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Continuous monitoring in healthcare could transform patient
care by improving patient outcomes and reducing costs through
rapid detection and timely intervention. The pH of body fluids is
an essential indicator for detecting acid/base imbalances and
subsequent diseases, as well as monitoring organ functions.
However, current pH sensors experience signal drifts over
continuous measurements, inhibiting their ability to provide
longitudinal body's pH status. To enable real-time, continuous pH
monitoring, we developed a polydopamine (PDA)-based pH
sensor and validated its performance in PBS and simulated
wound fluid exudate (WFE). To increase signal stability for
continuous performance, heat treatment and agarose gel coating
were applied to the sensor, and we observed that the agarose
coating greatly improved the signal drift.

Introduction

The real-time data provided by continuous monitoring in
healthcare settings has transformed patient care.'” This
advancement enables healthcare givers to rapidly detect
changes in a patient's condition and provide necessary care,
improving patient outcomes. In 1902, Willem Einthoven
invented the first device to provide continuous monitoring of
cardiac activity, the electrocardiogram (ECG).® In 1999,
Medtronic became the first FDA-approved continuous glucose
monitor (CGM), and since then, new methods have been
explored to continuously measure crucial biomarkers and
health indicators.® These innovations can potentially improve
clinical outcomes,””® reduce patient discomfort,>® and

“ Department of Electrical and Computer Engineering, Faculty of Engineering,
University of Waterloo, Waterloo, ON N2L 3G1, Canada.

E-mail: mahla.poudineh@uwaterloo.ca

b Waterloo Institute for Nanotechnology, University of Waterloo, 200 University Ave.
W, Waterloo, ON N2L 3G1, Canada

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4sd00294f

1 Authors contributed equally to the paper.

136 | Sens. Diagn., 2025, 4,136-146

Natalie Fudge, @ $° Fatemeh Keyvani,i* Joshua Khatri® and Mahla Poudineh @ *3°

decrease  healthcare costs
readmissions.”

The pH of body fluids, which measures the level of acidity
or alkalinity of body fluids, can be linked to the development
of diseases.’ Particularly, pH measurements have been shown
to be important in identifying infections,>'® monitoring
wound healing processes,” '™ and early detection of
diseases.”"® Continuous pH monitoring can significantly
improve patient care by quickly identifying pH trends, which
can be utilized for prompt medical interventions.”

A variety of pH sensors have been developed, with most
falling into the optical or electrochemical sensor categories.’
Optical pH sensors undergo optical changes when interacting
with hydrogen or hydroxide ions and generate optical or
fluorescence signals, which are detectable via visual
inspection.>'*® While these pH sensors are cost-effective
and offer a high signal-to-noise ratio, they are highly
temperature-dependent and are prone to instability.>"
Conversely, electrochemical pH sensors utilize changes in
electrochemical properties to measure ion concentration in
response to changes in pH.>”'%1772¢

The ion-sensitive field-effect transistor (ISFET) is the most
common type of electrochemical pH sensor; however, it is
subject to long-term drift and hysteresis, which can impact
sensor accuracy, making it unsuitable for continuous
measurement.>”***! For example, a zirconium dioxide-gated
ISFET pH sensor demonstrated a temporal drift of
approximately 0.020 V over a 3 hour period.”* Similarly, a
baseline differential p-ISFET pH sensor experienced a drift of
0.018 V over 3 hours prior to the implementation of a drift
correction mechanism.>® Additionally, a hydrogenated
amorphous silicon-gated ISFET was found to have a drift of
0.020 V during the same timeframe.”® In contrast, our
agarose-coated pH sensor exhibited a drift of only 0.011 V in
PBS and 0.013 V in simulated wound fluid exudate (WFE)
over a 3 hour test period, indicating an improvement over
other conventional pH sensors. pH-Responsive materials
such as poly (sodium 4-styrene sulfonate) (PSS)"” and
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polyaniline (PANI),"”'® in combination with nanoparticles,
have been recently studied to create pH-sensing substrates.’
These studies showed that these polymers exhibit a good
Nernstian response (when the potential is linearly correlated
with the logarithm of ionic activity) and typically offer a wider
pH sensing range compared to ISFETs.”'®?® While cost-
effective and sensitive, these sensors are also known to lack
stability.”

Current methods wused for pH sensing in health
monitoring lack biocompatibility, sensitivity, and stability for
continuous pH measurement.” To address this gap, we
designed a polydopamine (PDA)-based pH sensor, verified its
pH response, and improved its stability for continuous pH
sensing. Fig. 1a, i represents the schematic of steps followed
for fabricating the PDA-based pH sensor, and Fig. 1a, ii
represents its sensing mechanism. PDA contains catechol
moieties in its reduced form, which are oxidized to quinone
moieties at a specific potential using cyclic voltammetry. As
the pH increases, the potential at which this oxidation occurs
decreases. This strong correlation between the PDA oxidation
potential and pH value forms the basis of our pH sensor.
Additionally, we examined two modifications, heat treatment
and agarose gel coating, to enhance the durability of the pH
sensor and evaluated their effectiveness (Fig. 1b). The drift in
pH response over continuous scanning for the in-house
fabricated PDA pH sensor was 60.8% in PBS and 75.0% in
WEFE, whereas the drift for the agarose-coated pH sensor was
only 8.2% in PBS and 8.3% in WFE. Our findings suggest that
the agarose coating effectively minimizes drift and achieves a
stable signal over several continuous measurements.*
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Communication

Experimental

Materials

The screen-printed gold electrodes (GSCL2W)
purchased from Conductive Technologies (York, PA, USA).
10x PBS was purchased from BioShop Canada (Burlington,
ON, CA). Dopamine hydrochloride, agarose, hydrochloric
acid (HCI), sodium hydroxide (NaOH), sulfuric acid (H,SO,),
isopropanol (IPA), acetic acid, and other chemicals were

were

purchased from Sigma Aldrich (Canada). Simulated wound
fluid exudate (WFE) was purchased from Biochemazone
(Leduc, Alberta, CA).

PH sensor fabrication

First, the gold electrodes were rinsed with isopropanol (IPA)
and submerged for 10 minutes. Next, they were rinsed with
MilliQ water and blotted with a KimWipe. The electrodes
then underwent cleaning via ten cyclic voltammetry (CV)
scans with a potential range between 0 V and 1.5 V at a scan
rate of 0.1 V s ' and a sampling interval of 0.005 V in 0.1 M
H,SO,. The electrodes were thoroughly rinsed with MilliQ
water and blotted with a KimWipe.

The following method is based on previously published
protocols.”**”” A 1 mg mL™" solution of dopamine
hydrochloride was prepared in 1x PBS and corrected to pH
7.4 using 0.5 M NaOH and 0.5 M HCL.>*>*” The dopamine was
electropolymerized on the electrode surface under low light
conditions via 30 CV cycles with a potential range between
-0.5 V and 0.5 V at a scan rate of 0.05 V s™' and a sampling
interval of 0.005 V.>**” The PDA-coated pH sensors were
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Fig. 1 Overview of the fabrication protocol and sensing mechanism of the pH sensor. (a, i) The electrodes are coated in dopamine, which is
polymerized into PDA using cyclic voltammetry (CV). These PDA-coated electrodes are the baseline pH sensors. (a, ii) The sensing mechanism of
the PDA layer on the pH sensor when exposed to solutions with high and low pH. (b, i) Baseline pH sensors were modified with an (b, ii) 18 hour
heat treatment at 100 °C, and (b, iii) by dip-coating them in agarose gel. These strategies were implemented to improve sensor stability.
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rinsed with MilliQ water to remove the unpolymerized
dopamine units and dried using a KimWipe, not touching
the working, counter, or reference electrodes. The pH sensor
was placed in a foil-wrapped petri dish and stored in an
anoxic, UV-protective box until tested later in the day.

Heat treatment

A slightly modified protocol was followed to implement the
thermal treatment.”® Newly fabricated pH sensors were
placed in a vacuum oven at 100 °C for 18 hours under humid
conditions.

Agarose coating

3 wt% of agarose in 1x PBS was stirred in a 95 °C water bath
until all agarose was dissolved. Next, the agarose mixture was
placed in a 60 °C water bath and stirred for 30 minutes.*
PDA-coated pH sensors were dipped halfway in the warm
agarose solution for 3 seconds and left to dry for 1 minute.
In total, each sensor was dipped in agarose five times. Those
not immediately tested after fabrication were stored under
dark, humid conditions.

Cyclic voltammetry (CV) testing

pH sensors were subjected to various CV scans in acetic acid,
pH-corrected 1x PBS, and pH-corrected WFE. CV testing was
performed using an  8-channel CH  Instruments
Electrochemical  Analyzer (Austin, TX, USA). Each
measurement comprised 1 CV cycle with a potential range
between —0.2 V and 0.5 V at a scan rate of 0.05 V s™* and a
sampling interval of 0.005 V. A 5 minute wait period was
applied before each measurement. The sensor's drift was
calculated using the following equation. The oxidation
potential (Epa) of the final scan was normalized with respect
to the Epa of the initial scan.

Epafinal [V] — Epainitial [V]
Epajnitial [V]

Drift [%] = X100 [%]

where Epagina [V] is the oxidation potential of the final scan

in volts and Epajnia [V] is the oxidation potential of the
initial scan in volts.

Polydopamine (PDA) detachment assay

The mass of the detached PDA was measured using the
testing solutions of the baseline and heat-treated pH sensors
after 30 CV scans. First, PBS solutions were spiked with
different dopamine concentrations, and their optical
densities were measured using an Agilent Biotek Synergy H1
Multimode Reader (Canada) at 280 nm (which is strongly
absorbed by the benzene ring in dopamine) to create a
calibration curve.* A nonlinear correlation was established
between dopamine concentration and optical density (R* =
0.999, Fig. S1f). After performing 30 CV scans, the optical
density of the testing solution on the electrodes was
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measured, and the result was interpolated using the
calibration curve to find the mass of the detached PDA. The
mass of detached PDA was not measured for the agarose-
coated pH sensors because the testing solution had diffused
through the agarose coating and could not be recovered.

Accuracy determination

pH-Corrected PBS and WFE were measured with the pH
meter and the agarose-coated pH sensor. The pH readings
obtained from the sensor were derived by interpolating the
oxidation potential based on the calibration curve associated
with the corresponding buffer. The accuracy percentage was
calculated using the following equation.

pH sensor

Accuracy [%] = x100%
pH meter

where pH sensor is the interpolated pH from the agarose-

coated sensor and pH meter is the reading from the pH
meter.

Results and discussion

Mechanism of pH sensing and validation of the pH sensor's
response

pH sensors were fabricated by electrodepositing PDA on
screen-printed gold electrodes via electrochemical CV
scanning using previously established protocols.*®?” The pH
sensor is a 3-electrode system with gold working and counter
electrodes and a silver/silver chloride reference electrode.
Electrodeposition was used to coat the working electrode
with PDA, a pH-responsive biopolymer composed of
crosslinked dopamine. The electro-polymerization of
dopamine undergoes various electron transfers and chemical
reactions/isomerization to form the PDA layer. An electron
transfer first converts dopamine to dopaminoquinone, which
then undergoes a 1,4-Michael addition reaction resulting in
leucodopaminochrome.”” This substance further oxidizes
into dopaminochrome.?” The polymer deposition occurs after
the final isomerization, redox reaction, and oxidation steps
(ESLj Scheme S1).”” As more CV scans are completed, the
thickness of the PDA coating increases.>” The deposited PDA
thin film has catechol moieties that are electrically oxidized
into quinone moieties when subjected to CV scanning
(Fig. 2a). The electrochemical potential at which the electro-
oxidation happens, otherwise known as the oxidation peak or
Epa, changes depending on the pH of the testing
solution.>***”* When exposed to a solution with a high pH,
which contains a low concentration of H' ions, the oxidation
of the catechol moieties into the quinone moieties is
favorable; therefore, the Epa occurs at a lower potential.
Meanwhile, when the pH sensor is exposed to a solution with
a low pH, since it contains a high concentration of H' ions,
the oxidation reaction is not as favorable. Thus, a larger
potential is required to force the oxidation reaction to occur,
as such the Epa increases. Therefore, the electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mechanism of pH sensing and validation of pH sensor response. (a) Schematic describing the pH sensing mechanism of the pH sensor. (b)
CV of a bare gold electrode (dashed line) and pH sensor (solid line) tested in acetic acid at pH 5.0. The oxidation peak of the PDA-coated pH
sensor is boxed in red, and no relevant peak is observed for the bare electrode. (c) The CV scans of the pH sensor in PBS with varying pH. (d)
Corresponding logarithmic calibration curve of pH sensors (n > 4) tested in PBS with varying pH (R? = 0.904, sensitivity = slope of the linear region
[6.0-7.0] = -0.06 V pH™). Error bars represent the standard deviation (STD). All CV scans were conducted in a potential range between -0.2 V and
0.5V, a scan rate of 0.05 V s™%, and a sampling interval of 0.005 V. The schematic was created using BioRender.

potential of the PDA oxidation or the Epa can indicate the
pH of the solution.

The success of the PDA electrodeposition was confirmed
using CV in acetic acid solution (pH 5.0). Fig. 2b shows the
voltammetric behavior of a bare gold electrode (dashed line)
and a PDA-coated pH sensor (solid line) in response to acetic
acid solution (pH 5.0). The pH sensor has a strong Epa near
0.25 V, which is associated with the oxidation of the catechol
moieties of dopamine.®?” The bare gold electrode does not
show the voltammetric response, confirming the successful
deposition of PDA. The small peaks observed near 0.07 and
-0.07 are likely caused by impurities present in the
environment.*

The PDA-coated pH sensors were tested with 1x PBS
solution of varying clinically relevant pH ranging from 6.0-

© 2025 The Author(s). Published by the Royal Society of Chemistry

8.0 to examine the sensor's response (Fig. 2c¢). The pH 6.0
buffer showed an Epa near 0.22 V, while the Epa of pH 8.0
buffer was near 0.09 V. As the pH of solutions increased, the
Epa peaks followed the expected trend and shifted to lower
potentials. The increase of Epa was correlated with the
decrease in pH (R® = 0.904, Fig. 2d). The sensitivity of the pH
sensor is defined as the slope of the linear region between
pH 6.0-7.0 and was found to be —0.06 V pH .

Validating the stability of the pH sensor in response to
multiple scans

The measure of body fluid's pH can be used for early
detection of infection and health complications.*® pH can
provide valuable information on the wound healing process,
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can be wused to diagnose chronic illnesses such as
gastroesophageal reflux disease, and can be utilized to
monitor organ function, such as the kidneys' ability to
remove acid from the blood.*™** Particularly, continuous pH
monitoring is highly beneficial in showing trends that
discrete points might miss, enabling timely interventions.
Studies have shown that continuous pH monitoring can help
detect anastomotic leaks post-surgical intervention, identify
infection in chronic wounds, and monitor illnesses related to
acid/base imbalances, such as ischemia.??*3°

To investigate the suitability of the developed pH sensor
for continuous measurements, we tested its stability over
several scans. The pH sensors were subjected to 30 scans in
1x PBS buffer solution with pH 7.3 (Fig. 3a). From scan 1 to
scan 30, the baseline pH sensors experienced a 60.8%
decrease in Epa, with the most considerable drift occurring

View Article Online
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within the first ten scans (Fig. 3b). The inset of Fig. 3b
illustrates the corresponding CV measurements at scan 1 and
scan 30 with the Epa outlined in red. The Epa shifts towards
left between the first and last scan (Fig. 3b).

Previous studies have shown that thermal annealing has
enhanced the mechanical performance of PDA films due to
further polymerization of the oligo dopamine units,
strengthening intermolecular interactions.”**® To improve
mechanical stability, newly coated PDA pH sensors were
annealed in an oven at 100 °C for 18 hours in a Petri dish
wrapped with tin foil and Parafilm. A KimWipe saturated
with DI water was placed in the Petri dish during the
annealing process to maintain humid conditions. Annealed
sensors were subjected to 30 CV scans in a buffer with pH
7.3 (Fig. 3c). Between scan 1 and scan 30, the heat-treated pH
sensors experienced an average Epa decrease of 44.8%

a Stability Test Over 30 Scans b 0.3
-° 0.2
x30 ‘
-Scan 1
:>: } --Scan 30
PBS & 011 } ; .
f & }i }iii{{{}iiio.. oo
0.0
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c . d
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Experimental Conditions

Fig. 3 Validating the stability of the pH sensor in response to multiple scans. (a) Schematic illustration of the CV scanning protocol for testing the
stability of pH sensors. (b) Corresponding oxidation potential of the pH sensors (n > 4) at pH 7.3 over 30 scans. The inset displays the CV
measurements for scan 1 and scan 30. (c) Corresponding oxidation potential of the heat-treated pH sensors (n > 4) at pH 7.3 over 30 scans. The
inset shows the signal drift measured between scan 1 and scan 30 for the baseline and heat-treated pH sensors. (d) The amount of PDA detached
from the pH sensors (n > 4) after the 30th scan with and without heat treatment. Error bars represent the STD. The schematic was created using
BioRender.
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(Fig. 3c inset), with the most considerable drift occurring
between scan 10 and scan 20. After scan 12, a major drift was
observed, suggesting that the heat treatment only increased
stability for the first 10 scans. Fig. S2t displays the changes
observed in the CVs measured for scan 1 and scan 30. The
Epa had shifted left between the first and last scan.

We designed and performed a study to investigate
whether the heat treatment had led to stronger PDA
attachment. pH sensors were prepared with and without
heat treatment and 30 CV scans were performed on each
sensor. The buffer in which the scans were performed was
collected to measure the amount of released PDA (Fig. 3d
and S1t). The optical density of the testing solution was
measured and then correlated with the mass of the
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detached PDA (Fig. 3d and S1f). Despite our expectations,
the collected buffer from the heat-treated pH sensors
showed higher amounts of detached PDA than the baseline
pH sensors (Fig. 3d). Heat treatment reduces the number of
amine groups in the PDA coating, which can make the
surface more hydrophobic.>®?° When the hydrophobic, heat-
treated PDA coating is exposed to an aqueous solution, the
PDA would form aggregates, detaching from the hydrophilic
gold electrode surface.”” Additionally, PDA heat treatment
might increase the number of quinone moieties, which
could negatively impact the pH sensor's performance.>® The
increase in quinone units can reduce the pH response and
sensitivity, as the pH response is dependent on the
oxidation of the catechol moieties of PDA to quinone
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Fig. 4 Utilizing agarose gel to improve pH sensor stability. (a) Schematic showing the process for agarose coating and the following stability test
via CV scanning. (b) Oxidation potentials of pH sensors (n > 4) coated with agarose over 30 scans. The inset shows the signal drift measured
between scan 1 and scan 30 for the baseline and agarose-coated pH sensors. (c) Representative CVs of an agarose-coated pH sensor tested in
PBS with varying pH. (d) Corresponding calibration curve of pH sensors (n > 4) tested with varying pH (R? = 0.894, sensitivity = slope of the linear
region [6.4-7.4] = -0.06 V pH™). Error bars represent the STD. All CV scans were conducted in a potential range between -0.2 V and 0.5 V, a scan
rate of 0.05 V s7%, and a sampling interval of 0.005 V.
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moieties.”® As stated, our data indicates that although heat
treatment decreases the percentage change from 60.8% to
44.8%, there is still a 44.8% decrease in the response,
requiring strategies that achieve a more stable signal
(Fig. 3c inset).

Utilizing agarose gel coating to improve pH sensor stability

Hydrogels are crosslinked polymer chains that form insoluble
networks. Due to their biocompatibility, they have been used
in contact lenses, bio-adhesives, drug delivery, and marine
antifouling coatings.*®*® Known for their hydrophilicity and
significant water content, they mimic biological tissue and
have thus been used to coat implantable electrodes.*® They
also possess antifouling properties.*® Hydrogels are popular
due to their diffusive properties, which allow the passage of
aqueous solutions and molecules through their pores by size
filtering, electrostatic forces, hydrogen bonds, and specific
binding.’ Agarose gel is a naturally occurring, anionic,
polysaccharide hydrogel harvested from algae and has been
used as an electrode coating to improve the stability of
aptamer-based electrochemical biosensors.*

To explore the stabilization properties of agarose for pH
sensors, we coated fabricated pH sensors with agarose and
examined its durability over multiple scans. The pH sensor
was dip-coated in agarose and subsequently subjected to 30
scans in PBS buffer with pH 7.3 (Fig. 4a). Between the first
and last scan, the agarose-coated pH sensors experienced an
8.2% decrease in Epa, which is significantly improved
compared to the 60.8% decrease observed from the baseline
pH sensors (Fig. 4b). Fig. S3+ displays the CV measurements
at scan 1 (solid line) and scan 30 (dashed line) and highlights
the minimal shift of Epa. The success of the agarose coating
in minimizing the drift in sensor response can be attributed
to its acting as a protective layer for the PDA and confining it
to the electrode surface.® The agarose layer also minimizes
the passage and accumulation of large molecules, thus
potentially protecting the PDA from lifting due to fouling
when subject to complex body fluids.* In the absence of
agarose, aggregates could form from large molecules binding
to the PDA, which could cause the PDA layer to detach from
the electrode surface.*’ Further, agarose can also limit the
PDA layer's exposure to air, preventing its overoxidation.*?

The pH response of the agarose-coated pH sensors was
also tested in a pH range between 6.0 and 8.0 (Fig. 4c). As the
solutions' pH increased, the Epa peaks shifted to lower
potentials, following the expected trend (Fig. 4c). The Epa
decrease and pH increase were found to be correlated with
an R” of 0.894 (Fig. 4d). The sensor's sensitivity is defined as
the slope of the fitted line in the linear region between pH
6.4 and 7.4 and was found to be —0.06 V pH ",

The developed pH sensor can have a wide range of clinical
applications, including early tumour screening via tracking
interstitial fluid pH,*>** assisting in diagnosing urinary tract
infections, and monitoring infections in chronic

wounds.'>13
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The physiological pH of ISF is 7.35-7.45,*""° but ISF lacks
a strong buffering capacity, allowing its pH to shift more
easily.* Tumour presence, for instance, can lower ISF pH to
around 6.2.*>*” Therefore, the agarose-coated pH sensor
could serve as a preliminary ISF screening tool by detecting
significant deviations from normal pH levels.

The developed pH sensor can also be implemented to
detect pH changes in urine.*> The physiological pH of urine
is 6.2 but may differ following an infection.*® In the presence
of some common bacteria which cause wurinary tract
infections, the urine pH rises to about 6.72.*® The developed
pH sensor can detect this pH difference as it lies within its
dynamic range.

The pH sensor can also detect the pH changes in wound
fluid caused by chronic infections. The physiological pH of
wound fluid is typically around 6.'>'* When the wound is
infected, the pH of wound fluid increases to pH 7-9.">"'* The
developed pH sensor could effectively detect the differences
in wound fluid's physiological and pathological pH.

Testing pH sensor stability in a complex biological fluid

We further tested the stability of the pH sensor in
simulated wound fluid exudate (WFE) to assess the efficacy
of the pH sensor in a complex fluid, both with and without
the agarose coating. The uncoated pH sensor underwent 30
scans in WFE with a pH of 7.32 (Fig. S4at). The pH sensor
exhibited a 75% drift in Epa between the first and last
scans. This significant drift is likely attributed to the
complexity of WFE, as it contains significant amounts of
proteins, particularly bovine serum albumin (BSA).*’ These
proteins can lead to non-specific binding on the electrode,
thereby increasing the observed drift.%*® Additionally, the
drift may have been influenced by the overoxidation of the
PDA surface.”” Furthermore, large aggregates or molecules
could have adhered to the PDA, potentially causing the PDA
layer to detach from the sensor surface and affecting the
sensor's response.*’ The corresponding calibration curve for
the pH sensor in WFE yielded an R” value of 0.98 and a
sensitivity of -0.08 in the linear region between pH of 6.0
and 7.0 (Fig. S4bt). Fig. S5t presents the CV measurements
taken at scan 1 (solid line) and scan 30 (dashed line),
clearly showcasing the substantial shift in Epa. The pH
response of the sensors was evaluated, which showed the
expected trend: Epa decreased with increasing pH.

We then tested the stability of the agarose-coated pH
sensors in WFE to explore the coating's efficacy in
minimizing signal drift in a more complex fluid (Fig. 5a). The
agarose-coated pH sensor was subjected to 30 scans in WFE
at pH 7.32 (Fig. 5b). The sensor showed an Epa drift of 8.3%,
which is significantly lower than the 75% drift seen with the
uncoated pH sensor. This demonstrates the efficacy of the
agarose coating in enhancing the stability of pH sensor in
complex fluids. The reduced drift may be attributed to the
coating's anti-fouling properties, which decrease the
accumulation of proteins in the WFE on the sensor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Testing the pH sensor and agarose-coated pH sensor in a complex biological fluid. (a) Schematic showing the process for agarose coating
and the following stability test via CV scanning in simulated wound fluid (WFE). (b) Oxidation potentials of pH sensors (n = 4) coated with agarose
over 30 scans in WFE. The inset shows the signal drift measured between scan 1 and scan 30 for the baseline and agarose-coated pH sensors. (c)
Representative CVs of an agarose-coated pH sensor tested in WFE of varying pH. (d) Corresponding calibration curve of pH sensors (n = 4) tested
with varying pH (R? = 0.92, sensitivity = slope of the linear region [6.4-7.4] = -0.06). Error bars represent the STD.

surface.”*® The minimal drift observed between scan 1 (solid

line) and scan 30 (dashed line) is presented in Fig. S6.f The
pH response of the agarose-coated pH sensor was also
evaluated, and the expected trend was observed (Fig. 5c). The
resulting calibration curve for the agarose-coated pH sensor
in WFE had an R* value of 0.93 and a sensitivity of —0.06 in
the linear region between pH 6.4 and 7.4 (Fig. 5d).

The accuracy of the agarose-coated pH sensor was
acquired by calculating the percentage ratio between the pH

measured using the pH sensor and the commercial pH meter
(Table 1). The agarose-coated pH sensor demonstrated an
accuracy percentage of 100.14% in WFE, 101.15% in PBS with
pH 7.31, and 101.15% in PBS with pH 7.4.

Conclusion

In this work, we fabricated a pH sensor based on the
electrodeposition of polydopamine on the surface of a gold

Table 1 Accuracy comparison of an agarose-coated pH sensor in PBS and WFE

Mean pH (measured with agarose-coated pH sensor) Mean pH (measured with pH meter) Mean accuracy [%] StanDev Replicates [n]

Fluid

PBS 7.40 7.31
PBS  7.485 7.4
WFE 7.25 7.32

© 2025 The Author(s). Published by the Royal Society of Chemistry

101.26 1.181 3
101.15 0.00 3
100.14 1.524 3
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electrode and tested its performance in response to varying
pH in both PBS and WFE. Since the
measurement of pH is critical for monitoring organ function,
disease progression, and wound healing processes, we
further explored the stability of the pH sensor over several
continuous measurements. We observed a major drift when
testing the baseline PDA sensor as it presented a 60.8%
decrease in the signal by the 30th scan in PBS, and a 75%
drift in the signal by the 30th scan in WFE, thus failing to
provide stable continuous sensing. We tested two strategies
to improve sensor stability: heat treatment and agarose-
coating. We evaluated the stability of the modified sensors by
subjecting them to 30 consecutive scans. Implementing an
18 hour heat treatment led to a 44.8% drift in the pH
sensor's response, yet it was still not stable enough for
continuous sensing. The agarose-coating strategy greatly
improved the stability of the obtained signals, as the 30th
scan observed only an 8.2% drift in the signal in PBS, and an
8.3% drift in the signal in WFE. The result of each scan
during the stability testing can possibly be used as an analog
to pH measurements executed in a clinical environment. For
instance, our findings suggest that if two pH measurements
are taken daily, the agarose-coated pH sensor can potentially
provide stable and accurate results for 15 days. However,
further testing is needed to confirm the sensor's efficacy in
human bodily fluids for clinical use.

The possible clinical applications of the agarose-coated pH
sensor include monitoring pH both in vivo and ex vivo. The
sensor could be integrated into various medical devices and
implemented for clinical applications to streamline treatment in
hospitals and outpatient clinics.” For instance, the pH sensor
can be integrated into microneedles to enable minimally
invasive transdermal pH sensing, which can screen for tumour
occurrence.*>**"” The pH sensor can also be integrated into
catheters to continuously monitor urine pH to assist with the
detection of urinary tract infections,*® and monitor blood pH to
observe the progression of hypoxia, as blood pH increases with
elevated carbon dioxide levels.”® The pH sensor can also be
applied as part of a wound dressing to monitor wound fluids for
infection.>® Further in vivo and ex vivo testing in other study
models and animals would, in turn, prepare the pH sensor for
human implementation.

Future work can focus on longer testing durations to
further determine the effectiveness of the agarose coating for
long-term stability, as prior research shows the possibility of
long-term stability for up to seven days.* The presented work
tested the pH sensor in 1x PBS and simulated WFE, yet
conducting future experiments in an array of biological fluids
would help to explore the efficacy of agarose's long-term
stability and antifouling effects.

continuous
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