pH range, normalized to reference peak, v(ref); (h) SERS
spectra of 4-MPy on Au/TPU nanofibers within the sweat pH range, in this case normalized to reference peak, v(1095) ; (i) wearable sweat SERS
pH sensing patch on human subject arm (Reproduced from ref. 65 with permission from the American Chemical Society, M. Chung et al., ACS
Applied Materials & Interfaces, 2021, copyright 2021); (j) picture of a patterned AgNWs layer deposited on a hydrophobic PTFE filter membrane;
(k) schematic representation of a wearable SERS-active chip; (l) SERS spectra of 4-MBA on AgNWs@PTFE at different pH values; (m) calibration
curve (Reproduced from ref. 66 under the terms of the Creative Commons CC-BY License, published by the European Optical Society, 2024).

promising tools for next-generation, non-invasive, continuous
sweat pH monitoring applications.>®

In recent years, a range of optical techniques has been
explored for wearable sweat pH monitoring, including surface-
enhanced Raman scattering (SERS), fluorescence-based
sensing, and colorimetric detection. These approaches have
attracted considerable attention, owing to their non-invasive
nature, rapid response, and strong compatibility with flexible
and skin-conformal platforms.

Colorimetric sweat sensors are currently the most suitable
for continuous and wearable pH monitoring, owing to their low
cost, light weight, mechanical robustness, and minimal power
requirements, as they avoid complex electronic circuits for data
acquisition and transmission. These advantages make them

18912 | RSC Adv, 2026, 16, 18904-18920

particularly attractive for portable and commercial wearable
platforms. However, their limitations include moderate sensi-
tivity, discrete data output, and reduced temporal resolution,
which may affect precise quantitative tracking.

In contrast, SERS-based sensors offer unmatched analytical
performance, including label-free detection, ultra-high sensi-
tivity, and excellent molecular specificity, even at very low ana-
lyte volumes. Despite these strengths, their reliance on external
Raman spectrometers, high cost, and limited repeatability
currently restrict their applicability to laboratory-based or
intermittent measurements rather than long-term, autonomous
wearable monitoring.

Fluorescence-based sensors provide high sensitivity, good
selectivity, and rapid response, enabling the detection of small

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10052f

Open Access Article. Published on 09 April 2026. Downloaded on 4/12/2026 12:21:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

PH variations within the physiological sweat range. Neverthe-
less, their dependence on excitation light sources, optical
filters, and signal acquisition electronics leads to higher power
consumption and susceptibility to ambient light interference,
which complicates long-term wearable implementation.>>*

Overall, while SERS and fluorescence-based approaches
demonstrate superior sensitivity and selectivity, colorimetric
sensors remain the most practical solution for continuous, low-
power, and user-friendly wearable sweat pH monitoring,
whereas SERS and fluorescence platforms are better suited for
high-precision or validation-focused applications. Table 2
provides a comparative summary of reported optical sensors for
wearable sweat pH monitoring. The following sections provide
a detailed discussion of these optical sensing strategies, high-
lighting representative studies and recent advances in wearable
sweat pH sensing technologies.

3.2.1 SERS based sensors for sweat pH monitoring.
Surface-enhanced Raman scattering (SERS) is a powerful spec-
troscopic technique that enables the detection and vibrational
characterization of analytes at trace concentrations.*® The
integration of SERS-active layers onto flexible substrates
combined with miniaturized Raman spectrometers has allowed
for the development of innovative wearable optical sensors for
healthcare monitoring.** Specifically, SERS has emerged as
a notable technique for wearable sweat pH sensors due to its key
advantages, including high sensitivity, selectivity, minimal
sample consumption, and fast response.®*®

In this context, W. Wang et al. introduced a flexible SERS-
based wearable sensor capable of quantitative analysis of urea
and uric acid, as well as real-time pH monitoring in sweat
(Fig. 5a). The hydrogel was initially prepared by photo-cross
linking of sulfonated cellulose silver nanocomposites (S-CNF-
Ag NPs) with acrylic acid (AA). Subsequently, the material was
functionalized with 4-mercaptobenzoic acid (4-MBA), which
serves as a pH-sensitive probe molecule. As a results, the
hydrogel utilized as a sensor patch, demonstrated excellent skin
adaptability, biocompatibility, and antimicrobial properties
(Fig. 5b). Furthermore, its superabsorbent nature facilitated
rapid sweat sampling, thereby addressing the challenge of
difficult sweat collection. The calibration curves were generated
by plotting the intensity ratios of specific Raman bands: 11382
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(v(COO-))11075 (v12 ring), I11382/I1586 (v8a ring) and
11718(v(C=0))/I1075 against pH changes in the range of 4.10-
7.60 (Fig. 5c). Significantly, the S-CNF-Ag NPs/PAA/4-MBA
hydrogel patch was tested on the forearms of six volunteers
one hour post-running. The pH values measured by the SERS
sensor were comparable with those obtained using a commer-
cially available pH meter. This result highlights the suitability of
the S-CNF-Ag NPs/PAA/4-MBA wearable sensor for sweat moni-
toring. Furthermore, the developed sensor demonstrated
excellent reproducibility, stability, and mechanical durability
throughout the detection process.* In a similar vein, M. Chung
et al. developed a mechanically flexible surface-enhanced
Raman scattering (SERS)-active substrate by electrospinning
thermoplastic polyurethane nanofibres, followed by gold sput-
tering (Au/TPU). The substrate was functionalized with two
widely used pH-responsive molecules, 4-mercaptobenzoic acid
(4-MBA) and 4-mercaptopyridine (4-MPy), in order to evaluate
its applicability for wearable sweat pH sensing. The function-
alized substrates (4-MBA/Au/TPU and 4-MPy/Au/TPU) were then
incorporated into a transparent, adhesive dermal patch (see
Fig. 5d). This ensured strong adhesion to the skin, protection
against contaminants and inhibition of fast sweat evaporation
(Fig. 5e). The SERS spectra of Au/TPU functionalized with 4-
MBA and 4-MPy were recorded across a pH range of 4.25 to 7.5
using a Raman spectroscope with 785 nm laser excitation
(Fig. 5f-h). The accuracy of the reported sensor for sweat pH
sensing was evaluated using eccrine sweat samples collected
from two individuals following 30 minutes of exercise (Fig. 5i).
The proposed SERS-based pH sensor exhibited precise pH
measurements with high resolution using only 1 uL of sweat,
underscoring its potential for wearable sweat sensing applica-
tions. The sensor exhibits several advantageous characteristics,
including mechanical stability, simple and cost-effective fabri-
cation process, and the ability to be stored dry at room
temperature while maintaining excellent accuracy, repeat-
ability, and reversibility. However, the Au/TPU NF SERS
substrate is currently limited to single-use sweat pH sensing
and requires further development for continuous monitoring.
The objective can be achieved through integrating microfluidic
channels with an iontophoresis device to stimulate localized
sweating and direct the collected sweat to the sensing surface,

Table 2 Comparative performance of optical sensors for wearable sweat pH monitoring

Sensor type Sensing mechanism Advantages Limitations
SERS Raman spectral shift Label-free detection; ultra-high Requires Raman spectrometer; high
sensitivity; excellent molecular cost; limited portability; not
specificity; minimal sample volume suitable for long-term continuous
monitoring
Fluorescence Fluorescence intensity/wavelength High sensitivity and selectivity; Requires excitation source and
shift rapid response; capable of detecting optical filters; higher power
small pH variations consumption; susceptible to
ambient light interference
Colorimetric pH-responsive dyes Low cost; lightweight; simple Moderate sensitivity; discrete data;

readout; no complex electronics;
suitable for continuous and outdoor

limited temporal resolution;
affected by lighting conditions

monitoring
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thereby enhancing the sensor's functionality and usability.** C.
D'Andrea et al. have developed a wearable sweat sensor chip
based on surface-enhanced Raman spectroscopy (SERS) for the
detection of urea and lactate, in addition to assessing of the pH
level of sweat solutions. The core of the sweat pH sensor chip
was fabricated by initially depositing silver nanowires onto
a porous membrane comprising polytetrafluoroethylene
(AgNWs@PTFE). This was followed by functionalizing the
membrane with a pH-sensitive probe molecule (4-mercapto-
benzoic acid (4-MBA)) which exhibits a SERS spectral signature
that varies with pH levels ranging from 1 to 12 (Fig. 5j).
Subsequently, the SERS chip was integrated into a biocompat-
ible tape sandwich consisting of Tegaderm™ and Leukomed®
T, which serve as protective and adhesive layers, respectively
(Fig. 5k). The primary benefit of this design is that it requires
only a small quantity of sweat, around tens of microliters to
traverse the hole in the PTFE membrane and the Leukomed® T
tape, where it is subsequently adsorbed onto the sensing area,
therefore eliminating the need for microfluidic channels. Fig. 51
and m present the SERS spectra and the corresponding pH
calibration curve, respectively, with the latter obtained by
normalizing the area of the carboxylate bands (1400-1425 cm ™)
to the benzene ring peak of 4-MBA at 1592 cm ™. The sensor was
tested with three custom-simulated sweat solutions of known
pH values, and the results are represented in Fig. 5m as
geometric symbols (red diamond, blue square, and purple
circle) corresponding to pH level of 4.8, 6.6, and 9.0, respec-
tively, and the results fall within the 95% prediction interval.
The developed SERS-active chip is a cost-effective and scalable
sensing device, priced below €5, at least three times cheaper
than commercially available SERS substrates, and can be
produced through time-efficient processes.*

3.2.2 Fluorescent sweat pH sensor. Wearable fluorescent
sensors represent a promising technology for real-time sweat
pH monitoring. These sensors operate based on photo-
luminescence, where specific fluorescent probes interact with
target analytes. Upon binding, the fluorophore molecule's
photophysical properties are altered, leading to a shift in the
emitted fluorescence signal. This technique is known for its
high sensitivity, strong selectivity, and fast response time.**%’
For instance, N. Sultana and colleagues have developed an
optical sensor based on single-walled carbon nanotubes
(SWCNTs) that is capable of detecting pH changes. Two distinct
methodologies were employed for the non-covalent function-
alization of SWCNTs. The first approach involved the func-
tionalization of SWCNTs with three pH-responsive anionic
surfactants: sodium dodecyl sulfate (SDS), sodium dodecyl
benzene sulfonate (SDBS) and sodium cholate (SC) (Fig. 6a). The
anionic nanotube complexes demonstrated fluorescence
enhancement within the basic pH range of 8 to 10, while
showing fluorescence quenching in the acidic pH range of 2 to
5. In the second approach, poly(diallyldimethylammonium
chloride) (PDADMAC), a cationic polymer, was added to the
anionic surfactant SWCNTs (Fig. 6b). The incorporation of
PDADMAC led to an inversion of the response pattern, charac-
terized by enhanced emission intensity at acidic pH and
quenching at basic pH. To assess their suitability for practical
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applications, anionic nanotube complexes and PDADMAC-
SDBS-SWCNTs were tested with artificial sweat over a pH
range of 2-9 (Fig. 6¢). It is worth noting that the optical
responses of the latter enabled pH differentiation at 0.5 unit
intervals within a narrow acidic range (pH 2-4.5), demon-
strating its capacity to distinguish small pH variations accom-
panied by notable emission changes. These findings open up
new avenues for the development of wearable optical sensors
for the analysis of body fluids.’® Additionally, the Sharifi
research team has developed a new smart wearable fluorimetric
sensor that enables continuous, real-time, and simultaneous
monitoring of sweat volume and pH values. The fabricated
sensor consists of a skin-mounted sweat (SSS) patch and a smart
wearable IoT-enabled imaging module (SIMA). The SSS patch
includes a waterproof adhesive and two fluorescent probes:
fluorescein immobilized in transparent chitin nanopaper (Flu-
ChNP) for pH measurement, and Flu-ChNP/CuCl,-ChNP for
sweat volume detection. A cotton thread-based microfluidic
channel directs sweat from the skin surface to the probes
(Fig. 6d). The SIMA module, 3D-printed as a dark chamber, is
equipped with a UV-LED (A = 365 nm), an optical filter, an IoT-
enabled camera connected to a microcontroller, and
a rechargeable Li-ion battery (Fig. 6e). A dedicated mobile
application analyzes the captured images by quantifying fluo-
rescence intensity in RGB (Red, Green, and Blue) mode, thereby
enabling sweat pH determination within the range of 4-7
(Fig. 6f). To assess the potential usefulness of the new smart
wearable optical sensor, it was successfully tested on athletic
volunteers during exercise (Fig. 6g). The findings validate its
effective application in smart sweat analysis, which is an
important step towards personalised health monitoring.®® In
a recent publication, X. Qingqing and colleagues presented
a fluorescent pH sweat sensor based on folic acid-histidine-
serine-functionalized boron-doped graphene quantum dots
(FHSB-GQDs) combined with polyvinyl alcohol (PVA) and poly-
glycerol (PG). The resulting luminescent film (FHSB-GQD-PVA-
PG) exhibited a strong yellow fluorescence when excited by
a laser and demonstrated excellent transparency, mechanical
flexibility, ultraviolet protection, and outstanding luminescence
performance (Fig. 6h). The sensing process involves the exci-
tation of the FHSB-GQD-PVA-PG film by a laser pointer (490
nm), and the resulting fluorescence signal was then collected by
a smartphone and analyzed using image recognition software
(Fig. 6i). Fig. 6j illustrates the fluorescence spectra of the FHSB-
GQD-PVA-PG film at varying pH levels ranging from 4 to 9,
demonstrating a linear decline in peak fluorescence intensity
with increasing pH. The results obtained from the wearable
intelligent pH sensor demonstrated a high level of consistency
with those obtained using a fluorescence spectrophotometer,
thereby confirming the system's track reliability. The developed
wearable pH sensing system was attached to a runner's arm to
monitor sweat pH variations during physical activity (Fig. 6k). At
various time intervals, the film was removed and its fluores-
cence spectrum was measured using a fluorescence spectro-
photometer. The study demonstrated that the results obtained
with the wearable intelligent pH sensing system closely match

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10052f

Open Access Article. Published on 09 April 2026. Downloaded on 4/12/2026 12:21:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

S=
-
—_—

Small
molecules

SWCNTs

Anionic SWCNT

Intensity Change (I-o)/lo

C

s

—

Cationic
polymer

Anionic carbon
nanotube

i N O
IO SN A )

Polymer-coated
carbon nanotube

Intensity Change (I-o)/lo

ran

e
°
1

2 404
2 oane
-]
go.- e -
£ 06 H
2 25 3 3s 4 45
PH

Intensity Change (IHo)lo

Plastic film ——————

FuChNP ———— G @

Hydrophobic layer —.w

Sweat transfer thread ——»

—
Tape (medical-grade) —

Epidermis —»

Sweat glands I

I
1
1
1
1
'
'
1
1
1
1
1 Sticker ————
|
1
1
|
|
'
|
1
1
1
1
\

[y Rechargeable

()
- 100
: ')>
~ 90
x 70
—> SMD 365 nm emitter 60
equipped with an optical 50
filter

J—> ESP32-CAM module

lithium ion battery

— Battery chargering
module

y =-11.248x + 134.22
R =0.9929

35 4 45 5 55 6 65 7

-

"

7

FHSB-GQD-PVA-PG film ©
R “

Laser pointer
(490 nm)

Fluorescence photometer

G) e

Fluorescence intensity (a.u.)

pH4

x10¢

Fluorescence intensity (a.u.)

(k)

FHSB-GQD-PVA-PG f
F,=-173700%pH + 3.1x10* \

Ri=0998

§
|

S00S0 s S0 s 60 60 60 4
Wavelength (nm)

. ’ " Playing badminton
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prototype of the developed smart wearable loT-enabled imaging module (SIMA) and its components; (f) calibration curve and the corresponding
images for the fluorescence determination of pH in artificial sweat using the developed smart wearable optical sensor (SWOS); (g) human
experiments conducted on athletic volunteers during exercise (Reproduced from ref. 68 with permission from American Chemical Society, A. R.
Sharifi et al., Analytical Chemistry, 2023, copyright 2023); (h and i) optical photo of FHSB-GQD-PVA-PG film under 490 nm laser irradiation; (j)
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those measured using a fluorescence photometer, confirming
the system's high reliability.*

3.2.3 Colorimetric sweat pH sensor. A colorimetric sweat pH
sensor is a device specifically designed to assess the pH levels in
sweat through colorimetric methods. These sensors generally
contain a pH-sensitive indicator that alters color in response to
variations in sweat pH. They are typically non-invasive, easy to use
and offer immediate visual feedback, rendering them effective
tools in both medical and sports science for evaluating an indi-
vidual's health and performance through sweat analysis. Recent
advancements in this field demonstrate the extensive applications
of colorimetric sweat pH sensors. For instance, A. Koh et al. have
developed a soft epidermal microfluidic device that can detect
sweat volume and rate, along with important biomarkers such as
glucose, creatinine, lactate, chloride and pH through colorimetric
detection. This system features a fully integrated soft microfluidic
design, which includes a network of functionalized channels and
reservoirs for effective sweat capture, routing and storage, along
with spatially distinct regions dedicated to biomarker analysis. For
pH monitoring, a universal pH indicator solution (bromo-thymol
blue, methyl red and phenolphthalein) has been applied to filter
paper and placed in containment reservoirs, enabling colorimetric
responses within a clinically relevant range in sweat (pH 5.0 to 8.5).
Wireless interfaces were connected to digital imaging hardware for
quantitative analysis of these colorimetric signals. The concen-
trations of chloride, glucose, lactate and pH derived from colori-
metric readings showed a strong correlation with the results
acquired from conventional laboratory analysis of sweat collected
through absorbent pads. However, the proposed device has several
limitations, including a restricted range of chemical reagents that
are suitable for accurate colorimetric analysis of biomarkers at
relevant concentrations. Additionally, it unable to monitor time-
dependent changes, requires temporal sample solutions and
relies on digital image capture.” Additionally, N. Abu-Thabit et al.
developed an innovative optical pH sensor using a polysulfone
(PSU) membrane that is coated with pH-sensitive polyaniline
(PANI). The PANI-coated PSU membrane demonstrated a strong
response to pH variations between 4 and 12, with a rapid response
time of less than 5 seconds. The membrane exhibited stability for
over six months in 1 M HCl and maintained high reproducibility,
with variations of less than 0.02 absorption units following one
month of storage. The sensor's performance was validated using
a standard pH meter, showing consistent and reliable results.” In
a related work, G. Wang et al. developed a stretchable optical
sensor patch for real-time monitoring of heart rate (HR), blood
oxygen saturation (SpO,) and sweat pH levels. The sensor collected
data subsequently transmitted it to a smartphone via Bluetooth
technology. The pH sensing capability was achieved by coating
a pH-sensitive organically modified silicate (ORMOSIL) film onto
the surface of a commercial blood oxygen sensor, allowing the
simultaneous measurement of HR, SpO, and sweat pH with
a single device. The sensor patch exhibited a pH sensitivity of
4.42 mV pH " within the range of 4.0 to 8.0. In order to assess the
wearability and functionality of the sensor patch, the proposed
device was applied to the lower back of a volunteer during cycling
as shown in Fig. 7c. The results acquired from the sensor patch
were generally consistent with those derived from the pH strip
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measurements. Nonetheless, the study highlighted some limita-
tions, notably the sensitivity of the optical pH sensor (approxi-
mately 4 mV pH ') was relatively low compared to standard pH
electrodes.” Furthermore, G. Xiao et al. have developed an
affordable, highly adaptable and skin-friendly thread/paper-based
(LTPAD) wearable system capable of simultaneously measuring
lactate and pH levels in human sweat. A pH indicator with 100 uM
NaOH absorbed on filter paper was used for pH colorimetric
measurements. A quantitative analysis was performed using
a smartphone equipped with the RGB values from the “Color
Grab” software. As a result, the pH sensor exhibited a linear
detection range spanning from pH 4.0 to 8.0, featuring a sensitivity
of 10.43 and an estimated response time of approximately 13.2
minutes. The influence of possible interfering substances, such as
ascorbic acid, uric acid, and glucose was assessed, revealing no
significant impact on the accuracy of sweat pH detection. To
ensure the reliability and accuracy of the system, a commercially
available pH meter was utilized, and the resulting data was
deemed similar to be comparable to both commercial pH meter
and the pTPAD. The feasibility of the proposed system for on-body
applications was verified through in situ monitoring of sweat pH in
human subjects after 10, 25, and 40 minutes of running. To
further evaluate the analytical accuracy and reliability of the
thread/paper-based platform, the obtained results were bench-
marked against those from a commercial pH meter, demon-
strating excellent concordance between the f“TPAD measurements
and the reference method.”

In 2021, P. Escobedo et al. proposed a wearable wristband
gadget designed for continuous sweat pH monitoring, empha-
sizing the importance of collecting long-term health data. The
design consists of several components including a sampling
area using a microfluidic cloth analytical device (LCAD), for
continuous sweat collection, a sensing module featuring an
excitation LED and a colour sensor, positioned in front of a pH-
sensitive membrane (vinyl sulfone acidochromic dye (AD-VS-1))
coated on a cotton cloth, a passive pumping path facilitating
sample flows to an absorbent U-shaped material for extended
operation (exceeding 1000 minutes), and a miniaturized
readout module with a low-power Bluetooth interface for real
time transmission of measurements to a custom-designed
smartphone application. Based on their results, the Hue (H)
parameter in the HSV color space has been identified as being
related to the pH of sweat. The wristband gadget operates
within a range of pH from 6 to 8, covering the pH range of sweat.
The system was also validated in real-world conditions by being
worn on the wrist during physical activity.”® J. H. Ha et al. have
recently developed a wearable colorimetric sweat pH sensor
based on curcumin and thermoplastic polyurethane (C-TPU)
electrospun fiber, seamlessly integrated into smart textiles.
This innovative technology is designed to track the health status
of cystic fibrosis (CF) patients. The C-TPU fibers display a visu-
ally discernible shift in color as the sweat pH rises from
a neutral control (pH 7) to pH 10, and the initial color of the C-
TPU fibers can be restored through multiple washing cycles
with a neutral detergent. This reusable sensor enables contin-
uous diagnosis of CF patients while maintaining optimal
performance. For real-time measurements, a clover-shaped C-
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Fig. 7 Wearable colorimetric sweat pH sensor (a) photo of the optical sensing patch system developed; (b) absorption spectrum of the pH
sensitive film on a glass slide with pH value of the test liquid as a variable; (c) real-time on-body monitoring of physiological parameters during
cycling exercise (Reproduced from ref. 72 with permission from IEEE, G. Wang et al., IEEE Trans Biomed Eng, 2019, copyright 2019); (d) design of
a thread/paper-based wearable system; (e) plots of G value against pH value of the artificial sweat. Insets show the digital images of the thread/
paper-based pH sensors after reacting with artificial sweats at different pH values; (f) an arm guard integrated device after the on body
measurement (Reproduced from ref. 55 under the terms of the Creative Commons CC-BY License, published by MDPI, 2010); (g) schematic
diagram of the sensing procedure; (h) calibration curve of the sensor; (i) real-time results of the wearable system placed on the wristband during
exercise (Reproduced from ref. 20 with permission from Elseiver, P. Escobedo et al., Sensors and Actuators B: Chemical, 2021, copyright 2021); (j)
C-TPU pH sensors attached to the cloth; (k) the color of the C-TPU patch was recovered by washing in a washing machine with a neutral
detergent; () C-TPU based colorimetric sensor attached to a baby cloth (Reproduced from ref. 74 under the terms of the Creative Commons
CC-BY License, published by Elseiver, 2023).
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TPU pH sensor was attached to baby swaddles and patient
clothing to demonstrate the capabilities of wearable applica-
tions (Fig. 71).”*

4 Future perspectives and
conclusions

Wearable sweat pH sensors have emerged as promising tools for
non-invasive, continuous health monitoring, enabling real-time
assessment of physiological and pathological states. Recent
advances in materials science and nanotechnology have
enhanced sensor flexibility, biocompatibility, and the integra-
tion of sensing components into skin-conformal platforms.
Despite these improvements, translating these devices into
practical healthcare tools requires overcoming several critical
challenges.

Long-term operational stability and selectivity in complex,
variable sweat environments remain major concerns, particu-
larly when sensors are exposed to mechanical stress, tempera-
ture fluctuations, or extended wear. Addressing these
challenges demands the development of robust sensing mate-
rials with antifouling surfaces, mechanical resilience, and self-
healing properties. Strategies such as self-calibration and
energy-efficient or self-powered operation can further ensure
consistent performance during prolonged use.

Seamless integration into wearable formats also requires
flexible, stretchable electronics and modular architectures that
maintain sensor functionality under repeated deformation. In
parallel, scalable fabrication methods and standardized proto-
cols are essential to produce reliable sensors at a commercial
scale while meeting regulatory and safety requirements. Addi-
tionally, coupling sensor data with machine learning and Al
algorithms can enhance personalized diagnostics, compensate
for environmental and physiological variations, and enable
predictive health monitoring.

By combining materials innovation, sensor engineering,
electronics design, and digital health technologies, future
wearable sweat pH sensors can achieve durable, reliable, and
user-friendly performance. Such multidisciplinary approaches
will be crucial for translating laboratory advances into practical,
real-world solutions that support continuous monitoring, early
disease detection, and personalized preventive medicine.
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