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ABSTRACT: The wound healing process remains a poorly
understood biological mechanism. The high morbidity and
mortality rates associated with chronic wounds are a critical
concern to the health care industry. Although assessments and
treatment options exist, these strategies have primarily relied on
static wound dressings that do not consider the dynamic
physicochemical microenvironment and can often create additional
complications through the frequent dressing changing procedure.
Inspired by the need for engineering “smart” bandages, this study
resulted in a multifaceted approach to developing an adhesive-free,
permeable, and multiplex sensor system. The electronic-extrac-
ellular matrix (e-ECM) platform is capable of noninvasively
monitoring chemical and physical changes in real-time on a
flexible, stretchable, and permeable biointegrated platform. The multiplex sensors are constructed atop a soft, thin, and microfibrous
substrate of silicone to yield a conformal, adhesive-free, convective, or diffusive wound exudate flow, and passive gas transfer for
increased cellular epithelization and unobstructed physical and chemical sensor monitoring at the wound site. This platform
emulates the native epidermal mechanics and physical extracellular matrix architecture for intimate bio-integration. The multiple
biosensor array can continuously examine inflammatory biomarker such as lactate, glucose, pH, oxygen, and wound temperature that
correlates to the wound healing status. Additionally, a heating element was incorporated to maintain the optimal thermal conditions
at the wound bed. The e-ECM electrochemical biosensors were tested in vitro, within phosphate-buffered saline, and ex vivo, within
wound exudate. The “smart” wound bandage combines biocompatible materials, treatments, and monitoring modalities on a
microfibrous platform for complex wound dynamic control and analysis.
KEYWORDS: smart bandage, wound monitoring, multiplex electronics, stretchable electronics, electrochemical sensing, adhesive-free

Chronic wound care remains a significant treatment
challenge for clinicians and researchers due to a poorly

understood and complex repair mechanism. These wounds
affect 5.7 million individuals annually, resulting in a cost of $20
billion.1−3 With the diabetes mellitus diagnosis and the aging
population advancing, the number of cases is only expected to
rise.2 The primary treatment for wound healing relies on
wound dressings tailored to address the wound’s status; dry or
exudative, shallow or deep, and clean or infected.4,5 Although
advancements in biomaterials are making great strides,6−8

analytical assessment, which is necessary for wound diagnosis
and status, is critical to provide precise treatment strategies for
chronic wounds. However, clinical wound monitoring and
diagnoses require laboratory testing, which is time-consuming,
labor-intensive, costly, and incapable of considering the
dynamic physicochemical microenvironment, thereby inhibit-
ing wound treatment efficacy. Real-time sensing systems could
revolutionize treatment care for chronic wound healing and
decrease prolonged hospitalization, doctor visits, expensive
laboratory testing, and prolonged antibiotic use.4,9

Recent advances in wearable electronics have revolutionized
personal monitoring. These electronics are capable of soft
mechanical deformation and seamless integration with soft
biological tissue.10−19 Bioelectronics can monitor a broad
range of biomarkers quantifying pathophysiological progres-
sion, health status, and athletic performance.4,9,11,12,20,21 Most
notably, epidermal15,21−23 platforms have brought forth
advanced system integrations that allow for a thinner and
lighter device capable of conforming to the complex curvilinear
structure of the skin establishing an innate, long-term
adaptation with the epidermis. Systems of this nature have
just started to be translated into clinical application for wound
monitoring that could have profound impacts.24−29 However,
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wound-specific design considerations should be addressed to
develop reliable bioelectronics. These platforms should tackle
the (1) microspatial mechanical mismatch that exists between
rigid electronics and skin, (2) mass transfer of wound exudate,
and (3) adhesion while remaining fully biocompatible without
disrupting the fragile wound tissue. Reepithelialized tissue is
particularly soft and fragile. Skin tissue can be defined between
an elastic modulus of E = 10 and 500 kPa.20 Devices with

similar mechanics can reduce interfacial stress, inflammation,
and improve cellular proliferation and migration.30 Although
various platforms for on-skin electronics allow for the
determination of critical physiological information while
imperceptibly integrating with the biological system, these
bioelectronics substrates impede the natural diffusive or
convective flow of biofluids and gas exchange at the
tissue.4,24,28,31 Consequently, these drawbacks debilitate the

Figure 1. Electronic-extracellular matrix (e-ECM) for inflammation-free chronic wound monitoring. (A) Schematic illustration of e-ECM for
chronic wounds and (B) cross-sectional view. (C) Image of e-ECM for chronic wounds. (D) Scanning electron microscope (SEM) image of
substrate and electronics. (E) Image of microfabricated electronics. (F) Adhesion energy measured on skin. Mean ± standard deviation (SD), n =
3, *p < 0.05 Bonferroni correction. (G) Images of e-ECM device under mechanical distortion: stretching, pitching, and twisting.
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devices’ ability for wound monitoring, evoking discomfort,
tissue inflammation, wound exudate buildup, and delamina-
tion, thus disrupting the sensor performance. A fully porous
and open-mesh device can overcome these limitations,
exhibiting soft mechanics while being fully breathable, allowing
the sensor system to directly interact with biofluids while
acting invisible to the biological system, not disturbing the
physiological environment. In chronic wound care, strong

adhesives have historically been detrimental to the wound bed,
creating skin tears and regressing any healing progress.32

Wearable soft bioelectronics are commonly laminated to the
skin with commercial adhesives, and adhesive-free alternatives
should be explored to reduce skin tears. Forthwith,
bioelectronic systems can be developed for long-term
applications and multifunctional sensing to improve our
quantitative understanding of the dynamic physicochemical

Figure 2. Characteristics of electrochemical sensing in PBS. Cyclic voltammetry performance of fabricated Ag/AgCl reference electrode vs
commercial Ag/AgCl (1 M KCl) electrode with (A) 1 M and (B) 0.01 M Cl−. (C) Calibration curve of the fabricated reference electrode
compared to a commercial Ag/AgCl (1 M KCl) electrode. (D) pH sensor (vs fabricated Ag/AgCl reference electrode) in 37 °C PBS. The inset is
the associated calibration curve of the pH sensor. (E) Oxygen, (F) glucose, and (G) lactate sensor (vs fabricated Ag/AgCl reference electrode) in
37 °C PBS (7.4 pH). Insets are the corresponding calibration curves. (H) Electrochemical performance of glucose sensor under mechanical stress
(vs fabricated Ag/AgCl reference electrode) in 37 °C PBS (7.4 pH): (a) 15° convex, (b) 30° convex, (c) 5% strain, (d) 15° concave, (e) 30°
concave, and (f) 5% strain. (I) Electrochemical performance of glucose sensor on fibrous e-ECM platform vs PDMS film.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c00787
ACS Sens. 2022, 7, 1996−2005

1998

https://pubs.acs.org/doi/10.1021/acssensors.2c00787?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c00787?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c00787?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c00787?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c00787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


microenvironment and health care devices capable of clinical
standards in monitoring biomarker status.
Herein, this study presents the integration of a biomimetic

epidermal substrate with multiplex soft bioelectronics, an
electronic-extracellular matrix (e-ECM) platform33 to monitor
biomarkers within wound exudate. A soft, adhesive-free,
permeable, microfibrous poly(dimethylsiloxane) (PDMS)
substrate�physically and mechanically biomimetic to the
dermis�was amalgamated with microfabricated biosensors to
monitor pH, oxygen, lactate, glucose, and temperature within
wound fluid. The device was capable of heat emittance that can
be used to improve healing speed. Sensing performance was
evaluated within phosphate-buffered saline and compared to
conditions within wound exudate derived from a chronic
wound. The device performed in the physiological range within
wound exudate and upholds a high-performance signal.

■ RESULTS AND DISCUSSION
The configuration for the e-ECM wound care device is
presented in Figure 1. The device contains an electrochemical
Ag/AgCl reference, counter, and working electrodes for pH,
lactate, glucose, and oxygen sensing as well as a temperature
sensor and heating coil connected to a 12-pin zero insertion
force (ZIF) contact pad. The serpentine-defined units allow for
flexibility and biaxial stretchability that connect to a ZIF
connector for an external potentiostat. This e-ECM biosensor
is developed on a PDMS fibrous mesh with a multiplex
electronics array for inflammation-free chronic wound
monitoring (Figure 1A−C).
The array consists of six 2 mm diameter electrodes and two

coils of 8 mm2 with a total thickness of ≈5 μm (polyimide 2
μm/5 nm Cr/200 nm Au/polyimide 2 μm) (Figure 1B).
Fabrication began with photolithographically defining Cr and
Au metal deposited by electron beam evaporation on a
polyamide (PI) substrate. A second layer of PI encapsulated
the Au metal layer except for electrode openings for sensing
and the contact pad (Supporting Figure 1). Beneath the PI
substrate, the sacrificial layer of poly(methyl methacrylate)
(PMMA, 1 μm) was removed by immersing in acetone to
retrieve the microfabricated active components onto a water-
soluble tape. SiO2 (50 nm) deposited by electron beam
evaporation allowed siloxane bonding to the PDMS fibrous
mesh.
In our previous study, the e-ECM platform was fully realized

using a coaxial electrospinning fabrication method that was
systematically evaluated to produce a microfibrous mesh of
PDMS.33 The developed PDMS matrix (thickness ≈ 30 μm)
exhibited soft mechanics (E = 129.07 ± 14.85 kPa) and
physical architecture (fiber diameter = 1.99 ± 0.56 μm)
biomimetic to the dermal extracellular matrix (collagen and
elastin fibers).33 The elastic, fibrous mesh displayed analogous
viscoelastic behavior and passive mass transfer of small
molecules, transdermal water diffusion, and gas exchange
while being fully cytocompatible. Additionally, the platform
can maintain adhesive-free lamination and high-resolution
biopotential monitoring during vigorous sweating. This PDMS
fibrous mesh was fabricated following previous methods and
thermally cured.33 The surface of the mesh was exposed to
ultraviolet/ozone to facilitate the siloxane bonding by the
activated hydroxyl groups. The sensor array was carefully
transferred to covalently bond based on the siloxane chemistry.
Dissolving the water-soluble tape removed by immersing in
water completed the device fabrication (Figure 1C−E). The e-

ECM device can be laminated onto the skin by van der Waals
forces, a fully adhesive-free platform. The adhesion energy
presented by the PDMS fibers, 15.27 ± 5.64 J m−1 is similar to
adhesive-free commercially available wound dressing, Mepilex
but presents a statistically significant difference (p < 0.05) to
adhesive medical dressing, Tegaderm (Figure 1F). The
adhesion strength of the PDMS fibers, 551.74 ± 203.73 kPa
was comparable to Tegaderm, and sixfold greater than Mepilex
(Supporting Figure 2). The device can remain adhered
through commonplace forces presented under stretching,
pinching, and twisting (Figure 1G). Forthwith, it can be
simply removed with minimal device damage and no skin
irritation.33 This platform can be used as an adhesive-free
solution for chronic wound care to prevent skin tears in high-
risk patients.
Figure 2 summarizes the analytical performance of the

potentiometric, amperometric, and enzymatic electrodes in this
type of device construction. The reference and pH electrode
were functionalized first to minimize any Ag deposition on the
adjacent electrodes. Chronopotentiometry in 0.1 M AgNO3
produced a conformal Ag film. Linear sweep voltammetry and
cyclic voltammetry in 0.1 M KCl and 0.01 M HCl produced
nucleation of the AgCl. The reference electrode performance
compared to a commercial Ag/AgCl (1 M KCl) reference
electrode is shown in Figure 2A−C and Supporting Table 1. As
Cl− concentration decreased, the fabricated reference electrode
performance deviated with a minor negative potential drift
compared to the commercial Ag/AgCl (1 M KCl) electrode
(Figure 2C). The reference electrode was able to maintain a
stable reference potential throughout a 12-day time period
(Supporting Figure 3).
To prepare the pH electrode, Ag/AgCl was electrochemi-

cally deposited through the same process as the reference
electrode. The ion-selective membrane, H+ ionophore
embedded in poly(vinyl chloride) (PVC) coated the Ag/
AgCl layer. Figure 2D illustrates the open-circuit potential
(OCP) response of the ion-selective electrode, pH sensor,
measured in solutions of 5−10 pH. The voltage response is
based on the selective binding of H+ ions in solution with the
PVC-embedded ionophore. The sensitivity of the sensor,
−55.0 mV/decade (R2 = 0.98), for H+ ions showed a near-
Nernstian cationic slope (Nernstian equation, theoretical
sensitivity = 59 mV/decade for ion-selective electrode sensors)
within phosphate-buffered saline (PBS) at 37 °C. In a diseased
state, chronic wounds can exhibit basic conditions between
7.15 and 8.90 pH, correlating to wound infection. For tissue
repair, an acidic environment between 4 and 7 pH is favorable
to decrease bacterial viability and improve fibroblast activity.4

The amperometric oxygen sensor is based on a Clark-type
electrode, an oxygen selective membrane of Nafion and diluted
PDMS coated on the oxygen electrode. The outer PDMS
membrane improved the electrochemical response to dissolved
oxygen. The hydrophobic characteristics of PDMS improved
the membrane selectivity. Figure 2E illustrates the chronoam-
perometric response of the oxygen sensor at −0.4 V vs Ag/
AgCl. The sensor could detect a wide range of dissolved
oxygen concentrations from 0.00 to 3.35 mL/L dissolved
oxygen within PBS (7.4 pH, 37 °C) (Figure 2E). The oxygen
sensor could exhibit a sensitivity of −28.3 μA/cm2 per mL/L
O2 (R2 = 0.99). In blood, the solubility of oxygen is very low,
0.03 mL/L per 1 mmHg of PO2, and thus, in normal arterial
blood, there is about 3.1 mL/L dissolved oxygen (DO) with a
PO2 of approximately 100 mmHg.34,35 In normal blood, a
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gram of pure hemoglobin can bind with 1.39 mL of oxygen,
and when the binding sites of the oxygen capacity are reached
(150 g/L hemoglobin), there would be approximately 208.5
mL/L oxygen bound to hemoglobin and around 3.1 mL/L
dissolved in the free water of the plasma.35 In other words, the
dissolved oxygen in blood accounts for about 1−2% of the
total oxygen content with the remaining 98% bound to
hemoglobin. For a chronic wound suffering from tissue
hypoxia, oxygen therapy can be used to elevate the dissolved
oxygen concentration at the wound site.
The enzymatic sensors, glucose and lactate, are based on

glucose and lactate oxidase enzymes that are immobilized by a
chitosan and single-walled carbon nanotube (SWCNTs)
solution on a Prussian Blue mediator layer. After electro-
chemical cleaning in H2SO4, the Prussian Blue mediator layer
was electrochemically deposited through cyclic voltammetry
(Supporting Figure 4). An applied potential of 0 V vs Ag/AgCl
produced the amperometric response for both sensors. Figure
2F presents the glucose response, which produced a linear
range of 0−8 mM and sensitivity of −2.98 μA/cm2mM (R2 =
0.96). Healthy glucose levels in the blood range from 3.9 to 7.8
mM, while in a chronic wound, high glucose levels can indicate
infection and insulin deficiency.4 Figure 2G presents the lactate
response, demonstrating a linear range of 0−30 mM with a
sensitivity of −0.24 μA/cm2mM (R2 = 0.98). At a wound,
healthy lactate levels range from 1 to 3 mM and concentrations
above 7 mM can indicate wound healing impairments.4 The
selectivity of the glucose and lactate sensor was evaluated
against physiological levels of relevant electroactive analytes in
the blood (Supporting Figure 5). The sensors can differentiate
and express high selectivity for glucose and lactate sensing. The
interference current produced by uric acid, ascorbic acid, and
potassium chloride was negligible compared to the strong
signal response seen with the target analyte. The high

selectivity is attributed to the low operating potential from
the Prussian Blue mediator layer.
The glucose sensor was subjected to mechanical deforma-

tion to evaluate the flexibility and durability of the device
construction. The platform underwent changes in structural
flexion and tension while submerged in phosphate-buffered
saline (7.4 pH) at 37 °C (Figure 2H). Smaller concentrations
of glucose, 0.5 mM were added to the solution to illustrate the
low current changes to deformation. At convex configuration
(Figure 2H(a,b)), the device exhibited a similar large current
output. However, when the sensor was stretched at 5% strain
uniaxially (Figure 2H(c)), the current stabilized representative
of the glucose concentration in solution. The sensor was set
back to rest and the current fully stabilized back to 0.5 mM
glucose and was able to respond to an addition of 0.5 mM
glucose. When concaved (Figure 2H(d,e)), the current
response was minimal. Subsequently, with a 5% uniaxial strain
(Figure 2H(f)), a minimal signal change was recorded. The
device was set back to rest and the current signal was
restabilized back to 1 mM glucose. An extra glucose addition of
0.5 mM produced a similar 0.5 mM current response without
showing signs of any device damage. In application, the device
will undergo concaved configuration and deformation; there-
fore, the sensors are able to withstand applicable conditions.
To demonstrate the permeability of the platform, the

glucose sensor was evaluated within an H-cell. The glucose
sensor was laminated on the e-ECM (fibrous) and conven-
tional, PDMS (film) platform. Additions of glucose were added
to the far side of the H-cell to evaluate diffusion across the
membrane. A stir bar on the far side produced a convection
environment, while the glucose diffused across the e-ECM
membrane. The glucose additions can be seen in the
amperometry response; however, a diffusion-dependent
stabilization is present (Figure 2I). As expected, on the film

Figure 3. Characteristics of electrochemical sensing in wound exudate. (A) Performance of pH sensor (vs fabricated Ag/AgCl reference electrode)
in 37 °C wound exudate. Insets are the corresponding calibration curves. Electrochemical performance of (B) oxygen, (C) glucose, and (D) lactate
sensor (vs fabricated Ag/AgCl reference electrode) in 37 °C wound exudate (8.4 pH). Insets are the corresponding calibration curves.
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platform (with a similar substrate thickness), a glucose
response is undetectable. This has been a critical issue for
wearable electronics to detect real-time biomarkers in situ. The
proposed device presents the mass transfer of biofluids through
the substrate and the diffusion of biomarkers for real-time
detection without the risk of analyte accumulation. Additional
analysis of permeability is quantified within our previous
work.36

The electrochemical sensors were further characterized
within ex vivo wound exudate from a pressure ulcer. At the
time the exudate was collected, the patient was suffering an
infected stage 4 pressure injury. A detailed explanation of the
patient’s state is described in the Supporting Information. The
electrochemical performance of the e-ECM device within
chronic wound exudate is presented in Figure 3 and
Supporting Figures 6 and 7. Compared to sensing within
PBS, the sensor performance changed and generated a different
potential or current response which extended the PBS
calibrated conditions. Competitive reactions were observed
during cyclic voltammetry and differential pulse voltammetry
within wound exudate. The pH electrode was calibrated by a
two-point calibration from 8.39−7.21 pH (Figure 3A). The
sensitivity of the sensor remained comparable to PBS
conditions and behaved based on the Nernst equation
(Supporting Figure 7A). However, a positive open-circuit
potential drift was observed (∼475 mV increase). We suspect
the Cl− concentration changes in the solution affected the
potential drift since the patient suffered from chronic kidney
disease and presented with a severe imbalance of electrolytes.
The basic pH presented, 8.39 pH, confirms the patient had an
infection. The oxygen sensor presented a low dissolved oxygen
concentration of 0.06 mL/L, which also extended the
boundaries of the PBS calibration curve (Figure 3B). At an
applied potential of −0.4 V vs Ag/AgCl, the amperometric
response of the oxygen sensor was recorded. The low dissolved
oxygen concentration was suspected to be observed because of
the increased viscosity of the solution and low solubility of
oxygen in blood 0.03 mL/L per 1 mmHg of PO2.

34 The
consistency and composition of wound exudate with respect to
both endogenous and exogenous contents vary drastically from
patient to patient and over the course of the healing
process.37,38 Chronic wound ulcers present a sticky consistency
with a high viscosity, protein content (>30 mg/mL), bacterial
aggregation, inflammatory cells, and blood leakage.37,38

Therefore, the high viscosity is suspected to decrease the
dissolved oxygen concentration in solution. Additionally, the
basic pH along with Cl− changes within the wound exudate is
assumed to change the reference potential and oxygen sensor
performance (Supporting Figure 8).
The enzymatic glucose and lactate sensor responses are

presented in Figure 3C,D. The cyclic and differential pulse
voltammetry response between PBS and wound exudate
confirms that the Prussian Blue reduction potential changes
between solutions (Supporting Figure 9). However, during
these tests, interfering biological reactions are occurring,
causing side reactions and identification of the reduction
potential presents a challenge. The Prussian Blue reduction
peak is indistinguishable within wound exudate, and the basic
pH is expected to shift the reduction peak potential negatively
because of the change in reference potential. The decrease in
solution oxygen is also suspected to contribute to the sensor
sensitivity decrease because the enzymatic action is based on
an oxygen competitive reaction (eq 1).

substrate O product H O2
oxidase

2 2+ + (1)

The unknown glucose and lactate concentration was
determined with a colorimetric assay to be 6.52 and 2.08
mM, respectively (Supporting Figure 10). Clinically, glucose
levels range from 0.6 to 5.9 mM in wound fluid and 4.6−9.9
mM in serum.39 Lactate concentrations range from 5.4 to 16.7
mM in wound fluid and from 1.3 to 6.5 mM in serum.39

However, these concentration ranges in wound fluid have not
been well defined to date and conflicting literature exists.39,40

We suspect that the wound physiology changes from patient to
patient and thus defined concentrations have yet to be
established. The ex vivo wound exudate in this study was
sanguineous and may explain the metabolite concentrations
similar to serum levels.37,38 High lactate and glucose levels can
affect cell proliferation and at normal concentrations can be
representative of positive healing progression.37 A 0 V vs Ag/
AgCl applied potential for both glucose and lactate sensors
were employed to produce the amperometric response. The
glucose sensor presented a linear range of 6.52−14.52 mM,
sensitivity of −1.55 μA/cm2mM (R2 = 0.96), and a limit of
linearity of 14.52 mM (Figure 3C). The lactate sensor
presented a linear range of 2.08−17.08 mM, sensitivity of
−0.12 μA/cm2mM (R2 = 0.98), and a limit of linearity of 17.08
mM (Figure 3D). The limit of linearity increased for both
sensors because the minimal oxygen in solution extended the
detection range but decreased the sensitivity. The sensitivity of
both sensors can be described as a 1:2 ratio of conditions from
PBS to wound exudate. The response drift observed from the
lactate sensors is suspected to be a diffusion limitation because
of the viscous wound exudate. The diffusion limitation appears
to minimally affect the glucose sensor compared to the lactate
sensor because of the thickness of the biosensing membranes.
The glucose sensor is developed on a two-layered system and
the lactate is developed on a three-layered membrane
construction. Additionally, the detection range observed within
wound exudate changes with both the glucose and lactate
sensor. In theory, the decrease in available oxygen within the
wound exudate should increase the detection range of both
sensors; however, this is only observed with the glucose sensor.
We suspect the higher pH is negatively affecting the lactate
oxidase relative activity.41 Glucose oxidase can also be affected
by an increased pH; however, it generally possesses increased
stability compared to lactate oxidase. Based on the output of all
electrochemical sensors, in application, the biosensor would
require recalibration in wound exudate. Additionally, since
wound exudate can vary from the healing stage, as well as
patient to patient, calibration would be required frequently to
ensure the sensor accuracy with this configuration. The
changes in solution viscosity, biofouling, pH, chloride
concentration, and solution conductivity are expected to
contribute to this performance change.42,43 Developing
applicable sensors would require in situ calibration since
laboratory solutions (e.g., PBS) do not present reliable
mediums.
After testing in wound exudate, the e-ECM platform was

immediately fixed and evaluated. Surface protein aggregation
can be observed from the scanning electron microscope
(SEM) image of the substrate (Supporting Figure 11A).
Energy-dispersive X-ray spectra (EDS) of the proteins were
evaluated (Supporting Figure 11B). The nitrogen and sodium
peaks seen within the spectrum indicate the presence of
nodules that have aggregated onto the PDMS fibers. Their

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c00787
ACS Sens. 2022, 7, 1996−2005

2001

https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00787/suppl_file/se2c00787_si_001.pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c00787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


presence confirmed that the high protein content in the
complex medium can present a potential issue for biofouling.
We suspect the immediate fixation with glutaraldehyde
increased the protein aggregation onto the surface of the
PDMS fibers. Though biofouling can still occur, the porous
structure will provide a permeable substrate for the wound
exudate to passively permeate.33,44 Of note, the substrate is
capable of cellular infiltration. The soft and fibrous architecture
can facilitate cellular infiltration and maintain viability
throughout the fibrous mesh.36

Maintaining a warm wound bed is vital to ensure optimal
healing speeds.45,46 We demonstrated an electrically driven
resistive temperature sensor and heater incorporated into the
e-ECM device (Figure 4). The heater was fully insulated with
PI to mitigate any interaction with the surrounding biological
tissue and wound fluid. The Joule heating properties of the
heater are shown in Figure 4A,B. A fixed DC bias voltage was
applied with 1 V increments from 1 to 6 V. Captured by an
infrared (IR) camera, the temperature generated presented
smooth and responsive transitions localized to the heating
elements. At 2 V, the heater produced an average heat output
of 33.2 °C and a maximum temperature of 46.2 °C. The low
voltage demonstrates the efficiency of the resistor. Additional
applications can incorporate a drug delivery system atop the
heater with a thermoresponsive polymer to elicit a controlled
antibiotic or growth factor drug release. Monitoring wound
temperature can be used in a clinical setting to access the status
of the wound. Decreasing wound bed temperature can be
associated with a lack of blood flow.46,47 A four-probe resistive
temperature detector was calibrated with a thermocouple
(Figure 4C). The relationship between resistance and
temperature is linearly proportional and can be denoted by
the following equation

R R T T(1 ( ))0 0= + (2)

where R is the changed resistances, R0 is the initial resistance, α
is the temperature coefficient of resistance (TCR), T is the

measured temperature, and T0 is the initial temperature.48 The
calibration curve presented an R2 of 0.99 and a TCR of 2.18 ×
10−3 °C−1 at 22.4 °C. The TCR of gold is 3.70 × 10−3 at 20.0
°C, comparable to the calculated TCR of the temperature
sensor.

■ CONCLUSIONS
We present the development of a soft, permeable, multiplex
biosensor capable of adhesive-free lamination for monitoring
chronic wounds. This engineering development presents a
biomimetic, open-mesh scaffold for transdermal water and gas
diffusion, free mass transfer, high adhesion energy, and is
capable of mechanical deformation. Siloxane bonding facili-
tated robust integration with soft electronics and the
microfibrous scaffold to develop the e-ECM platform. The
electrochemical array delivered simultaneous quantitative
assessment of multiple inflammatory biomarkers (pH, oxygen,
glucose, lactate, and temperature) within physiologically
relevant ranges in a matter of minutes. Testing within wound
exudate revealed variations in sensing performance from
laboratory-based PBS solution that has not been presented in
the literature thus far. Changes in sensor performance can be
attributed to solution viscosity, biofouling, changes in pH and
chloride concentration, and decrease in available dissolved
oxygen. Wound exudated drastically varies from patient to
patient and depends on the current patients healing stage and
wound status. The development of applicable sensors must be
capable of addressing these solution characteristics and
recalibrating accordingly.
Ultimately, this platform illustrates a first step toward

engineering electrochemical sensors for monitoring wound
exudate biomarkers. The porous architecture of this platform
permits the ability to monitor analytes in real-time on a
biofluid and small molecule permeable substrate. This
technology can allow for high-performance sensing that is
unperturbed from analyte accumulation and device delaminate
that occurs with occlusive platforms which contribute to

Figure 4. Heater and temperature sensor performance. (A) Temperature evolution of the heater from 1 to 6 V DC bias voltage, captured by an IR
camera at corresponding voltages. (B) Thermal profiles emitted from the heater, captured by an IR camera at 1, 2, and 6 V. (C) Calibration curve
of the RTD sensor, four-probe resistance vs temperature response of a thermocouple.
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wound exudate buildup and inflammation. We foresee future
work in (1) analyzing the reversible nature of the sensors, (2)
developing appropriate comparisons to PBS and various
wound exudate conditions to properly calibrate electro-
chemical sensors, (3) integration of antibiofouling membranes
atop the sensing electrodes, (4) long-term reliability and
continuous sensing within wound exudate to characterize
sensor stability and lifetime, and (5) influence of patient to
patient changes of wound exudate on sensing performance.
Additionally, the toxicity of the Ag/AgCl electrode should be
evaluated to determine its effects on wound healing.49,50 This
fabrication and device integration establishes the framework
for wound exudate permeable electronics beyond conventional,
impermeable, and rigid electronic systems.

■ EXPERIMENTAL SECTION
Device Fabrication and Integration. The microfabrication

process is illustrated in Supporting Figure 12. The fabrication began
by cleaning the 4’’ silicon wafer with deionized water (DI water) and
isopropyl alcohol, followed by a washing cycle in a spin rinse dryer.
The wafer was preheated to remove any water from the surface at 150
°C for 3 min. A 2% poly(methyl methacrylate) (PMMA) solution was
spin-coated at 500 rpm for 5 s and then ramped to 3,000 rpm for 45 s.
The wafer was baked for 90 s at 180 °C and left to cool for 3 min. A
polyimide (PI) solution was poured and spun at 100 rpm for 10 s to
even out the viscous solution. The PI solution was left to sit on the
wafer for 10 min to allow the bubbles to evaporate. Next, the wafer
was spin-coated at 1,000 rpm (200 rpm/s ramp) for 25 s and then
3,000 rpm (500 rpm/s ramp) for 40 s. The wafer was let to sit for 3
min and then baked at 90 °C, followed by 120 °C for 3 min. The
wafer was hard-baked in a nitrogen gas glove box at 250 °C for 1 h. 50
Å of chromium and 2,000 Å of gold was deposited above the PI layer,
respectively by e-beam evaporation. A positive photoresist was
deposited, spin-coated at 3,000 rpm for 30 s, and hard-baked for 1
min at 110 °C. Photolithography followed with 2 s of hard contact
and 0.7 s of exposure. The wafer was then washed with a developer
and washed with DI water. Gold and chromium etchant were used to
develop the patterns. An insulation PI layer was spin-coated and hard-
baked as described above. 280 Å of chromium was deposited above
the PI layer by e-beam evaporation. The photoresist was deposited
and developed as described above. Chromium etchant defined the
mask. The PI insulation was etched by a reactive ion etching (RIE)
cycle of 90 sccm O2 at 300 mTorr and 300 W for 6 min. The
remaining chromium was removed in chromium etchant. The wafer
was soaked in acetone for 1 h, removing the PMMA layer. The
sensors were transferred to water-soluble tape and 500 Å of silicon
dioxide (SiO2) was deposited through e-beam deposition. The
electronics and PDMS fibers were placed in a plasma cleaner and
exposed to 18 W RF for 30 s with 5:1 nitrogen to oxygen. The
electronics were laminated on the PDMS fibers immediately and
placed in an oven at 100 °C for 1 h. Finally, the sample was
submerged in DI water to remove the water-soluble tape, leaving
behind the e-ECM device.
Adhesion Testing. All adhesion tests were performed with a

group size of n = 3 and a Mark10 tensometer using a 25 N force gauge
at a 90° peel and strain rate of 30 mm/s. The force−displacement
curve for each sample was plotted and the average force (Favg) was
calculated at the plateau of the curve. The average force was
converted to adhesion strength by Favg/A, where A is the area of each
sample (thickness and width). The average force was converted to
adhesion energy, G, by G = Favg/W, where W is the width of each
sample. Statistical analysis was conducted in R commander. The mean
and standard deviation for each sample was calculated and plotted. An
ANOVA test was performed, and a post hoc Bonferroni Correction
was employed between groups.
Measurements and Testing. The contact pads from the e-ECM

devices were connected with a standard 12-pin ZIF connector.
Electrochemical tests were performed with a potentiostat (CH

Instruments, 660E and 1040C) Four-probe temperature measure-
ments were performed by connecting the RTD sensor to a digital
multimeter (Keysight, 34460A). Heat map images were captured in
real-time by an infrared (IR) camera (ETS320).

Reference Electrode. The reference electrode was fabricated by
electrochemically depositing a layer of Ag in 0.1 M AgNO3 at 13 mA/
cm2 for 300 s. Next, the electrode was placed in an electrochemical
bath of 0.1 M KCl and 0.01 M HCl for Ag chlorination. Linear sweep
voltammetry was performed from open-circuit potential (OCP) to 0.4
V (vs Ag/AgCl (1 M KCl)) at 20 mV/s followed by cyclic
voltammetry from 0.1 to 0.4 V vs Ag/AgCl (1 M KCl) at 100 mV/s
for 20 cycles.

pH Electrode. The reference electrode fabrication was used for
the development of the pH sensor. The Ag/AgCl layer was coated
with a pH-sensitive membrane of an H+ ionophore. A 1% (v/v) H+

ionophore I, 0.1 wt % potassium tetrakis(4-chlorophenyl)borate, 10%
(v/v) nitrophenyl octyl ether, and 5 wt % poly(vinyl chloride) in
tetrahydrofuran was prepared; 3 μL of solution was drop-cast on the
Ag/AgCl electrode. The pH sensor was calibrated against a pH probe
(Hanna Instruments, HI2020-01) in PBS and in wound exudate.

Oxygen Electrode. The oxygen sensor was prepared by drop-
casting three layers of Nafion at 3 μL onto the gold electrode. A
drying time of an hour was used between layers. A selective diffusion
membrane of 30 wt % of PDMS (10:1) in toluene was drop-cast at 3
μL. The membrane was cured at 60 °C for 1 h. The oxygen sensor
was calibrated against a dissolved oxygen probe (Hanna Instruments,
HI764080) in PBS and in wound exudate.

Glucose and Lactate Electrode. A solution of chitosan and
SWCNTs was prepared by mixing 2% acetic acid and 1% chitosan
within DI water and stirred with a magnetic stir bar for 2 h. The
SWCNTs were added at 2 mg/mL and water bath sonicated for 30
min. The electrodes were electrochemically cleaned in 100 mM
H2SO4 from −0.4 to 1.4 V (vs Ag/AgCl (1 M KCl)) at 20 mV/s for 1
cycle. A Prussian Blue mediator layer of 100 mM KCl, 2.5 mM
K3Fe(CN)6, 2.5 mM FeCl3, and 100 mM HCl was electrochemically
deposited in a fresh solution. The Prussian Blue mediator layer was
electrochemically deposited by cyclic voltammetry from −0.5 to 0.6 V
(vs Ag/AgCl (1 M KCl)) at 50 mV/s for 10 cycles on both the
glucose and lactate electrode. For the glucose electrode, the glucose
oxidase solution was prepared by 10 mg mL− 1 in PBS (pH 7.4) and
added to the chitosan/SWCNT at a ratio of 1:2. The glucose oxidase
solution was drop-cast at 3 μL on the electrode surface and left to dry
for 1 h. Next, a layer of chitosan/SWCNT was drop-cast at 3 μL. For
the lactate electrode, a 3 μL solution of chitosan/SWCNT was drop-
cast and allowed to dry for 1 h. A lactate oxidase solution was
prepared by 40 mg mL−1 in PBS (pH 7.4) and drop-cast at 2 μL,
followed by drying under ambient conditions for an hour. Finally,
another 3 μL layer of chitosan/SWCNT solution was drop-cast onto
the electrode and allowed to dry for 1 h. After both glucose and
lactate electrodes were functionalized, they were left to dry in the
refrigerator overnight. The sensors were calibrated in PBS with known
analyte concentrations. The unknown concentration of the target
analyte in wound exudate was determined with a colorimetric glucose
(Thermo Scientific, TR15421) and lactate (Pointe Scientific,
L759650) assay. Within wound exudate, the target analyte was
added at known concentrations.

Wound Exudate. The wound exudate was collected from the
patient by a vacuum-assisted closure device and deposited within a
wound canister without the sanitizer pack. The wound exudate was
transferred to centrifuge tubes and stored within a freezer until
testing. All in vitro testing took place under a biosafety level II cabinet.
The collection and experimental handling of the wound exudate were
performed in compliance with protocols that were approved by the
Institutional Review Board at Binghamton University.
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