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ABSTRACT: The fabrication of wearable sensors and their
integration into real devices is an emerging demand in the field
of sensor development. In this work, flexible sensors based on laser-
induced graphene (LIG) were developed using a low-cost visible
laser on polyimide tape for pH and uric acid monitoring in urine. A
potentiometric pH sensor was fabricated by modifying the LIG
surface with polyaniline, achieving a sensitivity of 56.7 ± 2.6 mV/
pH across a wide pH range (4−10) with a rapid response time of
<10 s. The sensor exhibited high selectivity toward proton ions and
maintained stable performance for 6 weeks without the need for
preconditioning or special storage conditions. In parallel, a
nonenzymatic uric acid sensor based on LIG exhibited strong
selectivity against common interfering species, excellent reprodu-
cibility (RSD <1%), and a sensitivity of 116.4 μAdec−1, with a limit of detection (LOD) of 35 μM (3S/N) in the concentration
range of 0.05−0.6 mM in buffer solution. Both sensors maintained almost similar sensitivities in artificial urine samples, and their
performance was successfully demonstrated in baby diapers using a portable potentiostat, highlighting their potential for
miniaturized wearable health monitoring applications.

■ INTRODUCTION
Wearable biosensors are increasingly transforming personalized
healthcare by enabling continuous, noninvasive, and real-time
monitoring of physiological biomarkers.1,2 Among the various
biofluids explored for wearable sensing, urine represents a
particularly rich yet underutilized source of information owing
to its high analyte concentration, ease of collection, and clinical
relevance to a wide range of metabolic and renal conditions.
This makes urine-based sensing especially promising for
applications in neonatal, elderly, and chronic disease care,
where frequent and unobtrusive monitoring is critical.3−5

Currently, commercial urine test strips are used as point-of-
care diagnostic tools for the rapid detection of urinary tract
infections.6 However, these tests rely on the optical detection
of colorimetric changes, which cannot provide real-time
monitoring or integration with mobile devices. Moreover,
optical detection methods are often limited in sensitivity and
accuracy, particularly for low-concentration analytes.7,8 In
contrast, electrochemical sensing approaches such as potenti-
ometry and voltammetry offer high sensitivity, operational
simplicity, and compatibility with miniaturized, low-power
platforms.9,10 Several studies have already demonstrated
successful detection of urinary biomarkers, including pH,
electrolytes (e.g., K+, Na+), metabolites (e.g., uric acid,
glucose), and therapeutic drugs, using materials such as

metal oxides, conducting polymers, enzymes, and carbon-
based nanomaterials.11−14 Despite advances in wearable
sensing, the integration of electrochemical biosensors into
diapers remains largely underexplored. Most commercially
available or prototype “smart diapers” are limited to moisture
detection, providing an alert of urination events through
resistive or capacitive sensors,15,16 but do not enable
quantitative biochemical analysis of urine. A few emerging
studies have attempted to address this limitation. For instance,
Isao et al. developed a self-powered diaper capable of glucose
detection by utilizing urine glucose as a biofuel,17 and Jiru et al.
also reported a similar enzymatic biofuel cell-based system for
urine glucose monitoring for diabetic patients.18 Xiangling et al.
demonstrated a multiplexed electrochemical sensor integrated
into a diaper for glucose, H2O2, uric acid, sodium, and
potassium ion detection using carbon nanotube-coated
magnetron-sputtered gold electrodes.19 However, such an
approach required costly and complex fabrication steps,
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including the use of enzymes and Pt nanoparticles. Huang et al.
developed a diaper-integrated glucose and uric acid monitoring
platform featuring wireless smartphone-based signal acquis-
ition, employing screen-printed carbon ink electrodes on a
PET substrate functionalized with glucose oxidase and urate
oxidase enzymes.20 Sohel et al. reported a nonenzymatic uric
acid sensing platform in human urine based on a flexible
stainless steel electrode modified with copper oxide-graphene
oxide nanocomposite and integrated readout electronics.21

However, the reported platform was not integrated into a
diaper format, limiting its applicability for real-time, on-body
urine monitoring. More recently, Natcha et al. reported a
diaper-integrated sensor for K+ and morphine detection in
urine,22 representing a notable advancement in diaper-based
chemical sensing. Despite these developments, the electro-
chemical sensing of urine pH directly within a diaper has not
yet been reported. This is a significant gap given that both
urine pH and uric acid levels are critical indicators for assessing
renal health and hydration status in neonates and infants.
Laser-induced graphene (LIG) has gained significant

attention as a low-cost, scalable, and high-performance
electrode material for flexible biosensing platforms. Produced
by direct laser scribing of polyimide, LIG exhibits a porous 3D
architecture that combines excellent electrical conductivity,
mechanical flexibility, and large surface area, properties ideal
for electrochemical detection in wearable formats.23−26

Moreover, the LIG surface can be readily functionalized with
conductive polymers, nanoparticles, enzymes, and antibodies,
further enhancing analyte specificity and electrochemical
response.23,27−29 Despite its potential, only a single example
of an LIG-based smart diaper report exists.30 Furthermore, the
integration of advanced sensing materials such as LIG and the
evaluation of sensors under realistic conditions, such as
embedding in a diaper matrix and monitoring sensor stability,
response time, and interference, remain largely unexplored.
This work addresses these gaps by developing a flexible,

LIG-based biosensor fabricated on polyimide for the detection
of urinary pH and uric acid (Scheme 1 shows sensor
fabrication and integration). The pH sensor was simply

fabricated by modification of bare LIG with polyaniline. The
uric acid sensor was solely based on bare LIG, leveraging its
inherent electrocatalytic properties for sensitive voltammetric
detection. The sensing platform was integrated into a diaper,
and its performance was successfully validated using a portable
potentiostat, with results comparable to those obtained from
standard benchtop instruments. The system was designed with
real-time wireless compatibility, highlighting its potential as a
practical, low-cost, and scalable tool for personalized health
monitoring through smart hygiene products.

■ EXPERIMENTAL SECTION

Reagents and Chemicals
Aniline, sulfuric acid, polyvinyl butyral (PVB), acetone, isopropyl
alcohol, phosphate buffer saline (PBS) tablet, boric acid, phosphoric
acid, acetic acid, uric acid, ascorbic acid, dopamine, glucose,
potassium hexacyanoferrate (III) trihydrate, sodium chloride,
potassium chloride, sodium sulfate, sodium citrate, creatinine, urea,
calcium chloride, ammonium chloride, magnesium sulfate pentahy-
drate, sodium hydroxide, hydrochloric acid, potassium oxalate,
sodium dihydrogen phosphate monohydrate, disodium hydrogen
phosphate heptahydrate, and silver/silver chloride (60/40) paste were
purchased from Sigma-Aldrich. Polyimide tape and silver conducting
paste were purchased from Radionics Ireland. A microscopic glass
slide (1.0 to 1.2 mm thickness) was purchased from the Fisher
Scientific store in Ireland. A PET sheet (0.19 mm thickness) was
purchased from Amazon UK. Baby Nappies (Lupilu brand, size 1)
were purchased from the local store Lidl Ireland. All chemicals were
analytical grade and used without any further treatment. Deionized
water (18.3 MΩ·cm) from a Milli-Q System was used throughout.
Preparation of Britton Robinson buffer solution and artificial urine is
described in the Supporting Information.

Laser-Induced Graphene Electrode Fabrication
LIG electrodes were fabricated using a direct laser writing technique
in two different patterns. The pH sensor design consisted of a circular
indicator electrode (IE, 3 mm diameter) and a reference electrode
(RE), while the uric acid design used a three-electrode configuration
consisting of a circular working electrode (WE, 3 mm diameter), a
counter electrode (CE), and a RE. These patterns were laser-written
on the surface of a polyimide tape (approximately 70 μm thick)
affixed to a glass slide (thickness 1 mm) and PET (thickness 190 μm)

Scheme 1a

aSchematic representation of sensor fabrication using a visible laser by the direct laser writing(DLW) technique with subsequent modification steps
including reference electrode painting (Ref) and electropolymerization of PANI (for the pH sensor) and demonstrating its potential application for
real-time monitoring of pH and UA in a baby diaper.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c11146
ACS Omega 2026, 11, 25139−25148

25140

https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c11146/suppl_file/ao5c11146_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c11146?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c11146?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c11146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sheet. For this purpose, a laser (Laser Pecker2 hand-held engraver)
with a power of 5 W and an illumination wavelength of 450 nm was
utilized. The optimization for laser writing settings is described in
Figure S1. The values of optimum settings were a resolution of 2k, a
defocusing distance of 5 mm, a laser power of 15% (of 5 W), and a
depth (or writing speed) of 13%. To eliminate residual carbonaceous
particles, the entire surface of the electrodes was sequentially washed
with acetone, isopropyl alcohol, and deionized water after fabrication.
Then, a drop of Ag/AgCl paste was applied on the surface of the RE
and dried at 80 °C for about 10 min. Conductive silver paint was used
on the LIG contact pads to ensure a good electrical connectivity. The
nonactive area of the electrodes was insulated using nail varnish.

Fabrication of Nonenzymatic Uric Acid Biosensor and pH
Sensor

A three-electrode-patterned LIG electrode was used for the
nonenzymatic uric acid sensor without further modification. The
pH sensor was fabricated by modifying the pH-indicating electrode
with polyaniline. Polyaniline was electropolymerized on the LIG
electrode (IE) in 0.1 M aniline and 1 M H2SO4 using cyclic
voltammetry (CV) (−0.2 to 1.2 V, 7 scans) in a conventional three-
electrode setup with an external Ag/AgCl (3 M KCl) as RE and Pt
wire as CE.31 Then, 5 μL of the cocktail mixture of PVB was drop-
casted on the Ag/AgCl reference electrode. The cocktail mixture was
prepared by dissolving 78.1 mg of PVB and 50 mg of NaCl in 1 mL of
methanol.32

Characterizations

The surface morphology of LIG was examined by using scanning
electron microscopy (SEM) (Zeiss SUPRA 35 VP, 5 kV). Raman
spectra were acquired with a Horiba XploRA microscope employing a
532 nm, 70 mW laser source. Fourier transform infrared (FTIR)
spectra were collected on a PerkinElmer Spectrum Two spectrometer
in the 4000−450 cm−1 range, with a resolution of 4 cm−1, averaged
over 20 scans. The sheet resistance (Rsh) of LIG rectangular patterns
(3 × 15 mm) was determined using a Fluke 179 true RMS
multimeter. Electrochemical characterization, including potentiomet-
ric and voltammetric measurements, was carried out on an Autolab
PGSTAT204 potentiostat (Metrohm, Utrecht, The Netherlands)
configured with a three-electrode system. Sensor performance in baby
diapers was further evaluated using a portable Sensit Smart

smartphone-based potentiostat (PalmSens, Houten, The Nether-
lands).

■ RESULTS AND DISCUSSION

Laser-Induced Graphene (LIG) Sensors: Fabrication and
Characterization

Electrical characterization of as-fabricated LIG sensors showed
that the produced LIG materials are reproducible with a low
sheet resistance (Rsh) equal to 13 Ωsq−1. PANI was
electropolymerized onto the LIG surface via cyclic voltamme-
try for pH sensing. To achieve complete and uniform coverage
of the LIG electrode, electropolymerization was performed
with different cycle numbers. At 5 cycles, only partial surface
coverage was observed (Figure S2a), whereas 7 cycles
produced a full coverage, less defective film. Increasing to 10
cycles led to crack formation (Figure S2b), likely caused by
overgrowth and internal stress. Based on these results, 7 cycles
were selected as the optimal conditions for sensor fabrication.
The morphology of LIG and the optimized PANI/LIG
electrode materials was characterized by scanning electron
microscopy. Figure 1a shows SEM images of LIG, displaying
the high surface area and high density of defects typical of
laser-scribed graphitic materials.33 The SEM image of PANI/
LIG (Figure 1b) showed the uniform distribution of
nanosponge-shaped electrodeposited polyaniline on the LIG
surface. In the higher magnification SEM of PANI/LIG
(Figure 1c), the interconnected morphology of PANI was
clearly observed, confirming its homogeneous growth on the
LIG electrode.
The Raman spectra of LIG and PANI/LIG are shown in

Figure 1d. The spectrum of LIG exhibited the characteristic
features of graphitic materials with D, G, and 2D peaks
centered at 1347 cm−1 (defects in graphene), 1582 cm−1 (sp2
carbon stretching), and 2692 cm−1 (second-order zone-
boundary phonons), respectively. The ID/IG ratio of 0.78
indicated a significant degree of crystallinity within a
disordered graphitic carbon network, while the I2D/IG ratio

Figure 1. (a) SEM image of LIG; SEM of polyaniline-modified LIG with lower magnification (b) and higher magnification (c); (d) Raman spectra
of bare LIG and PANI/LIG; (e) FTIR spectra of bare LIG and PANI/LIG; (f) cyclic voltammograms of bare LIG at different scan rates from 25
mVs−1 to 250 mVs−1 in 5 mM Fe(CN)63−/4‑ containing 0.1 M KCl.
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of 0.65 reflected the presence of multilayer graphene
structures.34 The Raman spectrum of PANI/LIG revealed
several new peaks, providing clear evidence of the formation of
PANI on the LIG surface. In the low-frequency region, bands
around 416 and 530 cm−1 corresponded to ring deformation
vibrations, while features observed between 750 and 1000
cm−1 were attributed to C−H out-of-plane and in-plane
bending modes. Additional bands at 1164 and 1217 cm−1 were
associated with C−H bending and C−N stretching within
quinonoid units. At higher frequency, characteristic bands
appeared at approximately 1345, 1483, and 1588 cm−1,
corresponding to C−N+ stretching of polaronic species, C�
N vibrations of quinonoid rings, and C�C stretching in
quinoid and benzenoid structures, respectively. These spectral
features confirmed both the structural integrity and the
successful deposition of conductive PANI on the LIG
surface.35 FTIR analysis was employed to examine the infrared
absorption characteristics of LIG and PANI/LIG, as shown in
Figure 1e. The LIG sample (the black spectrum) was
featureless, thus confirming the conversion of polyimide into
graphitic carbon.36 In contrast, the PANI/LIG spectrum (red
spectrum) exhibited distinct absorption bands, indicating
successful PANI formation. The peak at 795 cm−1

corresponded to out-of-plane C−H bending of the aromatic
ring,37 while the peak at 1052 cm−1 with its shoulder was
assigned to N�Q�N stretching. Additional peaks at 1558
cm−1, 1485 cm−1, and 1244 cm−1 corresponded to C�C and
C−N vibrations of quinoid and benzenoid structures in
PANI.38 The broad absorption at 3224 cm−1 was attributed to
the N−H group. The appearance of PANI-specific peaks in the
PANI/LIG spectrum confirmed their successful electro-
chemical polymerization on the LIG surface.
The electrochemical behavior of LIG was investigated by

cyclic voltammetry using the three-electrode design shown in
Figure 1f. The CVs recorded at different scan rates (25−250

mVs−1) in a 5 mM ferricyanide solution displayed the
characteristic anodic and cathodic peaks of the Fe(CN)63−/4
redox couple. The anodic peak current increases with the
square roots of the scan rates (Figure S3a), with a correlation
coefficient (R2) of 0.99, indicating the system is diffusion-
controlled. At a scan rate (ν) of 100 mVs−1 the anodic−
cathodic peak separation potential was 81 mV, indicating
quasi-reversible electron transfer. The sensor showed the same
response after 25 consecutive scans in ferricyanide solution
(Figure S3b), demonstrating its electrochemical stability and
suitability for electrochemical sensor applications.
Characterization of the pH Sensor

The working principle of the as-fabricated potentiometric pH
sensor (Figure 2a) is based on reversible protonation and
deprotonation of the PANI-modified LIG electrode in acidic or
basic environments. The resulting charge accumulation
generates a potential that is measured against an Ag/AgCl
reference electrode (RE) under open-circuit conditions (OCP)
and can be correlated with the pH value. Figure 2b shows the
OCP vs time profile of the fabricated pH sensor in Britton
Robinson buffer solutions, where the pH was sequentially
increased from 4 to 10 and then decreased back to 4, covering
the physiologically relevant urine range. The sensor exhibited a
rapid response, reaching a stable OCP value within 10 s after
each pH change. The sensor exhibited a linear Nernstian
response with a good sensitivity and regression coefficient (R2)
of 56.7 ± 2.6 mV/pH and 0.989 (n = 6), respectively, as
plotted in Figure 2c. Based on the sensitivity and its
uncertainty (ΔV/S), the minimum detectable pH change
(resolution) was estimated to be approximately 0.05 pH. This
data was obtained from six independently fabricated sensors,
representing the reproducibility of the sensor performance.
The repeatability and recovery performance of the pH sensor
were assessed under three representative conditions: acidic
(pH 4), neutral (pH 7), and basic (pH 9) continuous

Figure 2. (a) Schematic mechanism of the pH sensor; (b) open circuit potential (OCP) response of the pH sensor during stepwise pH variation
from 4 to 10 followed by from 10 to 4; (c) corresponding calibration curve of the pH sensor (n = 6); (d) the response of the pH sensor in pH 4, 7,
and 9 and its recovery capability; (e) long-term stability of the pH sensor for continuous 1 h measurement in acidic (pH 5), neutral (pH 7), and
basic (pH 9) pH buffer conditions; (f) interference test of the pH sensor at pH 7.
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conditions, as shown in Figure 2d. After four successive cycles,
the pH sensor yielded an average sensitivity of 57.80 mV/pH,
which is almost similar to its initial sensitivity, demonstrating
the excellent repeatability of the developed sensor. Addition-
ally, the hysteresis of the sensor after four cycles was calculated
to be less than 1 mV for pH 4, 7, and 9, further confirming the
stable and reliable performance of the developed sensor. The
stability of the fabricated pH sensor was evaluated by
immersing the sensors at the different pH conditions (5, 7,
and 9); the changes in the OCP values were observed over
stipulated time intervals. As evident in Figure 2e, the sensor
showed a stable OCP response over an hour period with a drift
of less than 10 mV, where for acidic, neutral, and basic
conditions, it was 1.19, 7.98, and 8.4 mV, respectively,
indicating the excellent stability of the sensor for the urine
pH measuring application. The selectivity of the fabricated pH
sensor at neutral pH was investigated in the presence of other
species related to urine, including Na+, K+, urea, glucose, and
uric acid. As shown in Figure 2f, the sensor displayed an
insignificant response for other species, thanks to the effective
coating of the proton-sensitive PANI membrane on the IE. For
the long-term stability test, three pH sensors were chosen
randomly and tested in buffer solutions with pH ranging from
4 to 10 for 6 weeks without any preconditioning or specific
storage conditions. The sensor showed almost similar
sensitivity throughout the study, showing only an average

decrease of 0.46% from its first week’s sensitivity after 6 weeks.
Detailed results for each sensor at each time point are provided
in Supporting Information Table S1.
Characterization of the Uric Acid Sensor

Uric acid (UA) is a diprotic compound with dissociation
constants (pKad1

= 5.4 and pKad2
= 9.8), existing mainly in the

form of urate ions under conditions above these values.39 The
molecular structure of UA is illustrated in Figure 3a, together
with the mechanism of electrochemical detection on LIG
electrodes, involving UA oxidation into allantoin by transfer of
2 protons and 2 electrons.40,41 Figure 3b reports the direct
electrocatalytic oxidation of UA at LIG electrodes measured by
SWV over a range of UA concentrations from 0.05 to 0.6 mM
in 0.01 M PBS (pH 7.4). In the absence of UA, no peak was
observed in the voltammogram, whereas a sequential increase
in oxidative peak current was observed with increasing UA
concentrations. The calibration curve showed a well-defined
linear relationship between peak current and the logarithm of
uric acid concentration within the range of 0.05 mM−0.6 mM
(inset of Figure 3b). The limit of detection (LOD) was
determined to be 0.035 mM, calculated using the standard
equation LOD = 3.3*σ/S, where σ denotes the standard
deviation of the blank response and S corresponds to the slope
of the calibration curve.42 The LOD obtained for this
nonenzymatic LIG UA sensor is higher than that reported

Figure 3. (a) Schematic diagram showing the mechanism of uric acid detection on LIG; (b) SWV of uric acid at different concentrations in PBS
solution. Inset: corresponding calibration curve; (c) interference test of the UA sensor in the presence of relevant concentrations of glucose, KCl,
NaCl, urea, AA, and DA at 0.2 mM UA; (d) SWV of UA at different concentrations in artificial urine. Inset: corresponding calibration curve.
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for some LIG sensors, such as LIG sensors scribed on
polyimide modified with Pt nanoparticles (0.22 μM)43 and
NiO−Ti3C2Tx nanosheets (0.08 μM).44 However, it is
important to note that extremely low LOD is not mandatory

for UA detection and quantification in baby urine, since the
physiologically relevant concentrations are above 0.1
mM.30,45,46 In urine, UA exists at considerably higher
concentrations owing to the presence of proteins and other

Figure 4. (a) UA flexible sensor integrated into a baby diaper with Sensit Smart portable potentiostat; (b) calibration curve of the pH sensor OCP
response in the pH range 5−8 within the baby diaper environment; (c) comparison of SWV responses of the UA sensor in artificial urine
containing 0.2 mM uric acid, measured using the portable potentiostat and a standard calibrated system; (d) images of the LIG sensor under
different mechanical bending conditions; (e) SWV of the UA sensor at 0.2 mM UA under different bending conditions.
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solubilizing compounds.47,48 Furthermore, pH and temper-
ature also play an effective role in the solubility of UA.49

Indeed, the LIG electrodes provide a linear response toward
UA in the concentration range of 0.05−0.6 mM UA, which
represents a wide and practically useable range suitable for
analysis of baby urine samples, which covers the 0.1−0.5 mM
range taken as reference values encountered in real, nondiluted
baby urine.10,30,45,46 Furthermore, the straightforward and
environmentally friendly fabrication process yields low-cost
sensing units with a sensitivity of 116.4 μAdec−1 at pH 7.4,
exceeding several enzymatic and nonenzymatic UA sensors
previously reported with more complex and expensive
production methods.10,50 In contrast, previously reported
CO2 laser-scribed polyimide LIG-based UA sensors exhibited
a substantially narrower linear detection range (limited to
concentrations below 20 μM) and were not evaluated in
biological fluids.43 The selectivity of the fabricated UA sensor
was evaluated to ensure its applicability for UA detection in
complex biological samples, such as urine. To assess
interference effects, SWV studies were carried out in the
presence of 0.2 mM UA by adding potential interfering species,
including 8 mM glucose (Glu), 5 mM potassium chloride
(KCl), 5 mM sodium chloride (NaCl), 2 mM urea, 0.06 mM
ascorbic acid (AA), and 1 μM dopamine (DA), as shown in
Figure S4. Figure 3c presents the error bars of the UA
oxidation current recorded for 0.2 mM UA in the presence of
these interferents. As shown in Figure 3c, the presence of
interfering species resulted in a minor increase in the UA
oxidative peak current (4.2, 6.8, 1.5, 4.9, 6.4, and 0.9 μA for
Glu, KCl, NaCl, urea, AA, and DA, respectively). These data
represent that the sensor exhibits acceptable selectivity toward
common interfering ions and components present in urine, as
all relative changes for the UA oxidation peak current are less
than 10%. Finally, the sensor was tested in artificial urine by
spiking different concentrations of UA ranging from 0.05 mM
to 0.6 mM, as shown in Figure 3d. The sensor showed a very
good linear response in artificial urine with a sensitivity of
104.2 μAdec−1 (inset of Figure 3d). Considering that the
artificial urine contains electrolytes and protein complexes, the
sensor showed a slightly lower variation compared to the

response observed in PBS for three randomly chosen sensors.
Nevertheless, all these results demonstrate the potential of the
nonenzymatic uric acid sensor in terms of sensitivity, detection
range, and LOD, highlighting its potential as a cost-effective
and efficient platform for UA detection.
Application of the Wearable Sensing System

To demonstrate the system function under realistic conditions,
the pH and UA sensors were integrated into a baby diaper
(Figure 4a). The flexible pH sensor was first connected to the
Sensit Smart smartphone-based potentiostat and inserted into
the absorbent layer of the diaper. Artificial urine solutions with
varying pH values (5−8) were then sequentially introduced to
assess the sensor’s OCP response. The sensor exhibited a
sensitivity of 56.02 ± 5.94 mV/pH, closely matching the
sensitivity obtained in Britton−Robinson buffer (57.80 mV/
pH), confirming its reliable functionality for urine-based pH
monitoring within the diaper. For continuous pH monitoring
in baby urine, the sensor was immersed in artificial urine (pH
6) to evaluate the pH drift arising from the presence of the
interfering species in the artificial urine. The OCP response of
the sensor is shown in Figure S5a. The sensor exhibited a
potential drift of approximately 5 mV/h, indicating good
stability under continuous exposure to artificial urine. To
assess sensor performance under repetitive wetting events that
mimic a single diaper use time, artificial urine solution (pH 6)
was added to the diaper three times at a time interval of 5 min,
and the corresponding OCP response was recorded. Figure
S5b shows the OCP value represents that the sensor shows an
acceptable level of drift, comparable to the response observed
in artificial urine without diaper conditions. These results
confirm that the sensor maintains a stable performance under
repeated wetting events, supporting its suitability for practical
diaper-based pH monitoring. Afterward, artificial urine
containing 0.2 mM UA was added to the diaper to evaluate
the response of the UA sensor using the SWV technique. The
measured current corresponded well with the calibration curve
established in artificial urine, validating the robustness and
accuracy of the detection. Mechanical bendability of the sensor
is essential for a wearable application. To evaluate this

Table 1. A Comparison Table Summarizing Performance Relative to Existing LIG-Based pH and UA Sensorsa

Modification materials Laser type Linear range LOD Sensitivity Detection environment Ref.

pH sensor
PANI/LIG CO2 4−8 _ 58.25 mV/pH urine 30
PANI/MXene/LIG/PDMS CO2 4−9 _ 57.03 mV/pH wound exudate 51
Riboflavin CO2 2.81−7.82 _ 56 mV/pH wound care 52
PANI/LIG CO2 4−7 _ 51.5 mV/pH sweat 53
PANI/LIG visible 4−10 _ 56.7 ± 2.6 mV/pH artificial urine This work
Uric acid sensor
GO/AuNPs/LIG CO2 0.1−0.6 mM 21.4 μM 17.80 μA/mM urine 30
MXene/LIG/PDMS CO2 50−1200 μM 50 μM 422.5 μAmM−1cm−2 wound exudate 51
Paper-LIG CO2 0.01−0.250 mM 3.97 μM 0.363 μAcm−2 μM−1 urine 10
CoNCs/LIG CO2 5−700 μM 3.66 μM 6.75 μAμM−1 cm−2 PBS 54
BSAT/LIG visible 20−1000 μM 2.1 μM _ saliva 55
LIG CO2 3−200 μM 0.28 μM 6.49 μAμM−1 cm−2 sweat 56
rGO/AgCo/LIG CO2 0.1−2000 μM 3.75 μM 1.76 μAμM−1 cm−2 PBS 57
Paper-LIG CO2 1−1000 μM 41 nM 24.35b ± 1.55 μA μM−1 PBS 24
C−Au-LIG CO2 0−100 μM 0.5 μM 3.11 μAμM−1 cm−2 sweat 27
LIG visible 0.05−0.6 mM 35 μM 116.4 μAdec−1 artificial urine This work

aPANI, polyaniline; GO, graphene oxide; AuNPs, gold nanoparticles; CoNCs, cobalt nanostructures; BSAT, bovine serum albumin tween-20 layer;
rGO/AgCo, reduced graphene oxide silver cobalt nanocomposite; C−Au-LIG, chitosan gold clusters on LIG.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c11146
ACS Omega 2026, 11, 25139−25148

25145

https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c11146/suppl_file/ao5c11146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c11146/suppl_file/ao5c11146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c11146/suppl_file/ao5c11146_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c11146/suppl_file/ao5c11146_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c11146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


property, the sensor was tested under three mechanical
bending conditions (30°, 60°, and 90°), as illustrated in
Figure 4d. The CV curves recorded in 5 mM [Fe(CN)6]3−/4−
containing 0.1 M KCl (Figure S6) show only a slight impact of
mechanical deformation on electrochemical response. The
redox probe exhibits stable current signals with an RSD of
4.2% in CV measurements, even when the sensing chip is bent
to 90°. Furthermore, the SWV of the UA sensor at 0.2 mM UA
under different bent conditions is shown in Figure 4e. The UA
oxidation peak currents remain nearly unchanged, yielding an
RSD of 1.75%, indicating a reliable sensing performance under
mechanical deformation. Thus, this LIG-based sensing plat-
form is robust to mechanical deformation in wearable sensing
applications and enables a stable and accurate signal readout. A
comparison of the sensing performance of the proposed sensor
with previously reported LIG-based pH and uric acid sensors is
summarized in Table 1. Overall, these results demonstrate that
the LIG-based sensing platform possesses excellent mechanical
stability and shows promising potential for the reliable
operation of both pH and uric acid sensors within a real
diaper platform.

■ CONCLUSIONS
We have reported the fabrication and characterization of a
flexible, wearable biosensing platform based on polyimide-LIG
for real-time, noninvasive monitoring of urinary biomarkers.
The pH sensor, modified with polyaniline, demonstrated a
selective potentiometric response with a wide detection range,
including physiological pH levels. In parallel, UA detection was
demonstrated on an enzyme-free UA sensor, leveraging the
intrinsic electrocatalytic properties of unmodified LIG for
effective detection via voltammetric techniques. To evaluate
the practical applicability, the sensor array was integrated into a
diaper and tested using a portable potentiostat, where it
exhibited stable and reliable performance. This approach offers
a convenient solution for on-site urine monitoring, which is
particularly beneficial for neonatal care. Further improvements
can be made by enhancing the system’s integration with
compact electronics to enable seamless, real-time wireless data
transmission to smart devices, supporting continuous and
remote health monitoring. Overall, this study underscores the
potential of integrating multiple electrochemical sensors into
smart hygiene products, paving the way for personalized and
continuous health monitoring.
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