
RSC Advances

PAPER
A soft intelligent
aSchool of Materials Science and Engineeri

and Functional Materials, Tianjin Universit
bResearch Center for Human Tissue and Orga

and Biotechnology, Shenzhen Institutes of A

Sciences, Shenzhen 518055, PR China. E-ma
cInstitute of Materials for Energy and Enviro

and Eco-textiles, School of Materials Scien

Qingdao 266071, PR China
dNeural Engineering Center, Shenzhen Ins

Academy of Sciences, Shenzhen 518055, PR
eCenter for Rare Earth and Inorganic Functio

and Engineering, National Institute for A

Tianjin 300350, PR China
fShenzhen Key Laboratory for Innovative T

University of Hong Kong-Shenzhen Hospital
gSouthern Medical University, Shenzhen Ba

Traumatol, Shenzhen 518101, PR China

† Electronic supplementary informa
10.1039/d1ra08375a

‡ These authors contributed equally to th

Cite this: RSC Adv., 2022, 12, 3243

Received 16th November 2021
Accepted 16th January 2022

DOI: 10.1039/d1ra08375a

rsc.li/rsc-advances

© 2022 The Author(s). Published by
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sensors for early detection of wound infection†
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Wound infection is a common clinical problem. Traditional detection methods can not provide infection

early warning information in time. With the development of flexible electronics, flexible wearable devices

have been widely used in the field of intelligent monitoring. Here, we describe the development of a soft

wound infection monitoring system with pH sensors and temperature sensors. The measurement range

of pH was 4–10, the fitting accuracy was 99.8%, and the response time was less than 6 s. The

temperature sensor array showed good accuracy and short response times in the range of 30 �C to

40 �C. A series of in vitro tests and the use of a rat model of Staphylococcus aureus infection confirmed

that this flexible detection system can monitor the pH and temperature changes occurring in the early

stage of infection, which provides an effective reference for clinical application.
1. Introduction

Skin injuries caused by trauma, surgery, or diabetes have a high
prevalence and cause enormous medical and nancial
burdens.1,2 Bacterial infection is a potentially serious compli-
cation and can signicantly delay healing, while also possibly
leading to a pronounced systemic inammatory response
syndrome.3 Chronic wounds, which affect approximately 1–2%
of the global population, are highly susceptible to infection.
Foot ulcers, in particular, are now the leading cause of non-
traumatic morbidity. Therefore, prevention and management
of infections is important for patients with nonhealing or
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traumatic injuries; in particular, early diagnosis of bacterial
infections is considered highly important for halting the
progression of associated diseases.4

Early detection of pathogenic infections is oen difficult
before clinical signs and symptoms appear.5 Currently, clini-
cians mainly rely on conventional culture-based approaches
using wound swabs to identify infective bacterial species. Final
results of these tests usually take 3–5 days, so this approach
does not provide timely guidance.6Dressings are usually needed
to cover the wound to protect wounds from pathogenic infec-
tions and to provide a humid environment that accelerates
healing. The dressings are changed every 2–3 days, during
which the wound condition was difficult to directly observe.
Therefore, a pressing need exists to develop dressings that can
monitor wound conditions and predict infections. The basic
requirement for this smart dressing is the conformability to the
wound, because a wound's surface is always cambered, and the
smart dressing needs to rstly adhere well to it for detecting
desired signals. Many phenomena are caused by infection, such
as changes in metabolites, protein signals, pH, and tempera-
ture. Specic biomarker of bacteria has relatively high speci-
city, but infection is oen caused by multiple bacteria and
complicated factors. Previous studies have shown that pH and
temperature, as common physiological parameters, are closely
related to the changes of wound.7,8 For skin pH, normal skin has
an acidic pH, ranging between 4 and 6. Since body's internal
environment maintains a neutral, the pH will rise when
a wound is formed. Once infection occurs, the proliferation of
microorganisms will induce the pH to rise to even slightly
alkaline. At the same time, the temperature of the wound will
also rise due to the inammatory reaction and the relaxation of
RSC Adv., 2022, 12, 3243–3252 | 3243
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its own blood vessels, and the infection will aggravate this
trend.9–11 Therefore, the changes of wound pH and temperature
are widely studied parameters to determine the wound state.
They are the simplest and most effective parameters to design
the sensor. Previous studies have used optical signals to
monitor skin surface pH and temperature, but the closed
environment of the wound limits the optical signal, so the
monitoring method based on electrical signals is more suitable
for the wound environment.12–15 A single monitoring method is
easy to be disturbed by the external environment. For example,
the temperature change of the environment will affect the
human body temperature to a certain extent. Therefore, we
monitor two physiological parameters at the same time to
obtain more accurate monitoring data.

Previously, based on the developed exible electronic,
advanced dressings were developed to monitor the state of
acute and chronic wounds.16–18 Some of these dressings use
commercial temperature sensor chips, combined with intelli-
gent bandages, to monitor and treat infected wounds on
demand, thereby conrming the possibility of combining hard
electronic devices with exible circuits.19,20 At the same time,
new chemical sensors have been developed that can be inte-
grated with exible circuits, and electrochemical methods are
now widely used.21,22 Chemical sensors, such as pH sensors
based on potentiometry and glucose sensors based on cyclic
voltammetry, can output signals through electrical signals,
thereby providing convenient data transmission for monitoring
infection processes.23–26 In reported studies, polyethylene tere-
phthalate (PET) and polyimide (PI) serve as exible substrates,
but lacking soness limits their adhesion to wounds.21,27

Therefore, the substrate needs a stretchable material such as
polydimethylsiloxane (PDMS), polyurethane, styrene ethylene
butylene styrene (SEBS). The stretchability of the material can
ensure that the sensor can always have a good relatively static
contact with the wound when the wound deforms. SEBS shows
the best stretchability and soness, and has been used as
wearable electronics,28,29 however, it has not been applied in
wound monitoring.

Herein, we propose a new hybrid exible dressing for early
detection of wound infection by employing thin SEBS elastomer
lm as substrates combined with polyaniline (PANI) based pH
sensor and commercial temperature sensor (Fig. 1A). The
temperature and pH values can be recorded to grasp the phys-
iological changes of the wound in real-time. PANI, as a good
conductive polymer, shows different open circuit potential
(OCP) in solutions with different pH values, which is caused by
its protonation reaction in acidic solutions. And the pH sensor
integrated on SEBS substrate has the characteristics of soness
and stretchability. The measurement range was pH 4–10, tting
accuracy was 99.8%, and the response time was less than 6 s.
The temperature sensor showed good accuracy and short
response times in the range of 30 to 40 �C. Fig. 1B shows both
sensors converted information into electrical signals, pH sensor
is based on potential, while temperature sensor is based on
Negative Temperature Coefficient (NTC). A series of in vitro tests
and the use of a rat model of Staphylococcus aureus infection
conrmed that this exible detection system can monitor the
3244 | RSC Adv., 2022, 12, 3243–3252
pH and temperature changes occurring in the early stage of
infection (Fig. 1C), which provides an effective reference for
clinical application.

2. Materials and methods
2.1. Materials

The Ag/AgCl paste was purchased from ALS Co., Ltd. (Japan).
Aniline, KCl, HCl, and H2SO4 were obtained from the Sino-
pharm group. SEBS was obtained from Asahi Kasei Chemical
Co., Ltd. (Japan). Methylbenzene and phosphate buffered saline
(PBS; pH ¼ 7.2–7.4) were obtained from Aladdin. The pH buffer
(pH 4–10) was bought from Concord Technology (Tianjin).
Temperature sensor chips, polyimide (PI) and the FPCB were
purchased from Lichuang (Shenzhen). Deionized water (DI) and
Millipore water were used in all experiments. All chemicals were
used as received, without any further purication.

2.2. Fabrication of the stretchable substrate with pH sensor

The pH sensor consisted of an Ag/AgCl reference electrode and
a polyaniline (PANI) working electrode. The fabrication process
involved three main steps. SEBS dissolves in methylbenzene to
get solution, the 15% SEBS solution was dropped onto a Si wafer
and allowed to air dry to form a polymer lm (thickness: 200
mm) for the stretchable circuit. Gold particles were then sput-
tered onto the SEBS surface with a magnetron sputtering
apparatus (TWS-300), and electrodes were formed on the SEBS
with a stainless mask. Ultra-thin SEBS lm was used for pack-
aging, and it only exposed the position of the corresponding
monitoring point and circuit interface. The nal pH working
electrode was prepared by electrochemical deposition of a PANI
solution on a CHI760E electrochemical workstation (CH
Instruments Inc., Shanghai). The method of electrochemical
deposition is based on previous studies.30,33 For the reference
electrode, Ag/AgCl (10 mL ink) was dropped onto the Au surface
within an area of 2 � 2 mm, and a layer of polyvinyl butyral
(PVB) containing KCl was covered.34 The resulting pH sensor
was dried at room temperature.

2.3. Preparation of the temperature sensor

The temperature sensor was prepared utilizing a commercial
TMP112AIDRLR with a two-wire serial output in a small-sized
transistor. The small transistors were soldered onto the FPCB.
The temperature measurement was conducted with a designed
Debug board and the FPCB. The real-time temperature was
displayed on the screen.

2.4. Characterization and measurements by the sensors

The morphologies of the Au, Ag/AgCl, and PANI were studied by
eld-emission scanning electron microscopy (FESEM, Phenom
Pharos). The infrared spectra of the PANI samples were ob-
tained with a VERTEX80 micro-infrared system. The mechan-
ical properties of the material and the electromechanical
robustness of the stretchable Au traces were measured with an
AG-X Plus universal testing machine (Japan). The sensing
performance of the pH sensor, including the pH-OCP curve,
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 The flexible wound infection monitoring system with pH sensors and temperature sensors. (A) Structure of flexible wound infection
monitoring system. (B) Principle of pH and temperature sensors in transmitting signals into electrical signals. (C) The changes of pH and
temperature were monitored during wound infection (OCP: open circuit potential, NTC: negative temperature coefficient, PANI: polyaniline).
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response time, and stability, was tested on the electrochemical
workstation.
2.5. In vitro biocompatibility assessment

Mouse L929 cells were used to study the biocompatibility of the
materials used in the pH sensor and temperature sensor by
testing cell viability with the CCK-8 assay. L929 cells were
cultured in a-minimum essential media (a-MEM, Gibco) sup-
plemented with 10% FBS (Corning) and 1% penicillin/
streptomycin (P/S, Invitrogen) in a humidied incubator (5%
CO2) at 37 �C. All materials (SEBS, Au, Ag/AgCl, and PANI) were
shaped into circular 5 mm diameter disks. The materials were
incubated in fresh culture medium at 37 �C (3 cm2 mL�1) for
24 h. The cells were seeded into a 96-well plate at a density of 1
� 103 cells per well and incubated for 24 h. The cells were then
exposed to the different extracts, with extract medium refreshed
© 2022 The Author(s). Published by the Royal Society of Chemistry
every other day. Cell viability was assessed using a CCK-8 kit
(Beyotime), according to the manufacturer's instructions.
2.6. Wound infection monitoring

Wound infection was evaluated by creating a rat model of
wound infection using S. aureus. Female Sprague Dawley (SD)
rats were purchased from Beijing Charles River Animal Co., Ltd.
Ten 6 weeks-old SD rats were used in the animal experiment. All
animal experiments conformed to the National Institutes of
Health guidelines, and protocols were approved by the
committee of Shenzhen Institute of Advanced Technology, CAS.

A cutaneous wound was created on the back of each rat, and
the animals were divided into two groups: uninfected and
infected. The rats were anesthetized with isourane, and the
dorsal hair was shaved to expose the skin. Aer sterilization of
the shaved area with 75% alcohol and iodine, a square full-
RSC Adv., 2022, 12, 3243–3252 | 3245
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thickness skin wound (2 cm � 2 cm) was made with scissors.
The fascia part of the lower dermis was removed with sterilized
forceps, and the fascia was destroyed with scissors. The wounds
were washed with saline, blotted with sterile gauze, and then
inoculated with S. aureus suspension (50 mL, 1 � 109 CFU) to
induce the bacterial infection. Rats that received physiological
saline instead of bacterial suspension served as controls. The
exible dressing with sensors was placed on the wound sites to
monitor the wound status and then covered with transparent
3M dressing. The pH and temperature were monitored at 0, 8,
24, 32, 54, and 78 h.

2.7. Histologic analysis

A biopsy of the wounded tissue was obtained at 8 and 30 h. All
samples were xed in neutral formalin (10%) for 24 h and then
washed in running water for 3 h, dehydrated in a graded ethanol
series, and embedded in paraffin. Sections (6 mm thick) were cut
from each paraffin block and placed on glass slides. The
sections were deparaffinized, rehydrated, stained with hema-
toxylin and eosin (H&E), and viewed by light microscopy.

2.8. Statistical analysis

Data are expressed as mean � standard deviation (SD). Statis-
tical analysis was performed by two-tailed Student's t-tests
between two groups or by one-way ANOVA between more than
two groups. Asterisks (*) indicate a statistical signicance of p <
0.05.

3. Results and discussion
3.1. Fabrication and characterization of the pH sensor

A exible pH sensor was constructed on the modication of
a exible electrode. A sputtering method was used to fabricate
a layer of gold electrode array lm with a thickness of 100–
150 nm on the surface of the SEBS lm. The advantage is that
both the substrate and the electrode can bemade very thin. This
means that the process will not affect its soness. The PANI lm
was prepared by electrochemical deposition on the surface of
gold electrode to serve as a working electrode. From the cyclic
voltammogram of electrochemical deposition, the redox peak
value gradually increases as time goes on, which indicated that
PANI has been successfully deposited on the gold electrode
(Fig. S2†). The Ag/AgCl reference electrode was prepared by
a drop-coating method to form the pH sensor.

FT-IR spectroscopy was used to conrm the successful
synthesis of PANI, as shown in Fig. 2A. The prominent peaks of
the PANI-based electrode at 1548, 1499, and 806 cm�1 corre-
sponded to C]C stretching of the quinoid ring, C]C stretch-
ing of the benzenoid ring, C–N stretching of the benzenoid unit,
and C–H out-of-plane bending, indicating the successful prep-
aration of polyaniline functional lms. The SEM image of the
Ag/AgCl reference electrode is shown in Fig. 2B. No cracks or
holes were evident, indicating strong adhesion of the Au and Ag/
AgCl electrodes. Observation of the interface between PANI and
the Au electrodes by SEM revealed an obvious boundary. The
aky micro-nano structure of the PANI electrode can be the
3246 | RSC Adv., 2022, 12, 3243–3252
main reason for pH sensor capability because of its potential
stability to facilitate redox reactions. SEBS substrate could be
stretched to 100% (Fig. 2C), and microcracks were present on
gold layer by SEM imaging (Fig. 2D). This morphology is formed
spontaneously under specic parameters. The gold electrode
can be stretched by this kind of microcrack. The microcracked
gold lm can share the stress under tension by crack expansion,
that is, in the tensile process, although the crack area of the
gold electrode expands, there is always a part to maintain the
connection. In this way, the extensibility of the electrode is
realized.16 The stretchability was further conrmed by the sus-
tained conductivity when the tensile resistance exceeds 100%
(Fig. 2E).

The exible materials used in wound monitoring was
compared in Table S1 and Fig. S1.† Previous studies focused on
demonstrating the function of the device, however, the soness
of the material itself and the adhesion of the wound are also
important.24,30,31 The conformability of these materials were not
satisfactory. Flexural stiffness (D) of the sensor is dened as: D
¼ Eh3/12 (1 � v2), where E is the elastic modulus, h is the
thickness of the sensor and v is Poisson's ratio. Higher E or h
will lead lager D, resulting in a poor conformability for the
devices. For the reported typical dressings, the exural stiffness
is too high to conform on skin, and need to be further improved
to adhere better to the skin.35 The stretchable property of the
SEBS substrate also facilitates its application on the skin of
joints.36,37 Comparison with a non-stretchable PI substrate on
the nger joint shows that the SEBS lm can deform to t
maximum movements of the nger joint to 105�, which is close
to the maximum angle of a nger bend. By contrast, non-
stretchable PI lm can only rely on the stretchability of the
skin for nger joint bends of 45�, due to the ductility of human
skin (Fig. 2G and H). This result suggested that stretchability is
important for the application of exible materials in wearable
devices.
3.2. Sensing performance of the pH sensor

The measurement of the OCP between the PANI sensing elec-
trode and Ag/AgCl reference electrode provided electrochemical
characteristics of the pH sensor. Fig. 3A shows a schematic
diagram of the sensor electrochemical test. Both the work and
reference electrodes were immersed in different pH buffers to
obtain different OCPs.

The stability of pH sensor was investigated under 300 cycles
of tension as shown in Fig. S3,† the corresponding SEM image is
shown in Fig. S4.† Aer 300 times of 50% stretching, the
potential changes slightly, and the error of pH is less than 0.07
(Fig. 3B). The micro morphology of the sensor aer stretching
has not changed greatly, due to the recovery of microstructure,
the performance of the sensor also changes little. This property
insured its application in an actual wound. The OCP signals of
the pH sensor were studied at different pH values in the range of
4–10, and the stability was explored (Fig. 3C). PANI undergoes
protonation or deprotonation reaction in acidic or alkaline
solution to present different OCP value.24,32 The OCP signal
showed a linear relationship with the pH value, and the
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Structure characterization and flexible characterization of pH sensor. (A) Infrared spectrum of Polyaniline, (B) SEM of cured Ag/AgCl ink
and the boundary between polyaniline and gold, (C) unstretched and stretched 100% SEBS substrate with gold layer, (D) SEM of unstretched and
stretched 100% SEBS substrate with gold layer, (E) Stress-resistance curves of SEBS substrate with gold layer, (F) stress–strain curves of two
substrates, (G) gold layer on PI film and SEBS film, (H) stretching comparison between PI film (I and II) and SEBS film (III and IV) on finger joint.
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standard calibration line of the pH sensor was obtained by
linear tting (Fig. 3D). The sensitivity of the potentiometric pH
sensor can be obtained by the slope of the linear regression,
according to the Nernst equation: E ¼ E0 � (2.303RT/F) pH ¼ E0

� 0.05916 pH, where R is the gas constant, T is the temperature,
E0 is the standard electrode potential, and F is Faraday's
constant. Based on Nernst behavior, the theoretical maximum
sensitivity is �59 mV pH�1 at room temperature. The resultant
calibration curve is linear, with a slope of �65.9 mV pH�1 (R2 ¼
99.8%) in a wide pH range of pH 4–10. This sensitivity value of
the pH sensor is close to the theoretical pH sensitivity based on
© 2022 The Author(s). Published by the Royal Society of Chemistry
Nernstian behavior and is similar to other previous reports
based on PANI electrodes. And we compared it with other
similar studies, and the results are shown in Table S2.† The pH
of normal skin is weakly acidic, and the pH of the wound is
neutral due to the exposure of plasma. When infection occurs,
the pH will raise to alkaline, ranging between 7 and 9.25 These
results indicate that the pH sensor could cover the range of pH
changes in different stages of the wound, and it was well
matched with the theoretical accuracy.

The response time of the pH sensor was measured by
increasing the pH (Fig. 3E). The OCP signal was subsequently
RSC Adv., 2022, 12, 3243–3252 | 3247



Fig. 3 Electrochemical investigation of the fabricated pH sensor. (A) Schematic diagram of sensor electrochemical test, (B) potential test under
tensile condition, (C) potential calibration in the pH range of 4 to 10, (D) fitting calibration chart of sensor, (E) response time of pH sensor form
pH6 to pH 6.25, (F) stability test of pH sensor in PBS (pH 7.2).
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changed and reached 90% of its steady state value within 6 s.
The improvement in the response time depends on the
uniformity of the microstructure; the uniform distribution of
polyaniline makes the response instant and rapid. The fast
response time of the pH sensor indicates that this sensor can be
applied in situations where dynamic pH changes occur.

The long-term stability of the pH sensor was further studied
by measuring the OCP response of the pH sensor aer
immersing in PBS for 12 hours (Fig. 3F). The pH sensor main-
tained the OCP signals, resulting in a potential dri within
2.0 mV h�1, which corresponds to a 0.036 error in the pH value
3248 | RSC Adv., 2022, 12, 3243–3252
aer an hour of continuous measurement. The stability of the
pH sensor could still be guaranteed even aer a long-term
measurement-a feature that is very important in the actual
application of wound monitoring, and this sensor met this
requirement. Modication of the gold electrode allowed
successful preparation of the pH sensor on exible stretchable
substrate, and the sensor showed good sensitivity and stability.

3.3. Sensing performance of the temperature sensor

The temperature sensor was fabricated based on a commercial
TMP112 chip. Its structure diagram is shown in Fig. 4A. The
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Performance test of temperature sensor. (A) Structure diagram of temperature sensor circuit connection, (B) sensitivity test of
temperature sensor, (C) stability test of temperature sensor, (D) response time test of temperature sensor.
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commercial temperature sensor (TMP112AIDRLR) was chosen
because it featured high precision, low power consumption,
and a small volume size that satised our temperature
monitoring needs for wounds. In previous studies, this type of
chip has been used in biological and physical health
monitoring.19

The accuracy, responsiveness, and durability of the PDMS-
encapsulated commercial temperature sensor were checked by
rst placing the sensor inside a Ziplock bag before inserting it
into a temperature-controlled water bath with a temperature
ranging from 30 to 40 �C, which covers body temperature range.
The mean displayed temperature values recorded aer 1 min of
monitoring indicated that the temperature sensor had excellent
accuracy, with an absolute deviation of < �0.4 �C (Fig. 4B).
Fig. 4C shows that the chip has good stability, which is neces-
sary for real-time monitoring. As shown by the temperature–
time curve (Fig. 4D), the temperature sensor displayed
a response time of < 30 s and long stability. The performance of
the TMP112A temperature sensor could therefore satisfy the
needs of real-time and in situ wounding monitoring. Coupling
of this sensor with the SEBS substrate Au-PANI pH sensors in
a specic geometric distribution would therefore allow simul-
taneous monitoring of the wound pH and temperature. In
summary, a commercial temperature sensor with a small
volume and high sensitivity was selected and integrated onto an
FPCB by a simple circuit connection.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4. Biocompatibility of the device and monitoring of
infection in cutaneous wounds

Good biocompatibility is essential for the materials used in
a wound dressing to ensure that the dressing will not cause
damage to the wound bed when in contact with the wound
surface. The toxicity of the materials used in the sensor was
evaluated by the viability of L929 cells exposed to the material
extracts utilized in the sensor. The results from the quantitative
CCK-8 assay showed that the SEBS and pH sensor extracts were
noncytotoxic, as the relative cell viability was greater than 95%
(Fig. 5A). These results conrmed that the materials used in the
sensor were biocompatible.

The exible detection system was veried in vitro to monitor
the changes in pH and temperature, and its performance in
actual wound monitoring was then investigated. The rat model
of infection was established by inoculating S. aureus into cuta-
neous wounds. S. aureus is one of the most common bacterial
pathogens found in infected wounds.38,39 The rats were divided
into two groups: infected and uninfected. Photographs of the
wounds at 0, 8, 24, 32, 54, and 78 h are shown in Fig. 5B.
Purulent discharge was clearly visible in the infected group on
the third day, accompanied by wound redness and swelling,
indicating that the infection had induced inammation and
tissue necrosis.39,40 H&E staining of the skin biopsies of the
wound sites showed inammation inltration in the infected
group (Fig. 5C). At 8 and 30 h aer inoculation, many more
RSC Adv., 2022, 12, 3243–3252 | 3249



Fig. 5 Biocompatibility of the device and monitoring of infection in cutaneous wounds. (A) Cell viability test of pH sensors. (B) Photographs of S.
aureus infected wounds in rat. Changes of infected and uninfected wounds, (C) observe the tissue section of the uninfected wound under a low
power microscope for 8 h (I) and 30 h (II), tissue section of infected wound for 8 h (III) and 30 h (IV), observe the tissue section of the uninfected
wound under a high-power microscope for 8 h (V) and 30 h (VI), Tissue section of infected wound for 8 h (VII) and 30 h (VIII). (D) and (E) Physical
image of sensor for wound monitoring, (F) pH changes of wound, (G) temperature change of wound, (H) temperature change measured by
infrared thermometer.
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immune cells had accumulated in the cutaneous wounds in the
infected group than in the uninfected group. Neutrophils could
usually be found in S. aureus infected wounds as innate
immune cells in the early inammatory response.39,41 These
results demonstrated the establishment of an infected wound.

The image of the sensor attached to the wound shows that
the exible dressing t well with the wound (Fig. 5D and E) and
was able to monitor the changes in pH (Fig. 5F) and tempera-
ture (Fig. 5G) in the wound. The infection induced a rise in pH
and temperature at the wound sites as early as 8 h post opera-
tion. When the wound was just created, it had a pH around 7–
7.2 and a body surface temperature of about 32.4 �C. Eight
hours later, the pH of the infected wound had increased to pH
7.7 and the temperature had risen to 34.1 �C. A comparison of
infrared thermometers revealed close results (Fig. 5H). By
contrast, the pH and temperature of the uninfected wound
surface increased only slightly. In the following 3 days, although
the pH and temperature of the two wound surfaces uctuated,
the pH and temperature were always higher for the infected
wound than for the uninfected one, due to the proliferation of
bacteria and the response of the rat's own immune system.28 In
the animal model experiment, the customized data processing
module is integrated with the sensor for data acquisition. Due
to the limitations of the size and energy of the data processing
module, continuous wound monitoring was not performed in
this study. However, with the development of smaller back-end
modules and the further optimization of sensor materials, long-
term real-time monitoring of wounds will be possible.

As mentioned earlier, the pH value of the wound is an
important biomarker that can provide important information
about the condition of the wound. The pH of the surface of
normal skin is acidic, but injury can lead to the exposure of the
underlying tissue and change the acidic environment of the site.
When infection occurs, the changes caused by bacterial
metabolism and proliferation will make the pH of wound reach
alkaline state.42 Other articles have mentioned temperature as
a parameter inuenced by many factors, such as blood ow,
bacterial infection, and oxygenation. Inammation, new tissue
formation, and remodeling during wound healing can also raise
the temperature.19,43 In this system, the temperature chip was
integrated on the FPCB, since the combination of hard chip and
so substrate is difficult to realize, however, this should be
worked on in the future. Comparison of with the changes in pH
and temperature conrmed that the sensor fabricated here can
detect these changes at the corresponding time; that is, the
change can be used as an early warning that the wound is
infected.44 In clinic, the wounds usually are more complex, and
many factors wound inuence the result, such at body uid,
ambient temperature. In addition, the combination of hard
chip and so substrate is a future attempt.

4. Conclusion

In this work, we have successfully developed a so wound
infection monitoring system consisting of a pH sensor and
a temperature sensor. We used a so enough substrate so that
the dressing can be well applied to the wound skin, and sensors
© 2022 The Author(s). Published by the Royal Society of Chemistry
with arrays make monitoring more accurate. The pH sensor is
integrated on a so and stretchable substrate and shows good
sensitivity, linearity, biocompatibility, and wearability in
contact with wounds. The temperature sensor chip is attached
to the pH sensor and integrated onto the FPCB. Through
a series of in vitro tests and the establishment of infection
models, the so system conrmed its reliable performance and
good conformity with the skin. The applicability of the system
was veried by in vitro characterization and in vivo model
testing. This study provides a so wearable monitoring system
for real-time monitoring of wound infection.
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