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Flexible pH sensor based on a conductive PANI
membrane for pH monitoring

Yonggian Li, ©*2® Yunlong Mao,” Chi Xiao,? Xiaoli Xu® and Xueyong Li*

pH is a critical parameter used to specify the acidity or alkalinity of an aqueous solution in chemistry, food
processing, and medical care. In this study, a conductimetric-type micro pH sensor has been achieved using
PANI membrane fabricated on a flexible substrate film aiming to monitor wound healing. The sensor is
based on the incorporation of a polyaniline (PANI) membrane, interdigital electrode, and polyimide (PI)
substrate. PANI was doped with dodecyl benzene sulfonic acid (DBSA) to obtain good conductivity. The
electrodes were patterned on the PI film by etching. The contact area between the PANI and interdigital
electrodes improves the responsiveness of the pH sensor. A sensitivity of 58.57 mV per pH over the
entire pH range from 5.45 to 8.62 was obtained experimentally, along with a superior repeatability of 8%
FS (full scale) and a temperature drift of 6.8% FS. This micro flexible pH sensor aims to monitor the pH
value of wound healing, which also facilitates the realization of online monitoring of the pH for

rsc.li/rsc-advances

1. Introduction

pH, which is defined as a logarithmic measure of the hydrogen
ion concentration,' is an essential analytical measure of the
mechanism of chemical or biological reactions in a broad range
of applications, including environmental, industrial, and
biomedical conditions. pH sensors play a critical role in most
continuous chemical processes to ensure the reaction quality™*
and to monitor health.>*

PH sensors are classified based on their working principle as
potentiometric, capacitive, or optical. Typically, potentiometric
pH sensors consist of a working electrode and a reference
electrode. For example, Rahimi et al. developed a potentio-
metric type of pH sensor that utilizes an Ag/AgCl reference
electrode and a carbon electrode coated with a polymeric
membrane as the sensitive electrodes.” Mature commercial
potentiometric pH sensors are usually based on a rigid elec-
trode or on a Si substrate.®” The disadvantages of both the bulky
electrode and single-point diagnostic limit their application in
the wearable medical field. To improve the detection sensitivity
and reduce the working volume, ion sensitive field effect tran-
sistors (ISFETs) have been proposed as a new type of pH sensor.
These sensors adjust the threshold voltage by an ion-sensitive
field effect and consequently change its current-voltage
output.® Recently, paper-based analytical devices (PADs) have
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telemedicine, food safety, and home health care.

been able to indicate pH by employing color changes,” which
have shown excellent superiority because of their easy fabrica-
tion and point-of-care assay platforms.' Optical sensors can
indicate the presence of specific ions by changing their optical
properties, such as the fluorescence intensity." These optical pH
sensors are often used to monitor the water content or organic
solvents.»>" A two-photon fluorescent sensor can image living
cells by detecting the pH fluctuation in tumor diagnosis.”
However, optical pH sensors need an external image camera or
light detector to function, which is considerably inconvenient
for clinic applications.

Recently, flexible sensors have received considerable atten-
tion for the continuous monitoring of human health.’*'* To
meet the special demands in fields, such as wearable elec-
tronics, electronic skin, and neuronal implants, various sensors
on flexible substrates have been realized.” In particular, the
updated MEMS (Micro-Electro-Mechanical System) fabrication
technologies have enabled the realization of various flexible
sensors.'>” One important application of wearable electronics
is clinical treatment for wound dressing."® The period of wound
healing can range from a few months to even years. To avoid
frequently changing a surgical dressing, wound dressings
employing a pH sensor and other smart sensors can be used to
monitor the wound state.” Additionally, to endure the
requirements of repetitive mechanical deformation as is the
case with wearable and epidermal sensors, flexibility must be
taken into account to ensure non-invasive comfortability, which
is a critical requirement for real-time pH monitoring.'*** For
this purpose, the conformal nature of commercially available
temporary transfer papers*** and textile sensors* have been
used for real-time monitoring of epidermal pH levels. Most of
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these sensors can satisfy the operational metrics (i.e., sensi-
tivity, resolution, and dynamic range). For promoting wound
healing and scar inhibition, a pH sensor must work in a humid
treatment environment.>***?

In this study, we developed a flexible pH sensor to monitor
real-time pH levels for wound healing assessment in which
a large effective area improves the sensitivity up to 58.57 mV per
PH, and the polymer substrate film enables a flexibility of less
than 5%. Different from the potential type based on the electron
transfer in redox reaction, the sensor developed in the article
works based on the electron migration passing through a pH
responsive polyaniline (PANI) membrane, which obey Ohm's
law. The pH fluctuations of any point on the surface of the PANI
sensing membrane leads to a corresponding increase or
decrease in the mobility of the ions, resulting in changes in the
sensor resistance. During the measurement, the sensor was
powered with a constant current through the interdigital elec-
trodes. The resistance of membrane varies when contacting
analytes with different pH, leading to the output voltage
changes.

Furthermore, the common potential-type sensors consist of
two different electrodes, working electrode which contains the
sensitive material and reference electrode which is always Ag/
AgCl electrode.>** Only the working electrode is effective
sensitive area. The effective sensitive area of our developed
sensor is the full area of PANI membrane, which means our
sensor takes larger proportion of effective sensitive area.

Our sensors were fabricated by MEMS techniques, including
etching electrodes on a flexible polyimide film and spin coating
the PANI membrane on planar interdigital electrodes. The
flexible polyimide (PI) membrane enables our sensors to work
under clinical wound healing conditions to eliminate patient
discomfort. Compared with optical pH sensors, this
conductimetric-based sensor is more suitable for real-time
monitoring without auxiliary electrodes. The sensitive area of
the PANI sensing surface was optimized to be small enough to
ensure both comfortable wearability and increasing sensitivity.
In addition, the PANI membrane can work in wet environments.
The performance and characteristics satisfy the requirements
for practical scenarios of epidermal monitoring during wound
healing.

2. Materials and methods

Fig. 1 shows a schematic of our pH sensor. One sensor consists
of a PANI membrane layer as the sensitive element, the inter-
digital electrode as the transmission layer, and PI membrane as
the substrate film. Each layer of the sensor is less than 30 um
thick; thus, the entire sensor is still a membrane with a thick-
ness of less than 100 pm. In Fig. 1, the reversible protonation
process in acid and the deprotonation process in basic of doped
PANI were demonstrated. We elaborated the meaning of
symbols with the legend on the right side. Two arrows and little
light blue circular describe the H' transfer process on the PANI
membrane. In acid solutions, the polymer is doped with H' ions
to create the emeraldine salt (ES) form of PANI, which is highly
electrically conductive. The resulting surface charge decreases
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the resistance, leading to a voltage change. When the polymer is
exposed to basic solutions, the captured H' ions are neutralized
by OH, resulting in the opposite effect. The Fig. 2 presented
the protonation-deprotonation pathway of PANI.

2.1 Reagents

The analytical aniline monomer, dodecyl benzene sulfonic acid
(DBSA), reagent grade ammonium persulfate ((NH,4),S,0s),
acetone, and PVA (polyvinyl alcohol) were purchased from
Aladdin. PI a thickness of 12.5 pm was purchased from Meixin
Insulation Materials Co., Ltd.

2.2 Design and fabrication of the interdigital electrode

Interdigital electrodes have been widely used to improve the
sensitivity of different kinds of sensors.'***?® Interdigital elec-
trodes are applied in the biological and chemical sensors, when
the biochemical molecule or chemical analytes were directly
attached to the surface of interdigital electrodes.* Often inter-
digital electrodes are utilized to obtain the conductimetric
quantity variation of the sensitive medium when no direct
chemical reaction produced. The voltage varying results from
the changes in the resistance of sensing materials, such as in
hydrogel,* or tin oxides (SnO and SnO,).”” The discrepancy
between potentiometric and conductimetric type was the elec-
trode configure. At least two different materials are used in
potentiometric electrodes, two identical electrodes in conduc-
timetric one.”” The output voltage changing in interdigital
electrode type sensors can also result from the capacitance
varying in a electrochemical sensors.”® In this article, the
resistance change of the PANI membrane was transformed into
the voltage variation when a constant current passing through.

Obviously, the resistive interface between the PANI
membrane and interdigital electrodes determine the properties
of the sensor. A smaller initial resistance will give rise to
a higher relative sensitivity.>*° In order to minimize the initial
resistance of the whole sensor, we simulated the resistance of
interdigital electrodes. The simulation calculations were per-
formed by using commercial software. As shown in Fig. 3, for
PANI-based pH sensors, the width and length of a single
interdigital electrode are negatively correlated with the resis-
tance. However, the longitudinal and transverse sizes of the
interdigital electrodes positively determine the initial resis-
tance. Decreasing the thickness of each interdigital electrode
increases the initial resistance. These results are not exactly
consistent with the dependence of the sheet resistance on its
dimensional size; however, they have a similar trend.

The electric properties were also calculated by focusing the
signal-to-noise ratio of the output voltage and amplitude.

We found that reducing the longitudinal distance between
the interdigital electrodes can improve the signal-to-noise ratio
of the output voltage signal and increase the signal amplitude.
For wearable epidermal sensors, the smaller the sizes and the
volume, the better the comfort and the dynamic response.
However, for the actual parameters of the interdigital electrode,
the process technologies must be considered for easy
fabrication.*

This journal is © The Royal Society of Chemistry 2020
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transformation of PANI protonated in acid solution and deprotonated in basic solution.
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Fig. 3 Improved design of an interdigital electrode (IDE) for a pH
sensor. (@) Schematic representation of a generic interdigital electrode
showing the geometric parameters. (@ — width, b - longitudinal
spacing; ¢ — transverse spacing; d — finger length). (b) The initial
resistance of the IDE depends on the geometric parameters. The
increasing sizes of the longitudinal (red line) and transverse (green line)
spacing enhance the initial resistance, whereas both the grid width
(black line) and the length (blue line) weaken the initial resistance.

The patterns of the interdigital electrodes were fabricated
following the process shown in Fig. 4(a). A copper layer with Fig. 4 The fabrication processes of the pH sensor. (a) Process for the

a thickness of 25 um was pressed tightly with a hot press on PANI membrane preparation. (b) Fabrication process for the inter-
digital electrodes. (c) Photograph of a group of our fabricated sensors.

(d) A sensor bent at approximately 135°.

both sides of a PI film. Holes were drilled and the activation of

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 21-28 | 23
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interdigital electrodes were obtained on the PI substrate, as
shown in Fig. 4(a).

2.3 Fabrication of the conductive PANI

Many conductive polymers have been investigated for chemical
sensing.*” Among those conductive polymer materials, PANI
has attracted a considerable amount of attention because of its
conjugated electronic structure and its good electrical conduc-
tivity. Additionally, PANI can be easily doped or dedoped using
an acid.*>* PANI is an attractive pH-sensitive candidate because
it is an intrinsically pH-sensitive polymer with good environ-
mental stability. A PANI detector integrated in a microfluidic
device has been reported for dynamic pH imaging and
mapping.®** The provision of an inherent response to the pH
change in a continuous flush flow offers the possibility of real-
time pH monitoring.

The conductivity of PANI associated with the reversible
emeraldine salt (ES)-emeraldine base (EB) transition has led to
its widespread application in solid-state pH sensors.'”” The
intrinsic conductivity of PANI is considerable affected by the
doping process. Furthermore, the minimal cytotoxicity of PANI
results in negligible skin irritation.>?

The reagents and method for PANI fabrication, as shown in
Fig. 4(b), involved aniline monomer, dodecyl benzene sulfonic
acid (DBSA), and ammonium persulfate (APS). First, the aniline
monomer and dodecyl benzene sulfonic acid were mixed in
deionized water with magnetic stirring in a water bath at
a constant temperature.

To further improve the dissolvability, the mixture was
ultrasonic dispersed for approximately 3 min. Then, ammo-
nium persulfate (approximately 0.1 mol) was slowly added to
the mixture. Then, deionized water was added to the mixture
until the total volume reached 200 mL, which ensured that all
reagents completely dissolved. After stirring in a constant
temperature water bath for 24 h, the mixture solution became
a dark green suspension. To obtain the pure powder, a G4 sand
core funnel, acetone, and deionized water were used to filter
and clean the suspended substance until the PANI dispersive
solution became colourless. Finally, the compound was dried to
obtain the pure conductive PANI powder.

2.4 Spin coating process for the PANI membrane

Spin coating is the key process for integrating the sensitive PANI
membrane with the IDE array on a PI substrate film. Mass
fabrication can be realized using the spin coating method. The
preparation of the PANI dispersion solution is as follows. The
PANI powder and PVA were ultrasonically dispersed in deion-
ized water. After experiments and comparison, the weight ratio
of the PANI powder, polyvinyl alcohol, and the entire dispersion
was set as 1:5:10. The dispersion solution was fully stirred
using a magnetic stirrer at 40 °C for 4 h, and air bubbles in the
dispersion solution were extracted using a vacuum furnace.
The great flexibility of the electrode arrays on the polyimide
substrate makes spin coating impossible. We used a silicon
wafer as a solid substrate for the spin coating process. To retain
the hydrophilicity of the silicon wafer, the RCA process was used
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to remove the organic residue, metal ionic contaminants, and
the native oxide layer from the silicon wafer, leaving a pure
silicon surface.®® The polyimide substrate with the flexible
electrode array was softly stuck on the moistened surface of the
silicon wafer. The spin coating process produces a PANI
membrane on the surface of the IDE array. The silicon wafer was
stuck on the rotary table using a vacuum chuck. The PANI
dispersion solution was syringed onto the surface of the IDE
array.

The spin coating process was performed following three
successive steps: a rotational speed of 50 rpm for 30 s, 100 rpm
for 60 s, and 500 rpm for 120 s. In the interval between spin
coating steps, the sample was vacuumed in a vacuum drying
oven for 120 s to remove air bubbles within the PANI
membrane. The fabricated sensors are shown in Fig. 4(c), and
the flexibility is shown in Fig. 4(d).

After spin coating, the PANI was dispersed on the surface of
interdigital electrodes and in their gaps. The membrane was
then dried and cured in thermostat for 12 hours at room
temperature. Finally, the membrane was cut into separate chips
as shown in Fig. 4(c).

A constant current was applied through the circuit. The
voltage changes of the sensor were obtained once the resistance
of the PANI membrane changed due to the analytes contacting.

2.5 Voltage measurements

Our fabricated pH sensors were evaluated by employing buffer
solutions at different pH levels of 5.45, 6.86, 7.70, and 8.62.
Potassium dihydrogen phosphate (KH,PO,) and anhydrous
sodium hydrogen phosphate (Na,HPO,) were dissolved in
deionized water firstly. Then, the mixed solution was diluted
into different solutions with the required concentration by
adding drops of 0.1 mol per L HCI or 0.1 mol per L NaOH. A
standard pH meter (LiChen-pH-100, range from pH 0.00 to
14.00 with an uncertainty of £0.01) was used to calibrate the
homemade buffer solution in the laboratory. The calibrated
range from 5.45 to 8.62 was in the relevant pH range of pH 5.5 to
9 for clinical wound healing.**%

Before the experiments, two wires were attached to the
reserved pads on the back side of PI substrate. The current
passing through the PANI membrane was powered by an Agilent
power source (Agilent B2962A).

The measurements of output voltage changes were collected
using data acquisition software via a Tektronix oscilloscope
(Tektronix MDO 3024). For each test, the data was recorded after
the sensor immersed in pH buffer for 90 seconds. The sensors
were immersed sequentially in adequate buffers with different
pH levels without concerning cross-contamination.

2.6 Morphology measurements

During fabrication process, the quality of the PANI-PVA
compound was measured by optical microscope (PRECISE Axio
Lab. A1). The morphology of the final membrane was evaluated
by scan electron microscope (TESCAN VEGA 3LMU).

Before the spin coating, the PANI-PVA compound was
dispersed uniformly in deionized water after 4 hours of stirring.

This journal is © The Royal Society of Chemistry 2020
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The mixing state of the PANI-PVA samples was then observed by
optical microscope under 100x, as shown in Fig. 5(a). The
PANI-PVA clusters were dispersed with uniformity in the
deionized water.

After curing, the morphology of the membrane was observed
by scan electron microscope with an acceleration voltage of 3
kV. The surface of cured PANI membrane was uniform as shown
in Fig. 5(b).

3. Results and discussion
3.1 Sensitivity

Sensitivity is defined as the slope of the transfer function of
a sensor. As shown in Fig. 6(a), the sensitivity was calibrated
from the fitting lines obtained for the different fabricated
sensors. The transfer function can be obtained by the lineari-
zation, which is approximates the actual curve with a straight
line within the range obtained by the overall error. Among the
methods, the least square fitting method is more accurate, and
the calculation method is as follows.**

n n n
nYXiyi = D Xi ) Vi
m= i=1 i=1 i=1 (1)

i=1

n n

n n
inz DoVi— XXy Xy
i=1 i=1 i i=1

i=1

n n 2
2
ny xp— i
i=1 i=1

In fitting formulas (1) and (2), m is the slope of the fit line,
b refers to the intercept of the fit line. The slopes of the three
calibrated lines were 60.14 mV per pH, 58.84 mV per pH, and
56.73 mV per pH. The corresponding intercepts were 347.04,
356.11, and 368.69, respectively. The results obtained in
Fig. 4(a) yielded an average sensitivity of 58.57 mV per pH
(2.398% RSD), which is regarded as the sensitivity of our
developed pH sensor. Herein, RSD refers to the relative stan-
dard deviation, which is also a significant characteristic.>* This
sensitivity of 58.57 mV per pH meets the requirements for
epidermal pH monitoring in wound healing, as indicated by
previous studies.”” In our conductimetric-type pH sensor,

b=

(2)

(@)

Fig. 5 The morphology of fabrication sensor. (a) The uniform mixing
state of the PANI, PVA and deionized water, and (b) the fabricated
membrane surface.
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View Article Online

RSC Advances

sensitivity is not restricted by the Nernstian slopes that are used
for potentiometric-type sensors.”***

3.2 Hysteresis

The hysteresis, which indicates the degree of inconsistency
between the increasing and reverse loading, was also tested in
our experiments. The calculation formula of the hysteresis is as
follows:*”

AH ax
JVFs

Oh = x 100% (3)
where AH .« is the maximum error between increasing loading
and the decreasing loading and ygs is the theoretical full scale.
The sensors were evaluated by immersing them in solutions of
different pH levels sequentially with no cleaning or other
treatment in the interim. The output response during the
forward and reverse changes in the pH buffer solutions is
depicted in Fig. 6(b). The pH sensor displayed a nearly instan-
taneous response to pH changes, confirming the fast and
reversible transition between the emeraldine salt (ES) and the
emeraldine base (EB). According to the formulas (3), the
hysteresis was less than 12% FS. Here, FS refers to the full
scale.’” The hysteresis is mainly due to the cross-contamination
between measurements® and inadequate deprotonation during
experiment. The hysteresis is also defined by the EMF variation
in addition to the variation in pH."”

3.3 Repeatability

Repeatability indicates the degree of inconsistency of the output
of the sensor under the same working conditions several times
through the entire range.

The calculation formula of repeatability is as follows:*

o = Max(4,) x 100% (4)
JVES

where 4, is the maximum error among the obtained data and
Yrs is the full scale in theory.

The results for obtaining repeatability in our experiment are
displayed in Fig. 6(c). According to formula (4), the repeatability
of the sensor was determined to be 8% FS.

3.4 Temperature drift

For medical applications, it is important to evaluate the sensors

at varying temperatures that are physiologically relevant.** The

temperature drift is defined as follows:

_ Max(4)
JYFs

ds x 100% (5)
where 4 is the error obtained during the temperature fluctua-
tion. Fig. 7(a) shows the response of the pH sensor upon change
in temperature from 30 °C to 40 °C, which indicates an average
temperature drift of 6.8% FS.

The temperature drift of a potentiometric-type sensor is
predicted by the Nernstian equation, which is caused by the
changes in (RT/F) pH.' Such temperature drifts are also
acceptable for wound healing applications.®

RSC Adv, 2020, 10, 21-28 | 25
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Fig. 6 Sensor response for a group of discrete pH levels from pH 5.45 to pH 8.62. (a) The fitting lines of the three sensors show the linear

response with an average sensitivity of 58.57 mV per pH (2.398% RSD).

buffer solutions. (c) Repetitive results for a group with increasing pH.

3.5 Flexibility

For valid wound healing monitoring, a pH sensor needs to work
under bending conditions.

The output voltage as a function of different bending angles
from 0° to 90° was measured. As shown in Fig. 7(b), the voltage

(b) The output response of a pH sensor for increasing and reverse pH

change increased slightly with the increasing bending angle
and bending cycles. However, the voltage variation was within
5% FS after a sensor was bent 20 times even the case of
approximate 90° bending angle. The flexibility of the pH sensor
exhibited good stability, which makes it suitable for epidermal
wound healing monitoring in clinical applications.
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Fig. 7
for three different pH levels. The dynamic response of the pH sensor for
inverse fall time from pH 8.62 to 6.86.
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(a) Flexibility experiments of the pH sensors. (b) Temperature effect of the pH sensors upon varying the temperature from 30 °C to 40 °C

a step pH change shows (c) a rising time from pH 6.86 to 8.62 and (d) an

This journal is © The Royal Society of Chemistry 2020
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3.6 Response time

Fig. 5 shows the response time of the pH sensors for step pH
changes from 6.0 to 8.0 and a reverse step change. Fig. 7(c)
shows the response time of 45 s for an increasing process from
PH 6.0 to 8.0, and a fall time of 54 s was observed, as shown in
Fig. 7(d). The reduction in the thickness of the PANI membrane
deposited on the surface of IDE would lead to a shorter response
time.*® Previous work on a PANI-based pH-sensitive electrode-
type sensor has shown a faster response time (a few seconds),
which was due to a thinner PANI layer being deposited via
electro-deposition.*® The spin coating technique, in contrast,
produces thicker films, resulting in a longer response time. The
obtained response time for our pH sensors is adequate for
medical care applications and other clinical settings.>**

4. Conclusions

Although further work is still required to fully validate the
sensors under practical scenarios and to address the intercept
variability, these attractive performances make this sensor well
suited for developing biocompatible sensors that are relevant to
wearable epidermal non-invasive monitoring.

For real-time monitoring of pH levels in wound healing
applications, a conductimetric-type of micro pH sensor was
developed using PANI membrane fabricated on a flexible
substrate, which is different with the potential-type pH sensor,
where both working and reference electrodes are required. Both
the doped PANI membrane with sensing elements and the
optimized structures of the interdigital electrodes improved the
sensitivity to 58.57 mV per pH. The attractive figures of merit of
the fabricated sensors were a temperature drift of 6.8% FS and
a bending variation within 5% FS. The dynamic responses
include a resulting rise time of less than 45 s and a fall time of
54 s. The mechanical characteristics of the resulting PANI
membrane withstood repeated bending.

Additionally, owing to the merit of direct voltage output, this
flexible and micro pH sensor has the potential to work as part of
the wireless devices.*®
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