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ABSTRACT An iridium oxide-based electrical pH sensor that is suitable to be embedded in an electronic
bandage for skin monitoring has been developed. The electrical pH sensor does not entail high-temperature
fabrication processes thus is suitable to be built on polypropylene micro membrane (PPMM), a paper-
like substrate, which is inert, gas-permeable, and biomechanically-compatible to tissue. The PPMM was
metalized by an electroless gold-coating process and iridium oxide nanoparticles were electrodeposited on
the porous membranes. The reference electrode was made by screen printing Ag/AgCl paste on the substrate.
pH responses of the IrO2 PPMM against a commercial reference electrode or the planar Ag/AgCl reference
electrode were examined. A super-Nernstian sensitivity of −66.8 mV/pH was achieved with the PPMM-
based sensor in a pH range from pH 2 to 13. The electrodes also produced similar responses in smaller
pH ranges of pH 5 to 8 and around pH 7. Output potential characterization, such as cyclic voltammetry,
hysteresis, response time, potential drift, deviation, fluctuation, and potential stability, showed repeatable and
stable pH responses in physiologically relevant pH ranges. Interference factors such as salt concentration,
viscosity and temperature have also been investigated. The results show that the calibration procedures
should consider these factors specific to targeted applications. The planar pH-sensitive electrodes show
reliable performance in a bandage configuration designed and packaged for woundmonitoring. The accuracy
assessment in a Clarke error grid and the result of sensing pH induced by uric acid showed the feasibility of
bandage applications. The electrical and biocompatible electrodes embedded in breathable porous bandages
can be integrated with portable electronics to be used as wearables for wireless tissue monitoring.

INDEX TERMS pH sensor, planar, iridium oxide, polypropylene micro membrane, electronic bandage.

I. INTRODUCTION
The pH response of iridium oxide (IrO2) has been studied
to be advantageous over other metal oxides [1], [2] owing
to a higher sensitivity over a wide pH range and on differ-
ent substrates [3], even at varying temperatures [4] and in
non-aqueous environment [5]. It is also awidely used bioelec-
trode material for implantable devices due to its high charge
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density [6], [7], [8], [9], biocompatibility and low impedance
[10], [11], [12], [13]. The electro-conductive property of
IrO2 film makes it a promising material choice for electrical
sensing in integrated wearable and implantable devices [14].

Early studies of IrO2 pH responses were commonly per-
formed on rigid substrates like glassy carbon [15], [16]
and iridium wires [17], [18], [19], [20], [21] which are not
suitable for wearable applications. Advancements in mate-
rial research have allowed the deposition of IrO2 film on
flexible substrates, such as by sputtering [22], [23], [24],
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sol-gel [25], [26], [27], and multi-step electrodeposition
[28], [29]. Flexible substrates enable the sensor use in wear-
ables. The sputtering process requires deliberate plasma
coverage uniformity for the conformal coating in order to
produce high pH performance. Sol-gel processes to prepare
iridium oxide involve a high temperature above 325 ◦C for
oxide formation [30]. These fabrication methods require a
flexible substrate to be able to withstand not only a high
temperature for a period of time, but also thermal expansion
coefficient mismatch between the substrate, metal, and oxide,
which results in film wrinkles and delamination.

Electrodeposition at room temperature seems to be a
promising process for conformal and uniform coating on
flexible substrates [31], [32], [33], particularly, in which
paper-based substrates are used for microfluidic and low-cost
analytical point-of-care devices. The electrodeposition tech-
nique has been reported to produce super Nernstian or
Nernstian sensitivities on rigid glass [15], [34]. Recently,
flexible polyimide [35], [36] and soft porous polymeric
substrates have also been utilized to produce similar pH
sensitivities [37].

In this study, a flexible IrO2 pH sensor based on porous
substrates suitable for skin monitoring was proposed. The
substrate, similar to the ones used in paper-based microflu-
idic devices [38], [39] is commercially-available polypropy-
lene (PP), one of the widely used polymers. To distinguish
the common use of polypropylene (PP) films that can be
any thickness or pore size, the thin film used in our fab-
rication is called polypropylene micro membrane (PPMM).
The porometer analysis showed the PPMM has an average
flow pore diameter of 0.247 µm and a pore flow pres-
sure of 17.562 psi [40]. The porous gas-permeable PPMM
is also known to be inert, foul resistant and biocompati-
ble with robust mechanical strength and chemical resistance
[41], [42], [43], [44].

Our group has previously demonstrated the performance
of the sensing film with the IrO2 nanoparticles coated on the
metalized PPMM [37], [40], [45], [46] against a bulky com-
mercial reference electrode. In this work, the pH-sensitive
film electrode is further integrated with a planar Ag/AgCl
film as the reference electrode. The fabrication of the sens-
ing film is briefly described here. The PPMM was gold
(Au) metalized by an electroless process [40], [45], and
IrO2 nanoparticles were further deposited by an electro-
chemical process using IrO2 colloid suspension [47]. Elec-
troless metallization of gold on individual PPMM fibers
used polydopamine (PDA) and poly vinyl alcohol (PVA)
as the adhesive, wetting, and reducing agents to improve
their hydrophilicity of PPMM fibers. The metalized fiber
had a gold thickness of 150 nm, transversely encapsulating
individual PPMM fibers. The measured conductivity was
0.1 S/cm. A conductive polymer membrane allowed electri-
cal interfacing between the sensing film and electronics on
paper-based devices. In addition, the metallization process
of PPMM fibers was needed to electroplate the IrO2 layer.
The electrodeposition of IrO2 nanoparticles on metalized

PPMM (named as PPMM@Au) did not entail vacuum or high
temperatures.

The planar IrO2 coated on PPMM@Au was named PWE
to be used as the working electrode. A planar reference
electrode was prepared by screen printing Ag/AgCl paste and
named as KRE. The PWE against KRE was tested in the
skin wound pH range which changes from alkaline to acidic
during the healing process [48]. Typically, pH sensitivities
were obtained without interfering effects of salt. Body fluid
contains sodium and potassium [49]. The addition of salt
in an aqueous pH solution created a pH difference which
has previously been demonstrated by using planar nonporous
IrOx electrodes [50]. In this work, the planar porous PWE and
KRE electrodes were tested in sodium and potassium salt-
added solutions. Similarly, Yang et al. have demonstrated
and suggested that integrating a NaCl sensor could correct
the output potentials in aqueous pH solutions for nonporous
pH sensors [51].

Calibration in aqueous solutions may produce pH varia-
tions in viscous solutions due to the effects by the changed
ionic mobility. Previously, Chawang et al. demonstrated pH
change in viscous pH solutions [50]. Serous fluid released
during the natural healing process of inflammation is vis-
cous, which may alter the pH reading calculated by calibra-
tion using aqueous solutions. Thus, the porous IrO2-coated
PPMM@Au and planar Ag/AgCl electrodes were tested in
viscous environments. To demonstrate the use of conductive
and porous PPMM bioelectrode in skin wound monitoring,
planar electrodes were assembled in an electronic bandage.
Conductive lines were screen printed on a bandage and a
porous absorbing layer was used for liquid transfusion. The
pH accuracy was analyzed in a Clarke error grid.

II. MATERIALS AND METHODS
A. ELECTRODE FABRICATION
Polyvinyl (PVA) and polydopamine (PDA) (Merck, Darm-
stadt, Germany) were conformally deposited on individual
polypropylene (PP) fibers to improve their hydrophilicity.
The polypropylene micro membrane (PPMM) (Rone Scien-
tific Inc., Kaohsiung, Taiwan) had a nominal pore size of
450 nm and a thickness of 200 µm. For the hydrophilic
treatment, PPMM was immersed in 0.01 M Tris buffer at
25◦C for 20 h, prepared by mixing 2 mg/mL of dopamine
hydrochloride (DA–HCl) (Acros Organic, Geel, Belgium)
and 12.8 mg/mL PVA in deionized water and anhydrous
ethanol with the volume ratio of 7:3. Next, the hydrophilic
PPMMwas activated for metallization by immersing in 0.1M
hydrogen tetrachloroaurate (III) trihydrate (HAuCl4) (Alfa
Aesar, Massachusetts, USA) (pH 5.2) for 10 min. The acti-
vated PPMM was transferred for electroless Au plating in a
bath solution containing 0.05 M HAuCl4, 0.4 M citrate acid,
0.02MNa2SO3, and 0.04MNa2S2O3 mixed in 20mL deion-
ized water (DI). Afterward, 0.792 mg sodium L-ascorbate
was added to the aqueous bath solution to initiate Au+ reduc-
tion and the temperature was raised to 30◦C for 2 h. Finally,
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FIGURE 1. SEM images of (a) bare PPMM fibers, (b) metallized PPMM@Au fibers, and (c)-(e) PWE fibers in different magnifications.

the metalized PPMM (PPMM@Au) was washed in DI water.
The pH values of the Tris buffer andAu plating solutionswere
8.5 and 6.5, respectively. Previously, the mechanical strength
and flexibility of PPMM@Auwere demonstrated by bending
the sample at 60◦C for 10,000 bending cycles [40]. Thus, the
connectivity for electrical signals should be secured after the
mechanical bending of the film in wearables.

The IrO2 nanoparticles were electrodeposited on themetal-
ized film PPMM@Au for the pH sensing function using IrO2
suspension reported [45]. The solution of 0.005-M potassium
hexachloroiridate (K2IrCl6) was first adjusted to pH 12 by
adding NaOH and then heated at 90◦C for 20 min to form
a colloidal suspension. Potentiostat (VersaSTAT4, AMETEK
Inc., USA) was used for electrodeposition at 0.4 V for 30 min
using a three-electrode cell system with Pt foil (2 × 2 cm2)
as the counter electrode; PPMM@Au (1 × 1 cm2) as the
working electrode; and a saturated calomel electrode (SCE)
as the reference electrode. The finished sample was cut into
2 mm × 15 mm strips and named as PWE (polypropylene
working electrode).

The Ag/AgCl reference electrode (named as KRE) was
prepared by screen-printing Ag/AgCl paste (011464, ALS,
Japan) on the substrate. A precision blade was used to ensure
the smoothness of the thin paste layer on the substrate.
It was dried for 10 minutes at room temperature and cut
into individual 2 mm × 15 mm strips. Silver epoxy (8331D,
MG Chemicals, USA) was used to connect copper wires on
the PWE and KRE to a high-impedance buffer amplifier with
a unity gain for electrical measurements.

B. MATERIALS
Commercial buffer solutions (Fisher Scientific, Hampton,
NH, USA) were used for sensitivity studies at pH 2, 4, 5, 6,
7, 8, 10, and 13. A glass-bodied Ag/AgCl reference electrode
(MF-2052, Basi, USA) with a flexible connector filled with a
3-M NaCl solution was used for comparison with our KRE.

Custom-made buffer solutions were prepared for sensi-
tivity and sensor characterization experiments. Commercial
buffer pH 8 (Fisher Scientific, Hampton, NH, USA) was
used as the base solution and a digital benchtop pH meter

(A211, Thermo Scientific Orion, USA) was used to mea-
sure the pH values. Hydrochloric acid HCl (50%, LabChem,
Zelienople, PA, USA) and sodium hydroxide NaOH (50%,
Sigma-Aldrich, St. Louis, MO, USA) were used to decrease
or increase the pH levels of the pH 8 buffer.

For viscosity variations, lab-grade starch powders
(C6H10O5)n (Carolina Biological Supply Company, Burling-
ton, NC, USA) were used as the thickening agent to prepare
viscous solutions in order to investigate the effects of viscos-
ity on output pH errors. Viscometer tubes of sizes 200 and 600
(CANNON Instrument Company, State College, PA, USA)
were used. Viscous solutions by adding 1% and 2.4% starch
by weight were prepared in different pH buffers. A com-
mercial pH meter (A1311, Apera Instrument, USA) was
used to compare pH values. Uric acid powder (UA2875-5G,
Sigma Aldrich, USA) was used to prepare different Uric
acid (UA) concentration solution. A data acquisition card
(6201, National Instruments, USA) sampled at 7 S/s was used
to record the potential difference between the working and
reference electrodes.

III. RESULT AND DISCUSSION
A. CHARACTERIZATIONS
Scanning electron microscopy (SEM) was used to analyze
the surface morphology. The bare PPMM fibers are shown
in Fig. 1(a). The rough PPMM@Au fibers in Fig. 1(b) show
successful deposition of Au nanoparticles. Figs. 1(c)-(e) show
the denser fibers in PWE under different magnifications
that IrO2 nanoparticles were electroplated on the metalized
PPMM@Au fibers.

Cyclic voltammetry (CV) experiments were performed
over the physiologically relevant pH of 8 and 5. First, the CV
measurements were conducted to compare the PWE against
the planar Ag/AgCl KREwith a size of 2mm× 15mm, or the
standard liquid-filled glass-bodied reference electrode (CRE)
with a 6-mm diameter and 75-mm length (MF-2052, Basi,
USA). An electrochemical analyzer (CHI7001D, CH Instru-
ments, USA) was used for the CV experiment and phosphate
buffer saline (PBS) solution was adjusted to pH 8 and pH 5,
by adding 2-M NaOH and 2-M HCl, respectively into 50 mL
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FIGURE 2. Cyclic voltammetry (CV) comparison (a) of PWE vs CRE and
PWE vs KRE in the pH 8 solution; and (b) of PWE vs KRE in pH 8 and pH 5
solutions.

of PBS solution. The pH changes were validated by the digital
pH meter. Phosphate buffer saline was used for its relevance
to body fluid. The PWE with the size of 2 mm × 15 mm
was used as the working electrode and a platinum foil with a
diameter of 1.3 cm was used as the counter electrode (CE).
For the CV measurements, three electrodes (PWE, CE, KRE
or CRE) were immersed in the 50-mL solution and a constant
scan rate of 10 mV/s in the potential range from −0.9 V to
+0.5 V was applied.

Fig. 2 (a) shows similar redox peaks and shapes in the
CV curves of PWE against glass-bodied reference electrode
(CRE) or flexible Ag/AgCl reference electrode (KRE) in
pH 8. This validated that the smaller and deformable KRE
can be usedwith PWE to generate sufficient output potentials.
CV measurements performed in the PBS at pH 8 and 5 using
PWE and KRE are shown in Fig. 2(b). It shows that the pH 8
case exhibited a broader curve compared to its counterpart
at pH 5. The broader curve might be due to higher OH−

groups in the pH 8 buffer solution which produced a higher
charging current. A broader CV curve at a higher pH was also
observed in [52] which had similar redox peaks for different
pH solutions with symmetrical cathodic and anodic shapes.

These experiments verified the feasibility of utilizing
the planar flexible PWE and KRE electrodes. The small
form-factor of them allows integration in electronic bandages
where electrodes have to be conformable, breathable, and
small.

B. DEFINITIONS
To ensure the clarity of characterization comparison, the
definition terms on performance such as hysteresis, response

FIGURE 3. Definition of parameters for pH output potential
characterization.

time, and stability are summarized in Fig. 3, previously
defined by our group. In the time domain, hysteresis (dV)
is defined as the standard error of settled potentials at the
same pH level tested continuously in one cycle. One cycle
here means that the devices are tested in a sequence of pH
2-4-7-10-13-10-7-4-2. Surface modification due to repeated
tests in highly acidic and alkaline solutions may establish
new equilibrium on the interface between oxide and solution
which change electrical impedances and potential outputs.
The micro-/nano-scale porous structures on the electrode
surface can also be affected by the attachment of molecules
from the solution, as well as the aging and oxide formation
processes described in [53]. Other factors such as residues,
hydration, and oxidation state changes of the porous metal
oxide film may also cause hysteresis [21]. It is a common
phenomenon observed in metal oxides [54], [55].

Response time is the time taken to reach 90% of the settled
potential [25], which includes the time taken for the poly-
meric membrane to be fully hydrated and reach the redox
equilibrium. Sensor stability is evaluated in one test for a
certain pH level after the output potential seems settled.
In a practical environment, random hydrodynamic motions
in a micro-environment caused by air bubbles and exter-
nal vibrations around the micro/nano-pores in the sensing
area can affect electrical potentials and thus sensor stability.
Huang et. al [56] categorized stability parameters with poten-
tial drift (V’) when electrodes stay in the same solution for a
period of time; deviation (δV)when electrodes are in the same
pH solution in different cycles; and potential fluctuation (1V)
in which the potential fluctuates but stays stable within a
small range of potential; to determine the environmental fac-
tors affecting pH performance. The deviation (δV) is defined
to be different from the hysteresis (dV) as the deviation
may be caused by a capacitive potential shift induced from
electrostatic charges accumulated on the surfaces.

C. pH RESPONSE OF PWE IN WIDE pH RANGE
OF pH 2 TO 13
The PWE against KRE electrodes were first investigated in
standard buffer solutions in a wide pH range from pH 2 to
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FIGURE 4. Comparison of sensitivities using polyimide-based (blue) and
commercial (red) reference electrodes. PWE means PPMM-based working
electrode.

pH 13. The glass-rod reference electrode (CRE) was used
for comparison with the flexible Ag/AgCl reference electrode
(KRE). The electrodes were cleaned in deionized (DI) water
for 30 s between different pH solutions to remove residues,
which may produce hysteresis and increase response time.

Fig. 4 shows the PPMM (PWE vs KRE) device sensitivity
with 2 mm × 15 mm sizes tested in commercial buffer
solutions at pH 2, 4, 7, 10, and 13, also compared to the
case of PWE vs CRE. The error bar denotes hysteresis
(dV) in respective tests. Both PWE vs CRE and PWE vs
KRE show super-Nernstian sensitivities of−62.3mV/pH and
−66.8 mV/pH, respectively. The differences in output poten-
tials by two different types of reference electrodes did not
affect the sensitivities significantly. The slight discrepancy
in the sensitivities may be due to the ion exchange effects
on the surface interfaces of Ag/AgCl or glass membrane.
To compare, Chou et al. [46] reported a higher sensitivity
of −74.45 mV/pH for a larger PWE size of 1 cm × 1 cm.
The larger sensing area likely provides more active sites for
ion exchanges, decreases the overall electrical impedance and
increases sensitivity.

Discrepancies for sensitivity exist over the exact iridium
oxide redox mechanisms from the differences in the fabri-
cation processes and a combination of oxy, hydroxy, and
ionic species present on the electrode surfaces. The widely
accepted redox equilibrium for pH-dependency between two
oxidation states is [19], [57].

2IrO2 + 2H+ + 2e− ↔ Ir2O3 + H2O (1)

E = E0 − (2.303
RT
F

)pH (2)

where R is the universal gas constant, T is the temperature and
F is the Faraday’s constant, and RT/F is equal to 25.688 at
25◦C. E0 is the electrode potential which depends on the
type of reference electrode. Ideally, the Nernstian response
is −59 mV/pH at room temperature. However, Iridium oxide
is known to exist in various oxidation states [58], in addi-
tion to redox behaviors, extra protonation in a porous film
can produce a higher sensitivity deviating from the Nerns-
tian response [54]. The general reaction for Super-Nernstian

FIGURE 5. Sensitivities of PWE vs KRE tested in buffers solution in
sequences from acid to alkaline (2-4-7-10-13), and from alkaline to acid
(13-10-7-4-2).

behavior is described as [56], [59], [60], [61].

Ir(IV)oxide+ qH+ ne↔ Ir(III)oxide+ rH20 (3)

here values of n, q, and r vary with the oxide preparation
method,

[−IrIV − (OH)x − IrIV−]n + 2ne− + 3nH+

↔ [−IrIII − (OH)x−3 · 3H2O-IrIII−]n (4)

and

Ir2O(OH)3O
3−
3 + 3H+ + 2e− ↔ 2Ir(OH)2O− + H2O.

(5)

The redox reaction (4) shows that pH responses are depen-
dent on the oxidation states and can deviate from the value of
−59 mV/pH.

Two distinctive test sequences for the sensitivity study
in Fig. 5 show sensitivities of −65 mV/pH for the acid to
alkaline (2-4-7-10-13) steps, and −64.8 mV/pH for alkaline
to acid (13-10-7-4-2) steps. Symmetrical cathodic and anodic
peaks in the CV analysis [45] indicated similar potentials
generated at particular pH levels, which resulted in similar
sensitivities for both sequences. The multiple oxidation states
of Ir3+, Ir4+, and Ir5+ during CV analysis [45] agreed well
with the super-Nernstian response of the PWE electrode.
Olthius et al. demonstrated the pH sensitivity as a function
of oxidation state [54] and showed a higher oxidation state
due to extra protonation could produce a super-Nernstian
sensitivity [59].

Fig. 6(a) shows an example of the potential outputs of
PWE vs KRE immersed in buffer solutions for 60 secs in
five different pH solutions. Electrodes were tested in the
sequence pH 2-4-7-10-13-10-7-4-2 as one cycle. Distinct
output potentials for different pH levels show stability over
30 s. The electrode pair was then tested in 2 cycles. The
potential fluctuation (1V) at pH 2, 4, 7, 10 and 13 were 0.3,
0.6, 1.5, 0.6 and 3.7 mV, respectively. The potential deviation
(δV) at pH 2, 4, 7, 10, and 13 were 1.7, 5.7, 8.9, 14.7, and
17.6 mV, respectively. Low 1V and δV mean stable output
potentials and accurate pH distinction. The potential drift (V’)
at pH 2, 4, 7, 10, and 13 were 1.1, 3.7, 8.7, 0.6 and 32.2 mV,
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FIGURE 6. (a) Temporal response of PWE vs KRE in one test cycle with buffers at pH 2-4-7-10-13-10-7-4-2. (b) The
corresponding pH error (dpH) calculated from the hysteresis (dV) at the respective pH levels.

respectively. Increased drift (V’) at pH 13 is probably due to
higher and larger OH− groups in the strong alkaline solution
than in acidic solution [62], [63].

Fig. 6(b) shows the pH hysteresis (dpH) calculated from
potential hysteresis (dV). Hysteresis (dpH) was calculated
from dV obtained at the settled potentials according to the
sensitivity −66.8 mV/pH. The highest dpH of ±0.36 at
pH 7 was likely due to hysteresis caused by hydroxyl groups
trapped in the porous and OH− rich PPMMfibers. The lowest
dpH of ±0.02 at pH 2 was because of faster ionic diffusion
of small H+ ions between the electrode surface and buffer
solution. To validate, the PWE against CRE at pH 7 also
produced the highest dV of±22.2 mV, compared to other pH
levels. After calibration using the sensitivity curve of PWE
vs CRE, the pH was also found to be ±0.36. This indicates
that the higher hysteresis at pH 7 is likely due to the porous
nature of the PWE. Because the steps before pH 7 solution
were either pH 4 or 10, the residues in the pores became
different types - mainly either acidic or mainly alkaline ones.
Therefore, the hysteresis effect at pH 7 became inevitably
more apparent. Nonetheless, the similar performance of KRE
and CRE provides the feasibility of using planar reference
electrodes.

The response time of the PPMM sensor was measured by
switching from acidic to alkaline (pH 2 to 13) and alkaline to
acid (pH 13 to 2) solutions. Fig. 7 shows the response time of
4 s and 6 s when switched from pH 2 to 13 and pH 13 to 2,
respectively. Previously, the response time was measured as
3 s and 4 s, tested in the same fashion utilizing the PWE
against a commercial glass-rod electrode (CRE) [37].

1) pH RESPONSES IN SMALLER pH RANGES
A smaller pH range from pH 5 to 8 was tested for the PWE
vs KRE pair in commercial buffer solutions. A sensitivity
of −76.5 mV/pH was obtained for the smaller pH range
compared to that of −66.8 mV/pH for the wider range from
pH 2 to 13. The electrodes then were tested in the solutions
at pH 6.5, 7, and 7.5. These solutions were made from
the commercial buffer pH 8 solution by adding 2-M HCl.
The pH value was validated by the commercial pH meter.

FIGURE 7. Response time of the PWE vs KRE pair between two pH buffer
levels.

A sensitivity of −75.7 mV/pH was obtained from the three
points of pH 6.5, 7, and 7.5. The test results are plotted in
Fig. 8. Lower sensitivity in the wide range from pH 2 to
pH 13 may be due to electrodes being tested in highly acidic
and alkaline solutions. Although electrodes were cleaned
in deionized water, residues in the nano-scale pores were
inevitably more and hindered ion exchange. The output
potentials tested in smaller ranges fitted well with the overall
calibration curve obtained by a wide pH range.

FIGURE 8. Nernstian responses of PWE Vs KRE tested in different pH
ranges from buffer 2 to 13 (blue), buffer 5 to 8 (red), and buffer 6.5 to 7.5
(green).
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FIGURE 9. Stability in the PBS solutions at pH 7.4, 7, and 6.5.

The electrodes were tested in PBS solution around pH 7
for 14 minutes to investigate their stability in a similar envi-
ronment to a biological one. The PBS solution with a pH
value of 7.4 was adjusted to pH 7 and 6.5 by adding 2-M HCl
acid, validated with the commercial pH meter. Fig. 9 shows
the stable and distinct output potentials of the PWE vs KRE
in three different pH levels. It should be noted that the PBS
solution contains 0.137-M NaCl, thus the output potentials
were slightly higher than those in the pure buffer solutions.

D. INTERFERENCE EFFECTS
The interference studies using sodium and potassium salts
were performed at pH 7.5, 7, and 6.5. Commercial buffer
pH 8 was used as the base solution as it being closer to
body fluid [64]. pH 7.5, 7, and 6.5 with the addition of 2-M
HCl acid were prepared and validated by the commercial pH
meter. Lab-grade NaCl and KCl salts were weighed sepa-
rately and added to 50 ml solutions with different pH values.
Figs. 10 (a) and (b) show the signals within 30 s in pH 7.5,
7, and 6.5 solutions that have NaCl and KCl concentrations
of 0.1, 0.5, and 1 M. The addition of salt makes the solution
seemmore acidic with increased output potentials whenmore
salt was added. It was clear that the sensitivity became less in
a solution with a higher concentration of salt as the potential
steps became smaller. The interference molecules prevent ion
exchange on the interface. It should be noted that the sodium
and potassium concentrations used (0.5 and 1M) in the exper-
iments were much higher than those in the extracellular fluid
(140mMand 3.5mM for sodium and potassium, respectively)
in order to examine their extreme effects [65].

Previously, Yang et al. [51] demonstrated that integrating
an array of pH and salt sensors can correct the potential shifts
caused by adding salt. The shifted output potential due to
additional salt may cause a pH change (1pH), which needs
to be calibrated. Two types of calibrations were performed
at unknown and known salt concentrations. The 1pH in
Figs. 11 (a) and (b) are for NaCl and KCl, respectively. The
darker color bars indicate the pH changes when salt con-
centrations are unknown. The output potentials measured by
pH 7.5, 7, and 6.5 calibration solutions (no salt added) were
used to obtain the sensitivity slope. Then the sensitivity was
used to find the changed pH values after salt addition. The
original pH value of 7.5 became pH values of 6.58, 6.04,

FIGURE 10. Distinct output potential at different pH levels without and
with 0.1, 0.5, and 1-M addition of (a) NaCl and (b) KCl salt.

and 5.71, after 0.1 M, 0.5 M, and 1 M NaCl salt was added,
respectively, corresponding to 1pH of 0.9, 1.44, and 1.76.
Similarly, using the same sensitivity slope without salt added,
the original pH value of 7.5 changed to pH 6.12, 5.91, and 5.7,
after 0.1 M, 0.5 M, and 1 M KCl salt was added, respectively,
which created1pH of 1.37, 1.58, and 1.79 after salt addition.
The pH changes (1pH) are indicated in the darker color bars
also for the cases of pH 7 and pH 6.5 in Fig. 10. When the salt
concentrations weremeasured, the sensitivity slopes at 0.1M,
0.5 M, and 1 M NaCl or KCl concentrations were employed
to find the corresponding1pH. The1pH at pH 7.5 decreased
to 0.07, 0.01, and 0.01, for NaCl; and 0.04, 0.02, and 0.03, for
KCl, with 0.1 M, 0.5 M, and 1 M salt addition, respectively.
The decreased 1pH at the known salt concentrations were
also observed at pH 7 and 6.5, as shown in the lighter color
bars in Figs. 11 (a) and (b).

For comparison, measured pH changes by a commercial
pH meter (A211, Orion) when sodium salt concentrations
increased from 0 to 1 M for pH 7.5, 7, and 6 were 7.1,
6.61, and 6.08, respectively. For potassium concentrations
increased from 0 to 1M. the pH changed to 6.8, 6.3, and 5.86,
respectively. It is clear that the PPMM sensing fiber-based
electrodes have higher interference effects from salt, likely
due to the porous nature of the films, compared to conven-
tional glass-based pH electrodes.

E. ELECTRODE TEST PROTOCOLS
The experiments so far were performed with DI water clean-
ing before every test with the intention to study electrode
performance in a situation that has fewer interference factors.
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FIGURE 11. The 1pH after the pH calibration obtained at unknown
(darker colors) and known (lighter colors) (a) NaCl and (b) KCl
concentrations. The 1pH is pH difference between the pH value of
original buffer solution and that after of the solution with NaCl or KCl
added.

FIGURE 12. PPMM-based pH electrode beaker tested in different pH
solutions: 5, 5.3, 5.7, 6, 6.3, 6.5, 6.7, 7, 7.3, 7.5, and 7.8. The red arrow
denotes when electrode is switched between beakers. No DI water
cleaning to study real scenario.

An experiment without cleaning was performedwith finer pH
change steps from pH 7.8 to pH 5. Skin wound typically has
a pH level around pH 8 [66], [67]. So, the pH 8 buffer was
used as the base solution, and only HCl was added, in order
to keep the chemical compositions similar in all solutions,
to adjust the pH values. The buffers were prepared and mixed
well in 50-ml beakers and their pH values were confirmed
by a commercial pH meter (A211, Orion). Fig. 12 shows the
potential changes when the electrodes were immersed for 30 s
sequentially in different pH solutions from acidic to alkaline
conditions. The observed longer settling time in pH 7.8 and
smaller potential step in pH 6.5 were probably because of
accumulated residues on the electrode surfaces.

Fig. 13 shows a titration setup with the PWE vs KRE
pair and a commercial pH electrode immersed in the buffer
pH 8 solution. The pH level was adjusted by sequentially
dripping 20-µL 2-M HCl acid in the 250-ml buffer to pH 7.5,
7, 6.5, 6, 5.5, and 5. The PWE vs KRE potential was recorded
at a sampling rate of 7 S/s while the pH meter showed the
discrete pH value after stabilization, which typically took sev-
eral seconds. The PPMM electrode pair and commercial pH
electrode were separated by 6 cm to prevent ion interaction
between them. A magnetic stirrer gently mixed the added
acid into the solution for 60 s at a low speed of 30 rpm
to prevent turbulence. The recording started 30 s after the
stirrer stopped. The inset in Fig. 13 (b) shows the distinct
PPMM electrode output potentials. The PWE vs KRE output
potentials were converted to pH values from the sensitivity
slope and compared to the pH values from the pH meter in
Fig. 13 (b). The result shows reasonable agreement.

F. VISCOSITY EFFECTS
To investigate the effects of viscosity on electrical output
potentials, the planar PWE vs KRE electrodes were tested in
a solution with a lower viscosity of 1.2 cP, close to the blood
viscosity, and a higher one of 45 cP, similar to the one for
serous fluid [68]. The electrodes were also tested at the room
temperature (25◦C) and body temperature (37◦C). Acidic pH
6 buffer was used as the base solution since skin pH starts to
become acidic during the wound healing process [69]. Lab-
grade starch powders of 1% and 2.4% by weight were added
to 50mL of the pH 6 solution to reach viscosities of 1.2 cP and
45 cP, measured by the capillary tube viscometer (CANNON
Instrument). Fig. 14 shows the output potential consistently
decreased at 25◦C and 37◦C as viscosity was increased
from 1.2 cP to 45 cP. The reason is likely that the Amy-
lopectin from starch granules aggregates which prevents ionic
movement in the viscous matrices and decreases the output
potential [70].

With the three-point calibration slope of output potential
at known aqueous pH levels 5, 6, and 7, the potentials were
converted to find pH values for viscous solutions. The pH
changes (1pH) between the aqueous and viscous solutions,
1.2 cP or 45 cP, were 1.1 and 0.62 at 25◦C, respectively. The
1pH became 0.89 and 0.54 at 37◦C, respectively. The com-
mercial pH meter was also used to measure the aqueous and
viscous solutions. Results showed 1pH as 0.24 and 0.14 at
25◦C for viscous 1.2 cP and 45 cP solutions, respectively,
compared to the aqueous one. The values became 0.25 and
0.12 at 37◦C. Both the planar PWE vs KRE electrode pair and
the glass-bodied pH meter confirmed changes in outputs due
to viscosity and temperature. The higher 1pH for the PWE
in viscous solution is likely due to large amylopectin starch
molecules on the porous membrane, which have more sig-
nificant effects on the pores between PPMM fibers because
of the comparable sizes and prevent ion exchanges on the
IrO2 particles. The temperature dependence is expected as
described in Eq. (2).
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FIGURE 13. (a) Titration setup with a commercial pH meter to validate pH changes, and the PWE vs KRE electrode pair
to continuously detect the output potential as HCl is added. (b) The pH values of the PWE vs KRE pair, calculated by
the sensitivity curve, are compared to the pH values obtained from the pH meter. The inset shows distinct potentials.

FIGURE 14. The output potential of the PWE vs KRE electrode pair in the
pH 6 solution with two different viscosities of 1.2 and 45 cP at 25◦C and
37◦C.

G. BANDAGE CONFIGURATION
A PPMM-based reference electrode (PRE) was prepared by
screen printing Ag/AgCl paste on PPMM. To demonstrate
the use of PPMM-based sensing films in electronic ban-
dage applications, the PWE vs PRE pair electrodes were
assembled. Fig. 15 (a) illustrates the assembling of PPMM
electrodes into a bandage configuration. The electrodes were
first placed on cotton contact fabric. Ag/AgCl conductive
lines were screen printed on the fabric from the surfaces of
PWE and KRE film and extended to the edge of the fabric.
An absorbing layer, made of porous compressed cotton fibers,
was applied onto the electrodes to allow liquid transfusion.
The contact fabric then was placed on an elastic adhesive
gauze layer [71]. Two wires were threaded through the gauze
layer and connected to the Ag/AgCl by silver epoxy. The
gauze layer insulated the conductive lines from liquid yet
allowed signal transduction from the exposed IrO2 PWE and
Ag/AgCl KRE area. Fig. 15 (b) shows the experimental setup
for temporal pH responses as pH solution was dripped from
a pipette onto the porous and fibrous surface.

The test was performed in a smaller pH range between
6.5 and 7.5. 2-M HCl was added to pH 8 based solution to
produce solutions with a 0.1 pH step change. The calibration
was performed between pH 6.5 and 7.5. The pH values were
calculated from the output potentials by the sensitivity slope.
The pH accuracy was analyzed in the Clarke error grid as

FIGURE 15. (a) Assembling of electrodes in a bandage. (b) pH buffer
solution was dripped on the absorbing layer and reached onto the
electrodes.

FIGURE 16. Clarke error grid for dripping solutions with 0.1 pH step
changes onto the bandage. The inset shows PWE detects pH change in
the bandage configuration.

shown in Fig. 16. The inset shows that PWE vs KRE elec-
trode pair in the bandage package can distinguish the 0.1 pH
change. The Clarke error grid compares the known buffer pH
levels, measured by a commercial pH meter (A211, Orion),
and the pH values from the PPMM-based sensor. The data
points fell in the zone A indicating acceptable pH accuracy
in aqueous pH solutions.

Uric acid plays several important roles in the wound
healing processes in the microenvironment of tissue and is
considered a major alarmin released by dying cells [72],
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FIGURE 17. Clarke error grid as uric acid (UA) concentration increases in
the PBS solution.

[73], [74]. Uric acid was found elevated significantly in
wound fluid after tissue injury, with relative concentrations
correlated to chronic wound conditions. The severity of a
wound can be monitored by sensing the concentration of uric
acid or its precursors in wound fluid, as suggested in [75].
Such monitoring is likely to provide information to assess
the healing process of the wound. Conventional uric acid
detection in blood or urine requires bulky equipment and
sufficient samples. The portable testing kit detects uric acid in
blood uses disposable test strips and requires a drop of blood
obtained by finger prick with a lancet [76], [77]. The method
is valuable for monitoring blood in screening gout, cardiovas-
cular diseases, and diabetes [78], [79], however may not be
appropriate to monitor wound fluid in situ. Electrochemical
enzymatic means enables short-term continuous detection of
uric acid and can potentially be a direct assessment of wound
[80], [81]. In this work, as the direct detection of uric acid is
not our goal, we investigated pH variations due to uric acid
concentration changes as one of the precursors in the wound
healing process.

Uric acid concentration is reported to be within
220–750 µM in wound fluid [82] Stock solution of 0.1-M
uric acid (UA) was prepared by mixing UA powders and
0.1-M phosphate buffer saline solution (PBS) heated at 37◦C
for solubility. UA concentrations of 200, 400, and 800 µM
were prepared from the stock solution and stored in 50-mL
beakers. PWE andKRE electrodes were sequentially tested in
different UA concentrations without DI water cleaning. The
output potential responses were converted to pH values from
the calibration curve and compared to the values measured
by a commercial pH meter. The results are compared in the
Clarke error grid shown in Fig. 17. An increased pH due to
UA concentration increases was also observed in [83]. The
pH variation due to UA then can be a valuable precursor to
determine wound severity.

Since the materials used in the bandage were breathable
and conformable, the demonstrated performance gave great
promise for monitoring pH variations on skin or wounds.

IV. CONCLUSION
This work demonstrated the fabrication and characterization
of an electrical pH sensor based on a porous paper-like mate-
rial of polypropylene micro membrane (PPMM) for potential
applications in skin wound monitoring. Individual PPMM

fibers were conformally coated with gold at 30◦C by an
electroless process to produce conductive fibers and serve
as the base for electrodeposition of IrO2 nanoparticles. The
fabrication technique eliminates the requirement of an ele-
vated temperature in the conventional processes of depositing
IrO2. The porous, soft, and conformal bioelectrode exhibit
mechanical biocompatibility which can be used for paper-
based wearables and point-of-care microfluidic devices.

The cyclic voltammetry responses show sufficient charg-
ing currents in the small form factor of the planar electrodes.
The pH characterization shows Nernstian response in a wide
pH range from pH 2 to 13, and smaller ranges between
5 and 8, as well as between 6.5 and 7.5. Parameters related
to hysteresis, potential drift, deviation, and fluctuation were
investigated. Hysteresis around pH 7 seemed to be more com-
pared to other levels due to the porous nature of the substrates.
Other parameters indicated repeatability and stability of the
electrodes. Stability was also investigated in phosphate buffer
saline (PBS) at pH 6.5, 7, and 7.4, which was similar to the
biological environment. Interference effects from salt were
investigated with various sodium and potassium concentra-
tions. Calibration at known salt concentrations showed less
pH error, indicating the sensing electrodes should be cali-
brated according to the sodium and potassium concentrations
in human body fluids.

Electrode test protocol without water cleansing in the pH
range of pH 5 to 8 showed the PPMM-based sensor con-
sistently detected finer pH changes. Comparable pH values
to a commercial pH meter during titration showed reliable
pH-sensing performance. The pH changes detected by the
PPMM-based sensor in viscous solutions at two different
temperatures were compared to a commercial sensor. The
investigation showed that the planar electrodes should be
calibrated for viscous solutions and at the body temperature
for their uses in wearables. Electrodes were assembled in a
bandage configuration for feasibility studies. The pH values
analyzed in a Clarke error grid showed acceptable pH accu-
racy in the physiological pH range. The increased uric acid
concentration causes pH value changes, which could be an
important marker for wound conditions.

The chemicals and materials involved in the fabrica-
tion of electrodes with negligible bio-toxicity and the bio-
compatible and gas-permeable properties of polypropylene
micro membranes provide advantages of the proposed elec-
tronic bandages for wound monitoring. The conductive poly-
meric membranes, sensing electrodes, and their ability to
be integrated with microprocessors and wireless electronics
open a new avenue for disposable Internet-of-Things (IoT)
wearables and paper-based point-of-care devices. The cost-
effective materials and fabrication processes make it benefi-
cial for mass production and large-population applications.
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