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Abstract—The pH value in bodily fluids is a crucial diagnostic marker.
Conventional glass-rod pH sensors display reliability in aqueous so-
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lutions, but the pH-sensitive glass membrane makes them prone
to inaccuracies in viscous solutions due to elevated junction po-

tentials and bulky design hinders miniaturization. To overcome this
issue, this work introduces a new pH sensor design and fabrica-
tion that enables miniaturization and reliability in aqueous and vis-
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cous solutions and facilitates insertion into a needle for in vivo

monitoring. Utilizing a printing technique for the application of iridium oxide (IrOx) and silver/silver chloride
coating on a single flexible polyimide substrate offers cost-effectiveness and production scalability. The sen-
sor then is tailored with a sharp blade to a narrow strip that fits into a 20-gauge needle. The electro-
chemical measurements demonstrate that electrodes produced through this method demonstrate an accuracy
of up to 0.1 pH within a narrow pH range (7.35-7.45) in buffer solutions and real human serum tests.

Index Terms—Sensor phenomena, biofluid, flexible, iridium oxide (IrOy), miniature, pH sensor, printable back-to-back (b2b).

I. INTRODUCTION

The pH value indicates H* activity in tissues, which is crucial for
health assessment [1]. pH change in body fluid shows metabolic states
and is frequently monitored for medical diagnosis. For instance, tumor
cells proliferate as the extracellular pH changes from normal pH 7.3
to abnormal pH 6.8 [2] leading to vital organ failure due to an acidic
environment [3]. Reports suggest that skin pH changes from a mean
acidic pH 4.7 to an alkaline pH 9 in chronic wounds [4]. Inflammatory
responses, such as sepsis, require early diagnosis for timely treat-
ment [5]. Therefore, pH sensors are crucial for treatment regulation and
early diagnosis [6]. Traditional pH-sensitive glass membranes offer
stable pH responses in an aqueous solution, but in viscous fluids,
such as blood, protein adsorption causes inaccuracies [7], [8]. Salt
bridges can mitigate this effect and prevent contamination, but they are
bulky. Recent advances in wearables integrate salt bridges on flexible
substrates, but only for skin applications [9], [10]. This letter proposes
apH sensor eliminating the need for salt bridges and enabling miniatur-
ization for needle insertion to conduct fluid pH monitoring in tissues.

Biofluid sensing requires miniature pH electrodes to exhibit bio-
compatibility, sensitivity in the physiological pH range, and quick
response. Although commonly used pH-sensitive materials, such as
hydrogen ionophores (HI) and polyaniline (PANI) demonstrate excel-
lent pH characteristics, they raise concerns regarding biocompatibil-
ity [11]. Microelectrodes coated with HIs, such as tridodecy-lamine
and 4-nonadecylpyridine, are suggested to be biotoxic during direct
skin contact [12]. PANI with low-molecular weight benzidine as a
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byproduct has been studied to be cytotoxic and carcinogenic [13].
Therefore, for a detection platform, these materials are suggested to
avoid open skin or tissue contact [14].

Most pH-sensitive metal oxides coated on flexible polyimide sub-
strates show negligible toxicity and allow size scalability [15]. Among
these, iridium oxide (IrOy) stands out for its biocompatibility and
inert nature, extensively researched in physiological and microscopic
settings [16]. Reports demonstrate that IrO,, possesses desirable prop-
erties, such as high charge injection, making it suitable for neural
implants without damaging surrounding tissues [17]. Size scalability
and substrate flexibility enable continuous blood pH monitoring from
veins with a minimal blood sample volume as demonstrated in animal
experiments [18]. The Nernstian relationship between potential and pH
over a wide pH range [19], biocompatibility [20], quick response in
aqueous and nonaqueous solutions [21], and selectivity [22] features
make IrO, an attractive choice for physiological measurement pur-
poses. Common IrOy deposition includes thermal, radio-frequency
magnetron sputtering, and sol-gel processes. While thermal and
sputtering methods necessitate vacuum systems, elevating processing
costs, sputtered IrOy films (SIROF) display robust adhesion and have
been investigated for neural stimulation [23]. However, the coating
process is not economical due to material waste from high-purity target
discs. To reduce material waste, recent efforts have been made to create
uniform flux and prevent preferential material usage from circular
areas [24]. The additional steps to reclaim material waste and vacuum
units make the SIROF methods expensive. Sol—gel deposition does
not require vacuum systems and waste is minimized since deposition
is equal to consumption during film growth. Sol-gel provides good
adhesion [25] and the film thickness can be increased by multiple
dipping [26]. Our group demonstrated a sol-gel IrOy film coated on
polyimide with a thermal tolerance of 400 °C and the oxide layer
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Fig. 1. (a) IrCl3 solution coated on flexible polyimide by R2R process.
(b) Coated polyimide heated for IrO, development. (c) Ag/AgCl ink
printed on the other side of polyimide. (d) Electrode photo. (e) Cross-
sectional view. (f) Tailored miniature b2b electrode design.
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is formed at 325 °C [27], [28], [29]. Previous design was a typical
potentiometric pH sensor with two electrodes, one operating as the
working electrode and the other as the reference electrode [27], [28],
[29]. This letter reports a new design with IrOy as a working electrode
and Ag/AgCl as areference electrode, both printed back-to-back (b2b)
on a single piece of a polyimide film. For applications, the electrode
was miniaturized to 0.5 x 10 mm? to fit inside a 20-gauge needle for
detecting a small fluid volume inside tissues.

Initial measurements, such as open-circuit potential (OCP) and
cyclic voltammetry (CV), in buffer showed promising results with
test protocols performed with 0.5 and 0.1 pH step changes. Detecting
small changes is crucial to identify metabolic state since the blood pH
range is 7.35-7.45. Miniature b2b electrodes were further probed into
a phantom for monitoring human serum with 0.1 pH changes. Clarke
error grid analysis demonstrated the repeatability feature of the sensing
electrode.

II. ELECTRODE FABRICATION AND MATERIALS

Flexible polyimide (Sheldahl, USA) was coated with copper and
gold layers (18 and 90 nm thick, respectively). Anhydrous iridium
(Sigma, USA), ethyl alcohol (Supelco, USA), and 80% acetic acid
(Labchem, USA) were mixed for the sol-gel solution. The iridium
chloride (IrCl3) solution was coated on the polymeric substrate using
a roll-to-roll (R2R) process [29]. The processes are shown in Fig.
1(a)—(c). The substrate was heated at a rate of 1 °C/min, held at 325 °C
for 4 h to form IrO,, and then cooled at —1 °C/min. The Ag/AgCl
paste was applied to the backside of the electrode using screen printing.
Individual electrode photos and cross-sectional views are provided in
Figs. 1(d) and (e). The miniature b2b electrode, designed for probing in
a phantom, is shown in Fig. 1(f) with a sensing area of 0.5 x 10 mm?,
and an electrical connection pad of 2 x 2 mm?.

Custom buffers were made by mixing commercial buffers with
0.05-M sodium chloride (NaCl) salt (Fisher, USA) to enhance solu-
tion conductivity. For biological relevance, miniature electrodes were
tested in phosphate-buffered saline (1X PBS) (Fisher, USA) with a
0.137-M NaCl concentration [30]. pH levels of PBS were adjusted
with hydrochloric acid (HCI) (LabChem, USA) and sodium hydroxide
(Sigma-Aldrich, USA). Buffer solution temperatures were monitored
with a digital thermometer (Elitech, USA). A commercial pH sensor
(Apera, USA) measured human serum pH (Sigma-Aldrich, USA). A
phantom with a silicone tube mimicked blood vessels for the body
fluid experiments. Electrochemical techniques, including OCP and
CV, were conducted using a potentiostat (CH Instrument, USA).
The electrical interface and data recording were established using a

electrode and single-sided electrodes of IrO, versus AgCI that are
spaced with a distance from 2 to 80 mm. (b) Nernstian response shows
b2b fits linearly into the calibration curve. All electrode sizes were
2 x 10 mm? for consistent comparison.
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Fig. 3. (a) OCP measurement of a miniature b2b electrode from pH 9
to 6 with 0.5 pH steps. (b) Sensitivity from OCP measurements.

data acquisition card (National Instruments, USA), controlled by a
LabView program, with a sampling rate of 1 S/s.

[ll. RESULTS AND DISCUSSION

A. B2B Design Compared to Two-Electrode Design

The b2b printed electrode was tested in custom buffers and com-
pared to a two-electrode design from previous studies [29]. The inset
in Fig. 2(a) illustrates the two-electrode design configuration where
IrO4 (green) and Ag/AgCl electrodes (black) are separated by “x” mm
distance ranging from 2 to 80 mm. All electrode sizes were 2 x 10 mm?
and tested in custom-made buffers pH 4, 7, and 10. The electrodes
were tested for 60 s in all pH levels. Fig. 2(a) shows that the potential
responses for the b2b electrode are consistent with those by two-
electrode designs. Fig. 2(b) demonstrates that regardless of electrode
spacing, the Nernstian sensitivities of =59 mV/pH are maintained. This
shows printing IrO,, and Ag/AgCl b2b does not change the Nernstian
responses dramatically.

B. Miniature B2B Electrode in PBS

The b2b electrode was further miniaturized to 0.5 x 10 mm?, as
shown in Fig. 1. For biofluid applications, this electrode was tested in
1X PBS from pH 6 to 9 for biological relevance. All 1X PBS solutions
had 0.137-M NaCl salt concentration close to that in typical human
body fluid [30]. Fig. 3(a) shows the OCP measurements for 60 s at
each pH solution from pH 6 to 9. Electrodes were cleaned in deionized
(DI) water between tests. The output potential changed with every
0.5 pH step. The electrode showed a sensitivity of —49.5 mV/pH in
Fig. 3(b). The reduced surface area of 0.5 x 10 mm? could account
for the lower sensitivity, compared to —59 mV/pH of 2 x 10 mm?
electrodes. Liao and Chou [31] demonstrated that the sensitivity of
metal oxide is influenced by the number of hydroxyl groups per unit
surface area.
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Fig. 4. Electrochemical measurements of a miniature b2b electrode
during (a) OCP from pH 7 to 8 with 0.1 pH steps and (b) CV in PBS
1X pH 7.5 with a scan range of —0.8 to + 1 V and a scan rate of 10
mV/s.
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Fig. 5. Miniature b2b electrodes tested at (a) 25 and 37 °C.
(b) Corresponding sensitivities.

The miniature b2b electrode demonstrated acceptable hysteresis
(dV) and their corresponding pH variation (dpH), as indicated by the
error bars in Fig. 3(b). Hysteresis (dV) was previously defined as the
standard error of the potential difference at the same pH level [29]. The
“+£” sign in the dV indicates an average variation between the maxima
and minima potentials. Hysteresis was in the range of +(0.7-2.9) mV
with a corresponding pH variation (dpH) range of +(0.01-0.06) in
various aqueous buffer solutions.

Fig. 4(a) shows the miniature b2b electrode tested continuously
from pH 7 to 8 without DI cleaning. Each test continued for 120 s
and the output potential changed with every 0.1 pH step change.
The dotted line at pH 7.5 showed a stable OCP output of 0.19 V
comparable to the anodic peak in Fig. 4(b) during the CV measurement.
Similar anodic and cathodic enhanced areas illustrate reversible elec-
trochemical mechanisms. For CV, the miniature 0.5 x 10 mm? IrO,
was tested against a commercial glass-rod Ag/AgCl electrode and a
platinum foil used as reference and counter electrodes, respectively.
The CV study using a commercial Ag/AgCl electrode corroborates the
stable and repeatable performance of a change to the miniature b2b
electrode.

C. Temperature Effect

Fig. 5(a) shows that miniature b2b electrodes were first tested
from pH 6 to 8 at the room temperature of 25 °C and then switched
to 37 °C. Tests were performed in a 30-mL beaker, and a digital
thermometer tracked temperature rise to 37 °C. The electrodes were
cleaned in DI water between tests to remove surface residues. The
output potential was recorded for 5 min at pH 6, 7, 7.5, and 8. The blue
and red lines indicate tests at 25 and 37 °C, respectively. The decreased
output potentials at 37 °C are consistent with previous reports [29]. Fig.
5(b) shows the comparable sensitivities of —49.1 and —41.9 mV/pH
at 25 and 37 °C. The sensitivities were linear at both temperatures
indicated by R? values.

(®)

Outer diameter: 0.9 mm

Inner diameter: 0.6 mm

—

b2b
electrode

Fig. 6. (a) Photo of a 20-gauge stainless needle. (b) Miniature b2b
electrode inside a hollow needle. (c) Blood vessel phantom and illus-
tration of the needle insertion.

D. Miniature B2B Electrode Tested in Human Serum

Fig. 6(a) shows a 20-gauge hollow needle with a size safe for biopsy
sampling in clinical practices [32] and Fig. 6(b) illustrates the inner
and outer diameters of 0.6 and 0.9 mm, respectively, for the placement
of the miniature b2b electrode with a width of 0.5 mm inserted inside
the needle. For the fluid tests, Fig. 6(c) shows a silicone phantom with
an artificial vessel tube filled with 1 mL of human serum. The needle
was used as a guide to allow the interfacing between the miniature b2b
electrode and the human serum inside the vessel. The phantom tube
diameter of 5 mm is close to that of a forearm vein, while the average
vein diameter in the human body is in the range of 7-15 mm [33].
The calculated amount of liquid in contact with the pH probe
was 10 L.

Four different solutions were used: PBS solution with a pH of 7.5,
and human sera with pH levels of 7.68, 7.9, and 8. A commercial pH
meter measured the commercial human serum as pH 8. The direct
addition of concentrated 16.456-M HCl to the serum for pH adjustment
led to protein denaturation within the serum, resulting in unreliable
and noisy readings. Instead, mixing the PBS solution with the human
serum at fixed ratios yielded more stable and accurate results. For
instance, mixing the pH 8 serum with a pH 6 PBS solution in a 2:1
ratio resulted in a serum of pH 7.68. Similarly, combining the pH
8 serum with pH 7.5 PBS solution in a 1:1 ratio produced a serum
with pH 7.9.

Four newly made miniature b2b electrodes were tested in the four
solutions inside the phantom, as shown in Fig. 7. The electrodes
showed low potential drift (V') when tested for 1 h. The V’ is indicated
by the dotted line, which was previously defined as the difference
between the initial potential shoot and settled potential [29]. The V’
atpH 7.5,7.68,7.9, and 8 were 5.6, 1.6, 1.2, and 0.8 mV, respectively.
The electrode showed a stable and distinct response to a 0.1 pH
step change in human serum. To demonstrate repeatability, three new
electrodes underwent ten tests each in sera with pH 7.68, 7.9, and
8. Two calibration methods were employed using data from PBS and
serum. The first calibration used the output potentials of PBS at pH 7.5
and serum pH 8 to establish the potential-pH slope. The maximum pH
variations from such a calibration were 0.01, 0.01, and 0.05 at pH levels
7.68, 7.9, and 8, respectively. The second calibration method utilized
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Fig. 8. Repeatability of miniature b2b electrodes tested in human
serum shown in a Clarke error grid.

output potentials at pH levels of 7.68, 7.9, and 8 of serum, resulting in
reduced variations. After the calibration slope was established, among
the subsequent nine tests, the highest pH variations observed were
0.001, 0.03, and 0.002 for tests conducted at pH levels of 7.68, 7.9, and
8, respectively. Fig. 8 shows the pH outputs after the serum calibration
was established in a Clarke Error Grid. All nine pH values overlap,
indicating an acceptable accuracy.

IV. CONCLUSION

This letter presents a miniature pH sensor fabricated b2b on a flexible
polyimide film and tailored into a strip small enough to fit inside a
20-gauge needle. It was designed to detect a small volume of biofluid
inside tissues, particularly a blood vessel. The electrode exhibits
responsiveness to 0.1 pH variations with repeatability in both buffer
solutions and mixed human sera. The ability to detect such subtle pH
changes is vital for monitoring human health conditions, given the
narrow pH range of human blood (7.35-7.45). The biocompatibility of
IrOy, coupled with its capability to detect small pH changes, renders ita
suitable material for clinical diagnostic purposes. Its simple fabrication
process and compact size pave the way for potential integration into
medical instruments for early detection of blood infections, such as
sepsis. The timely identification of sudden pH change is crucial for
prompt treatment at the initial stage of infection to avoid catastrophic
and potentially deadly outcomes.
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