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ABSTRACT

Chronic wound pH is a key indicative parameter for assessing
the healing progress. Due to their size and inability to sample
multiple wound regions independently, commercial pH meters are
not well-suited for spatial maping of wound pH. To address this
issue, we present an inexpensive, flexible array of pH sensors on a
paper platform. Each sensor consists of two electrodes screen-
printed (using a laser-defined mask) on an acrylic-coated paper
(i.e. palette paper), a Ag/AgCI reference electrode, and a carbon
electrode coated with a conductive proton-selective polymer,
(polyaniline, PANI). Laser-machining is further used to create a
self-aligned passivation layer that is bonded over the sensors by
lamination technology. Characterization of the pH sensors reveal a
linear (r? = 0.9734) relationship between output potential and pH
for values in the pH range of 4-10, with an average sensitivity of
—49.5 mV/pH. The sensors feature a response time of 4 min and
very limited hysteresis over four pH cycles (pH 4 to 10 to 4).

INTRODUCTION

The pH level in the wound bed is a key indicative parameter
for assessing the healing progress of chronic wounds. Unlike
healthy skin or healing acute wounds that have a slightly acidic pH
(5.5-6.5), chronic wounds often exhibit pH values higher than 7.4
due to alkaline byproducts of bacterial colony proliferation [1]-[3].
Thus, pH monitoring offers a method for promptly identifying such
infections in order to effectively treat them in a timely manner.

Commercial pH meters can be used in acute or uniformly-
healing wounds, but their practical efficacy in chronic wounds is
limited by their inability to sample multiple wound regions
independently and efficiently. In many cases, the irregular vascular
structure of chronic wounds causes a heterogeneous distribution of
infection in the wound bed, resulting in drastic pH variations
throughout the affected area [4]. The design of most commercial
pH meters makes their use impractical for assessing such wounds.
Traditionally, these sensors consist of a doped glass membrane
(e.g., thin amorphous silicon dioxide with alkali metals). The
electric potential across the glass membrane is sensitive to changes
in the concentration of H* ions in the solution. The potential
difference is measured with respect to a reference electrode that is
immersed into the same solution (usually combined with the
working electrode into one device) [5]. Although many
improvements over the decades have achieved a small device
footprint, many drawbacks still remain, including a limitation to
single-point measurements, a hard structure that may cause tissue
insults, and a lack of mechanical flexibility that prevents it from
conforming to the wound bed. A more practical alternative to
wound pH monitoring would be a flexible array of pH sensors that
can cover the wound site and generate a map of pH levels
throughout the wound site, thus revealing the location and
concentration of bacterial infections.

To improve compatibility of pH sensors with soft materials,
recent research has produced several sensor designs that further
minimize size and increase mechanical flexibility. A common
approach the use of ion sensitive field effect transistors (ISFETS)
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[6]-[8], which feature a small size and fast response and are
suitable for in vivo applications. Their main drawback, however, is
the fabrication process which requires time consuming and costly
cleanroom processing. An alternate approach is the use of metal
oxides (e.g. IrO,, RuO,, Sn0,) formed on various substrates by
processes such as sputtering, electro-deposition, and sol-gel [9]-
[12]. These sensors feature a near-Nernstian performance, potential
and thermal stability, and a sensitivity as high as =77 mV/pH [13];
however, they usually exhibit significant drift [14].

More recently, researchers have developed polymer-based pH
sensors, including chemo-mechanical sensors based on pH-
responsive hydrogels [15]-[17] as well as electrodes coated with a
proton-selective polymer film (e.g., polyaniline, polypyrrole) [18],
[19]. While the former type boasts unmatched mechanical
compliance, its slow response time and requirement for special
storage (hydrated) conditions limit its practical utility. The latter
type, in contrast, offers a satisfactory degree of flexibility along
with a straightforward and inexpensive fabrication process. For
these reasons, such conductive polymer-based pH sensors have
shown great promise for biomedical applications.
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Figure 1: (a) A 3D exploded view of the 3 x 3 pH sensor array on
paper with self-aligned encapsulation. (b) Illustration of its
implementation as a component of wound dressings for advanced
wound monitoring.

In this work, we followed a similar conductive polymer
approach and employed PANI to develop an inexpensive and
flexible array of pH sensors on a paper substrate. The sensor array
features fabrication using commercial technologies for rapid
prototyping. Figure 1 shows a schematic of a 3 x 3 array of sensors
on a paper substrate. Each individual sensor consists of two
electrodes, one being a Ag/AgClI reference electrode and the other
a carbon electrode coated with a conductive proton-selective
polymer, polyaniline (PANI). The sensors are screen-printed on an
acrylic-coated paper (i.e., palette paper) using a laser-patterned
tape as a mask. This method features a simple technique for
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directly patterning the mask on the paper substrate. Laser
machining is further used to create a self-aligned passivation layer
that is bonded over the sensors by using a commercial laminating
machine.

SENSOR DESIGN AND MEASUREMENT

Theory of operation

The operation of the pH sensors is based on the protonation and
de-protonation of nitrogen atoms in the polymer chains of PANI
[20]. In acidic solutions the polymer is doped with H* ions to
create the emeraldine salt (ES) form of PANI, which is known for
its high electrical conductivity. This resulting surface charge
increases the electrical potential of the electrode relative to the
reference. When the polymer is subsequently immersed in an
alkaline solution, the captured H* ions are neutralized, resulting in
decreased surface charge (and hence potential) on the polymer.
The deprotonated or neutralized form of PANI is referred to as its
emeraldine base (EB) form and is not electrically conductive. This
pH-dependent electrochemical equilibrium between the ES and EB
moieties of PANI results in an inverse relationship between the
electrochemical potential of the sensing electrode and the pH of its
environment.

Sensor fabrication

Figure 2 shows the fabrication process of the pH sensor array.
First, a single layer of tape (3M® MagicTape™) is attached to a
piece of palette paper substrate to act as a mask (Figure 2b). The
electrode mask pattern is then defined on the tape by directly
writing on the tape with a laser engraver (Universal Laser Systems,
Inc., Scottsdale, AZ). This process ablates the cellulose acetate
backing of the tape, leaving behind only the adhesive layer
(Figure 2c). To eliminate the need for alignment, the insulating
layer is fabricated on the same substrate with the tape mask by
laser machining openings on the side of the paper without traces.
Next, the carbon and silver patterns are screen-printed onto the
palette paper (Figure 2d). The inks are allowed to cure at 100 °C
for 30 min. After curing, the tape mask is peeled off, revealing 9
carbon and 3 silver electrodes on the palette paper.
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Figure 2: Fabrication process of the sensor: (a-c) laser-pattern
tape to act as a direct mask; (d) screen print silver and carbon
electrodes; (e) remove tape mask; (f) chloridate silver electrodes
as the reference electrodes; (g) drop-cast PANI on carbon
electrode with HCI doping; (h) fold the isolation layer over the
electrodes, and bond by lamination.

Following that, the silver chloride electrode is prepared by
selectively electroplating a layer of silver chloride on the silver
electrodes using a current of 1 mA for 2 min in a 1.0 M NaCl
solution. After the electrolysis process, the surface of the
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electrodes is rinsed with de-ionized water and allowed to dry at
70 °C for at least 3 hours.

Meanwhile, a polyaniline solution is prepared by dissolving
25 mg of polyaniline emeraldine base in 25 mL dimethyl sulfoxide
(DMSO). The base form is used since it is very soluble in organic
solvents such as DMSO and ensures uniform coating of the
polyaniline on carbon. The polyaniline emeraldine solution is
stirred with a magnetic rod for 5 hours before use.

After the electrodes on the paper have dried, a 4 pL volume of
polyaniline solution (ion selective membrane) is drop-casted on the
carbon electrode and allowed to dry on the carbon traces for 24
hours at room temperature. Following that, the PANI is doped with
HCI in a vacuum chamber for 5 hours. The HCI fumes in the
vacuum chamber introduce H ions into the polyaniline emeraldine
base film to produce the polyaniline emeraldine salt [20]. During
the doping process the polyaniline base film is protonated changes
color from dark blue to dark green, which has a higher
conductivity compared to emeraldine base.

The electrodes are then rinsed with de-ionized water and
desiccated by heating in an oven at 70 °C for 3 hours. Finally, the
palette paper substrate is folded in half to create a structure with 9
pH sensor interconnections sandwiched between the two layers of
palette paper. Bonding between the two layers of paper is
accomplished using a hot roll laminator (Apache AL13P
Professional) at 143 °C.

Measurement setup and procedure

To evaluate the performance of the pH sensor array,
potentiometric measurements were conducted in different pH
buffer solutions from pH 4 to pH 10. For pH values of 4, 7, and 10,
commercial buffer solutions were purchased (Pinnacle pH Buffers,
Nova Analytics) and used directly. To achieve a complete range of
pH 4 to pH 10, additional pH buffer solutions (pH 5, 6, 8, and 9)
were prepared by mixing different ratios of the commercial
solutions. The pH for all buffer solutions was verified with a
commercial pH meter (Model 1Q125, IQ Scientific Instruments,
USA) prior to all experiments.

The potentiometric measurements were conducted at room
temperature using an Agilent 34401A digital multimeter. The
multimeter was set to high impedance mode in order to reduce the
current driven from the sensors. A computer was connected to the
multimeter via a GPIB interface, and continuous data acquisition
was implemented using Agilent's IntuiLink software in
combination with Microsoft Excel. The measurements were carried
out by immersing the working and reference electrodes of each
sensor in different buffer solutions and measuring the potential
across the electrodes.

To assess the sensor in terms of stability and repeatability the
sensors were tested in titrated cycles from pH 4 to pH 10 and back
to pH 4. The sensors were sequentially placed in different levels of
pH solution (without rinsing the sensors in between solutions).
Meanwhile, the potential between the working and reference
electrodes was recorded as a function of time at a sampling
frequency of 1 Hz.

The conductive traces of individual sensors on the array must
remain electrically isolated from each other in a moist wound
environment in order to minimize noise in the output of the
sensors. To evaluate the reliability of the packaging used here, we
investigated current leakage in a modified array of metallic traces
on various substrates. The experimental setup for these tests is
illustrated in Figure 3. Each test sample consisted of two
conductive traces patterned on palette paper and sealed with a
thermally laminated layer of various insulating materials (75 pm-
thick Kapton® tape, Scotch® MagicTape™, and palette paper). The



samples were placed in a phosphate-buffered saline (PBS)
solution, to mimic wound fluid. A 1 volt bias was then applied to
the two ends of the electrodes using a Hewlett-Packard E3630A
DC power supply. Meanwhile, the leakage current between the two
electrodes was monitored over a period of 24 hours using a
multimeter with the data acquisition setup described above. As
control samples, two conductive traces without insulating layer
were also tested under the same conditions. In all cases, the
solution was stirred constantly during the experiments using a
magnetic stirrer.
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Figure 3: Scheme of the test setup for testing leakage current.

RESULTS AND DISCUSSION

Figures 4(a-b) show photographs of the sensor array in its
final fabrication steps (folding and lamination); the final device is
shown in Figure 4c. The resulting array is flexible and comfortably
wearable. The working areas of the pH-sensitive electrodes have a
2 mm diameter. The number and density of sensors can be further
adjusted during the design to accommodate specific wound sizes
and geometries. Such sensor platform offers versatile adaptability
for either low-production patient-customized fabrication or high-
volume roll-to-roll manufacturing. The next two subsections
discuss the performance of the sensor array.
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Figure 4: Photograph of the fabricated pH sensor array, (a)
fabricated electrodes on paper; (b) folding the encapsulation layer
over the electrodes; (c) the final array of pH sensors after
lamination. Scale bar: 5 mm.

Sensor performance

Figure 5 shows the potentiometric response of each sensor as
a function of pH. The data reveal a linear (r* = 0.9734) relationship
for 7 different pH conditions (in the range pH 4-10), with average
sensitivity of —49.5 mV/pH. This response is characteristic of
Nernstian theory for pH sensors.

Figure 6 shows the results of the stability and reliability
experiments. The sensors exhibit satisfactory stability and produce
a distinct response for each pH condition between pH 4 and pH 10,
with very limited hysteresis. Additionally, the average response
time of the sensors (to 90 % of the steady-state output potential) is
4 min. The slow response time is attributed to thickness variations
of the drop-cast PANI membrane. Although previous reports of
PANI-based pH sensitive electrodes have featured a faster
response time (i.e., seconds), their fabrication process employed
electro-deposition of PANI [5]. Such techniques are difficult to
adapt for arrays of sensors on flexible materials. Drop-casting, in
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contrast, offers a more favorable approach at the expense of a
slower response time. For wound healing applications, however,
this tradeoff is justified since the pH of the wound is not expected
to vary drastically over time [1]. Hence, the sensitivity and
response time of our sensor render it suitable for integration with
in low-cost wound monitoring dressings and microsystems.

0.10

= Measured Data
— Fit

0.05+

0.00 4
-0.05 4

-0.10 4

Potential (V)

-0.15+

-0.20 4

-0.25+

7
pH
Figure 5: The measured sensor response to various pH conditions

between pH 4 and pH10. The data show a linear response
(r*= 0.9734) with average sensitivity of =49.5 mV/pH.
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Figure 6: Stability and repeatability of the pH sensor from pH 4 to
10 and back to 4. The test was repeated for four cycles. The data
show a distinct response for each pH value, very little drift, and
negligible hysteresis.

Leakage current characterization

The results of the packaging investigations are depicted in
Figure 7. The data show that the samples laminated with Kapton®
tape and Scotch® tape both exhibited a leakage current after a few
hours in PBS (45min for samples with Scotch tape; 13.5 hours for
samples with Kapton® tape). Upon inspection of the samples, the
cause of the leakage was determined to be delamination of the
tapes from the electrodes. In contrast, the samples packaged by
laminated pallette paper revealed no signs of current leakage. The
results imply that the latter method produces a satisfactory
mositure barrier and can be reliably used for packaging sensors to
be used in wet environments such as wounds.
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Figure 7: Electrical isolation properties of the palette paper
bonding compared to Scotch® MagicTape™ and Kapton® tapes.
The current was measured across two electrodes with different
isolations materials in a PBS solution with an applied voltage bias
(1V). The data reveal the superior performance of thermally-
laminated palette paper.

CONCLUSION

An inexpensive, flexible array of pH sensors was
fabricated on a paper substrate for use in wound monitoring.
The developed fabrication process takes advantage of low-
cost materials, laser machining, and self-aligned passivation
with lamination technology. The sensor performance in
different buffer solutions of pH 4 to pH 10 showed a linear
potential (r’=0.9734) with and a sensitivity of -49.5 mV/pH.
The obtained sensors features good flexibility, sensitivity and
repeatability making it appropriate for integration with low-
cost wound monitoring dressings.
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