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Wearable Bioelectronics for Chronic Wound Management

Canran Wang, Ehsan Shirzaei Sani, and Wei Gao*

Chronic wounds are a major healthcare issue and can adversely affect the 
lives of millions of patients around the world. The current wound manage-
ment strategies have limited clinical efficacy due to labor-intensive lab 
analysis requirements, need for clinicians’ experiences, long-term and 
frequent interventions, limiting therapeutic efficiency and applicability. The 
growing field of flexible bioelectronics enables a great potential for personal-
ized wound care owing to its advantages such as wearability, low-cost, and 
rapid and simple application. Herein, recent advances in the development of 
wearable bioelectronics for monitoring and management of chronic wounds 
are comprehensively reviewed. First, the design principles and the key fea-
tures of bioelectronics that can adapt to the unique wound milieu features 
are introduced. Next, the current state of wound biosensors and on-demand 
therapeutic systems are summarized and highlighted. Furthermore, the 
design criteria of the integrated closed loop devices are discussed. Finally, the 
future perspectives and challenges in wearable bioelectronics for wound care 
are discussed.
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and implement controlled drug release 
with minimized adverse effects are 
required to achieve proper therapeutic effi-
ciency of chronic wounds.

Bioelectronics can be defined as the 
convergence of biology systems and elec-
tronics by transducing biomedical signals 
into electrical signals at the tissue–elec-
tronics interface.[5,6] The first attempt to 
interface electronics with human tissue 
could trace back to 1792, when Galvani 
tried to apply electrical stimulation to 
control muscle movement.[7] Nowadays, 
tremendous progress has been made in 
the development of bioelectronics, such 
as biosensors, cardiac pacemakers, and 
neural stimulation electrodes.[8–10] One 
major focus of bioelectronics is wearable 
electronics, where the electronics could 
deform under small external force to 
maintain conformal contact with human 
extensive skin.[11] Recent advances in wear-

able bioelectronics have revolutionized personalized daily dis-
ease management beyond conventional modalities that may 
require long-term hospitalization or patient interventions.[12–15] 
Compared with the bulky nature and rigidity of traditional 
electronics, features such as simplified operations, flexibility, 
low-cost, and light weight of wearable devices can increase 
patient adherence which is a major challenge in clinical chronic 
wound care where the adherence rate is below 20%.[16–18] In 
particular, wearable sensors have been developed to precisely 
measure wound biomarkers and offer round-the-clock wound 
monitoring. Furthermore, recent advances in biomaterials sci-
ence and digital health interventions, combined with wear-
able wound bioelectronics enabled local and controlled thera-
peutic delivery without interrupting patients’ routine activi-
ties. Additionally, the large-scale manufacturing of wearable 
bioelectronics can facilitate patient data accumulation from 
multibiomarker assessments, variable body responses, and 
clinical trial outcomes. Integrated with advanced data analysis 
tools such as artificial intelligence (AI), that can realize an 
overarching goal by identifying certain recurrent patterns and 
potentially accelerate the decision-making process enable new 
modes of therapeutics in wound care.[19,20]

This review provides an overview of recent progress in wear-
able bioelectronics for chronic wound management (Figure 1).  
In particular, we first introduced the unique wound physi-
ological features that are essential for wound-specific device 
configuration. Second, we summarized efforts in building 
wearable platforms to improve personalized wound assess-
ment and treatments. Our focus ranged from monitoring 
wound biomarkers such as physical signals, biomolecules, 
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1. Introduction

Chronic wounds, also known as nonhealing wounds, arise as a 
consequence of diabetes, decubitus, venous dysfunction, aging, 
and surgeries. If not appropriately managed, chronic wounds 
can result in infection, amputation and disabilities, and even 
death.[1,2] In the USA alone, over eight million patients suffer 
from chronic wounds, with a financial impact of over 30 billion 
dollars annually.[3,4] The chronic wound conditions are highly 
dynamic and exhibit individual complexities impacted by var-
ious local and systemic factors. For example, diabetic ulcers stall 
in the inflammation phase of healing for years with the dysreg-
ulated immune system and high glucose level, increasing the 
susceptivity to infection. However, most commercially available 
wound dressings are passive and cannot provide treatments 
accordingly.[4] Although some dressings contain antibiotics, 
misapplication and long-term administration of antibiotics have 
led to the emergence of drug resistance in pathogenic bacteria. 
Platforms that can dynamically identify individual  abnormities 
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and microorganisms in the wound extrudates, as well as on-
demand delivering therapeutic strategies such as responsive 
drug delivery systems (DDS), controllable electrical stimula-
tions, and thermodynamic therapies. We also presented sys-
tems-level integrated designs leveraging technologies such as 
wireless communication and closed-loop control algorithms for 
the next generation of wound therapies. Finally, we discussed 
challenges and perspectives on the future of applying wearable 
bioelectronics for chronic wound care.

2. Wound-Specific Design Considerations

Achieving reliable functions of bioelectronics at the wound sites 
relies on appreciating the complexity of the wound microenvi-
ronment. The multifaceted process of wound healing involves 
various cells and metabolites in a distinct aqueous milieu, 
which may result in mechanical or electrical failure of the 
device. On the other hand, the tissue–electronics interactions 
can affect cellular behaviors such as migration,  proliferation, 

cell–cell interactions, and immune responses, which may delay 
the healing process or cause tissue damage.[21] Additionally, 
constant and conformal contacts between bioelectronics and 
wounds are required for accurate sensing and optimal thera-
peutic outcomes.[22] This section discusses the biochemical 
compositions and mechanical properties that need to be consid-
ered when designing bioelectronic devices for wounds.

2.1. Chemical Environment

Maintaining the performance of bioelectronics is challenging 
and can affect the long-term durability of the device in the 
humid wound microenvironment. Wound fluid is a complex 
solution containing different ions, metabolites, and enzymes 
that can vary according to wound types and healing stages. 
For instance, in acute wounds and the initial stages of wound 
healing, the environment is acidic with a pH value in the 
range of 4–6. In contrast, chronic wounds are basic with pH 
values in the range of 7–9 due to the alkaline accumulation.[2] 

Figure 1. Schematic illustration of wearable bioelectronics for wound biosensing and on-demand therapy administration. Wound-specific conditions 
should be considered to enable stable and reliable device operation. A variety of biomarkers, including physical signals, small molecules, macromole-
cules, and microorganisms, are available in the wound milieu for wound condition assessments. Controlled by advanced algorithms, smart wearable bio-
electronics could deliver therapeutic strategies such as drugs, electrical stimulation, and photodynamic therapy to the wounds responsively and timely.
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The increase of pH creates a favorable environment for bac-
terial growth, which results in further pH elevation at the 
wound bed.[2,23] The pH fluctuation should be considered when 
designing therapeutic devices for drug release. Moreover, fol-
lowing the tissue damage, the level of reactive oxygen species 
(ROS) commonly increases, which function as oxidants and 
degrading polymers. ROS elevation and bacterial contamina-
tion can also lead to an increased enzyme release caused by 
cell apoptosis and inflammation.[24] For instance, keratinocytes 
secret matrix metalloproteinases (MMPs) to degrade the extra-
cellular matrix (ECM) for re-epithelization.[25] The high MMP 
concentration can also lead to the degradation of collagen-/
gelatin-based biomaterials. Such properties could be utilized 
for controlled drug release systems. In comparison, inert mate-
rials are preferred for long-term treatment since some chronic 
wounds remain in the inflammatory stage for a long time and 
create nonhealing wounds.

The breathability of bioelectronics contributes to the gas 
exchanges between wounds and the external environment and 
maintains certain wound moisture, which is essential for the 
healing process. Poor breathability may cause exudate accumu-
lation, increasing the susceptibility to infection.[26] In contrast, 
excessive evaporation elevates wound dehydration risk.[27] An 
optimized water vapor transmission rate can lead to the highest 
healing rate.[28] Therefore, controlling breathability should be 
considered when designing wound bioelectronics. For example, 
porous electrode substrates have received much attention for 
wound care due to their ability to adjust thermal-moisture 
exchanges.[29,30] Another approach to remove excessive wound 
fluids is to utilize directional fluid transferable materials with 
a self-pumping function enabling it to control the wetness.[31,32] 
In addition, the process of biosensing may require extraction 
of wound exudates into the device for sampling and analysis. 
It is essential to control the velocity of fluid collection to avoid 
wound dehydration, which will hinder the healing process by 
decreasing oxygen and nutrient delivery. Also, some sampling 
modules deploy microneedle arrays to collect fluids, which may 
cause further damage to the wounds and surrounding cuta-
neous tissues.

2.2. Immune Responses

Immune cells heterogeneity and their communication with 
fibroblasts play a key role in the wound healing process. The 
prolonged inflammation process at chronic wounds can last for 
months, increasing the susceptibility to infection. Reducing for-
eign body response (FBR) at the material-tissue interface is one 
primary concern to maintain device performance and prevent 
scar formation.[33] At the beginning of FBR, acute inflamma-
tion will be induced by provisional matrix formation and pro-
tein absorption on the implanted bioelectronics surface. Innate 
immune cells such as phagocytes, mast cells, and neutrophils 
adhere to the devices, secrete cytokines (e.g., interleukin-6 [IL-6] 
and IL-8, transforming growth factor-β1 [TGF-β1]), increase 
acidity, and elevate local ROS concentration, potentially causing 
device damages.[34] Later, the lymphocyte infiltration, foreign 
giant cell formation, and fibroblasts activation lead to granu-
lation and eventually fibrous capsule formation around the 

devices.[35,36] Additionally, poor material biocompatibility can 
lead to excessive inflammation. For example, oxidizing agents 
or photoinitiators are widely utilized to transfer materials into 
reactive forms or for polymerization reactions. Incomplete 
removal of these toxic reagents can directly cause apoptosis 
and tissue damages, recruiting inflammatory macrophages 
and increasing cytokine secretions.[37,38] Nonimmunogenic bio-
materials at the wound-bioelectronics interface are required to 
reduce protein absorption and toxic agent release.

On the other hand, proper immune responses can accelerate 
wound healing. For example, Griffin et al. changed the chirality 
of MMP-degradable peptides in the hydrogel matrix, activating 
adaptive immunity.[39] In a mice model, the chirality alteration 
MMP-peptide induced an immune response that mediated 
progressive tissue remodeling, hair follicle neogenesis, and 
reduced fibrosis.[40] Despite the identifications of immune fac-
tors such as macrophage polarizations that control the balance 
between skin regenerations and fibrosis, quantitative analysis 
of immune biomarkers in the wound is necessary to improve 
wound bioelectronics designs.[41,42]

2.3. Mechanical Compliance

Mechanical properties of the wound tissues change in different 
healing stages. For example, an elevation of stiffness can be 
observed during the remodeling stage due to the enhanced 
collagen expression. Despite the dynamic changes in stiff-
ness during wound healing, wound tissues are generally soft, 
with elastic moduli of 10–100 kPa.[43,44] It is essential to design 
wound bioelectronics with appropriate stiffness and stretch-
ability. Extracellular mechanics can influence cell behaviors 
such as proliferation, migration, and differentiation.[45,46] For 
instance, soft materials could increase ROS-mediated cellular 
signaling pathways in mesenchymal stromal cells and accel-
erate the healing process.[47] Comparatively, the rigidity of 
many current electronics, such as silicon with E > 100 GPa, can 
cause mechanical stress, tissue damage, excessive inflamma-
tion, and scar formation.[21,48] Additionally, skin—particularly 
at joints and wrists—can experience up to 30% mechanical 
deformations during routine activities. Thus, a similar elas-
ticity as local native skin is required for applied bioelectronics 
to avoid mechanical or electrical failures and generate highly 
reliable signals.[49] Recent advances in materials chemistry (e.g., 
conducting polymers[50] and liquid metals[51]) and microfabrica-
tion techniques (e.g., meandering architectures[12] and metallic 
bucking[52]) can benefit wound bioelectronics designs to achieve 
desired mechanical properties.

2.4. Adhesion

Tissue adhesives can be used to apply bioelectronics to the 
wound in a stable and conformable manner. However, the 
wound fluid serves as a physical and chemical interfacial bar-
rier, that hinders the development of robust interfacial adhe-
sions.[53] Covalent and noncovalent bonds between devices 
and underlying tissues are established to overcome these 
challenges.[54,55]
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Figure 2A demonstrates a tissue adhesive strategy based on 
hydrogen bonds. Hydrogen bonds are comparatively weaker 
than chemical interactions.[56] To achieve better adhesions, 
Chen et  al. adopted the N-[tris(hydroxymethyl)methyl]acryla-
mide (THMA) to increase the bonding density. As it illustrates, 
the hydrogen bonding clusters in a cross-linked hydrogel can 
dissipate energy, both on the surface and in the bulk hydrogel. 
The hydrogels prepared with 80% THMA displayed maximum 
adhesion energy of 422 J m−2 (Figure 2B), which is a significant 
improvement when compared to physical interaction-based 
adhesives as control (10 J m−2).[57]

For covalent adhesions, carbodiimide reagents such as 
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride are widely used due to 
their spontaneous and rapid reaction with the amine and thiol 
groups at the tissue interface. As Figure 2C shows, an adhesive 
surface of wound dressing formed with chitosan as a bridging 

polymer and a carbodiimide reagent as a coupling agent.[58] A 
dissipate matrix was formulated with poly(N-isopropyl acryla-
mide) (PNIPAM) and alginate to enhance the adhesion. Adhe-
sion energy of 175  J m−2 was achieved (Figure 2D), which can 
be further improved to more than 1000  J  m−2 by increasing 
the PNIPAM ratio.[57] Such adhesive dressings could directly 
accelerate the healing process via active contractions. Similarly, 
Shagan et al. reported a heat-triggered wound glue with NHS-
modified four-armed polycaprolactone (star-PCL).[60] After being 
extruded from a glue gun, the gel rapidly solidified and exhib-
ited excellent adhesive properties, which can be potentially used 
for bioelectronics and wound interface.

Dry e-bioadhesive interfaces offer an alternative solution to 
overcome the drawbacks of conventional adhesives (i.e., non-
conformal contact, unstable adhesion, and scar formation). 
(Figure  2E).[59] The adhesion process contained two sequen-
tial steps: i) The carboxylic acid groups in the e-bioadhesive 

Figure 2. Mechanical and adhesive properties for smart bandages. A) Schematic of an adhesive based on physical entanglement. B) Adhesion energy 
measurement of hydrogel with different formulations applied to glass slides. Reproduced with permission.[56] Copyright 2020, Wiley-VCH. C) Schematic 
of a covalent adhesive interface between wounds and dissipate hydrogel matrix. D) Measured adhesion energy on porcine skin. Reproduced under 
the terms of the CC-BY license.[58] Copyright 2019, The Authors, published by AAAS. E) Schematic of an e-bioadhesive interface-enabled interfacial 
fluid removement and rapid adhesion. F) Characterization of mechanical compliance and interfacial toughness on various tissues. Reproduced with 
permission.[59] Copyright 2020, Springer Nature.
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removed surface fluids by hydration and swelling, and formed 
intramolecular bonds with tissues; ii) NHS ester groups estab-
lished covalent bonds for stable adhesion.[53] Using this tech-
nique, a rapid adhesion was achieved in 5  s with >270  J  m−2 
interfacial toughness for skin (Figure  2F). The adhesive 
layer was integrated with graphene to further enhance its 
conductivity, making it suitable for different bioelectronics 
applications.

A tremendous number of biomaterials have been developed 
for tissue adhesions. It is crucial to design adhesives according 
to the wound microenvironment. Some key design criteria for 
bioadhesive used in wound interface includes biocompatibility, 
robust, and long-term adhesion in the wet environment, and 
compatibility with electronics functions. For instance, mono-
mers or degradation byproducts of synthetic polymers, such as 
cyanoacrylates, can be toxic, hindering continuous contact with 
wounds.[55,61]

2.5. Wound Characteristics

The desired specifications of wound bioelectronics are also 
determined by wound characteristics, including location, depth, 
and size of the wound. Physical and chemical properties of the 
skin (e.g., impedance, moisture, and thickness) vary throughout 
the body. For example, the thickness of the dermis is almost 
1 cm on the back, compared to less than 1 mm thickness of the 
eyelid dermis. Furthermore, the abundance of cutaneous blood 
vessels, nerves, and glands as well as subcutaneous muscle and 
fat layer components varies from different wound locations. 
The wound location and depth can also influence drug penetra-
tion and required dosing amount. Thus, these characteristics 
are crucial for precise evaluation of wound conditions, diag-
nosis, and choosing treatment options. In addition, to mini-
mize possible side effects on adjunct healthy skin, it is to tailor 
bioelectronics shapes and sizes in accordance with wound 
geometry. Recent advances in manufacturing technologies such 
as 3D printing and laser cutting allow precise and highly per-
sonalized wound bioelectronic designs.

3. Biomarker Sensing and Monitoring

Electronic biosensing and detection is one of the most devel-
oped areas in the bioelectronics field. Current biosensors are 
mainly developed based on the covalent modification of elec-
trodes with responsive materials and sophisticated biological 
components to enable label-free detections of physical and bio-
chemical signals. Recent advances in biosensors enabled the 
detection of various physiological biomarkers at wound sites. 
Unlike conventional diagnosis that requires off-body sample 
preparation, time-consuming analysis, and largely depends 
on the clinicians’ judgments, wearable biosensors can provide 
real-time wound monitoring with quantifiable outputs. Also, 
the direct readout from in situ sampling and analysis requires 
minimal patient intervention and largely improves patient 
adherence, which are essential for early detection of pathology 
conditions such as dehydration and infection of wounds. Fur-
thermore, the diverse cell interactions and dynamic wound 

microenvironment require a comprehensive analysis of dif-
ferent biomarkers, which is extremely challenging via tradi-
tional approaches. Developing multiplexed biosensors can draw 
valuable conclusions by acquiring sufficient information with 
minimal sample preparation. For instance, bacterial culture, 
which is the current gold standard for infection diagnosis, lacks 
sufficient sensitivity and may present a false negative result at 
the early stage of infection.[62] In comparison, using wearable 
biosensors to assess wound biomarkers (e.g., temperature, pH, 
and bacterial toxins) allows a comprehensive real-time analysis. 
By leveraging progress in biotechnology, materials science, 
analytical chemistry, and engineering, biosensors can provide 
multiple physical, small molecular, macromolecular, and micro-
organism signals with high fidelity and fewer labor-intensive 
processes to guide clinical decisions.

3.1. Physical Signal Sensors

3.1.1. Temperature Sensors

Temperature is considered as one of the twelve classic signs in 
the Clinical Signs and Symptoms Checklist for chronic wound 
assessment.[63] Human skin temperature varies between 34 and 
37  °C. Generally, an increased temperature is associated with 
bacterial infection or excessive inflammation, while tempera-
tures lower than 33 °C indicate a delayed healing process due 
to inhibited cell activities and metabolisms. Thus, dynamic and 
quantitative measurements of local temperature are crucial for 
wound management.

One feasible approach to measure wound temperature is 
using resistance-based temperature sensors, These sensors 
work by adopting thermoresistive materials such as metals 
(e.g., gold,[64] nickel,[65] and copper[66]) and semiconductors (e.g., 
graphene[67] and silicon[68]) as key elements. For example, a 
laser-guided graphene-MXenes/PDMS temperature sensor was 
developed and displayed on human skin (Figure 3A,B).[69] As 
the temperature rises, the PDMS electrode exhibited a thermal 
expansion, resulting in an enhanced electron-photon scattering 
and increased resistance.[70] This temperature sensor showed a 
linear positive temperature coefficient of resistance in a range 
of 25–50  °C, which made it suitable for wound temperature 
monitoring (Figure 3C).

As demonstrated in Figure  3D, Lou et  al. engineered an 
integrated wireless wound monitoring system by incorpo-
rating a miniaturized band-gap temperature sensor STH21.[71] 
This device showed an excellent accuracy (<0.1  °C deviation) 
at the physiological temperature range in a pig wound model. 
Figure  3E shows the stable working state of the implanted 
device on a full-thickness wound. After inoculation, a temper-
ature elevation was observed at the wound site several hours 
earlier than body temperature, suggesting the capability of the 
patch in the early detection of wound infections (Figure 3F).

In clinical settings, a visual temperature sensor that enables 
convenient observation is desirable. However, sophisticated 
imaging cameras are required for precise readouts, resulting 
in high manufacturing costs and inconvenience for long-term 
wound surveillance.[75] Therefore, the visual sensors can be 
coupled with other approaches for visualization and precision. 
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For instance, Najafabadi et al. developed a wound temperature 
sensor by combining a thermometer strip with a silver-based 
thermistor.[76] When the temperature exceeded 37 °C, the strip 
color changed for visible warning, while the thermistor dis-
played quantitative signals simultaneously.

Different thermosensitive materials can be used for wound 
temperature sensors with stable and real-time measurements. 
However, only a few electrochemical sensors are capable of 
distinguishing temperature values at the wound site from 
adjunct skin. Moreover, the temperature values may also vary 
in different areas of the wound. Customized fabrication to suit 
irregular wound shapes as well as temperature mapping tech-
nologies can greatly advance the future applicability of wound 
temperature sensors.

3.1.2. Impedance Sensors

Impedance detection is a tool for determining the physiological 
conditions of the skin, particularly for subcutaneous tissue 
damage (closed wound). A pressure ulcer is a common chronic 
closed wound that affects millions of patients in the USA with a 
severe morbidity rate.[3] Unlike open wounds, the initial stage in 
pressure ulcers is not visible, which makes the early detection 
challenging. Pressure ulcers are associated with ischemia and 
tissue damage, resulting in an elevated conductivity due to ion-
rich cytoplasm release from dead cells. Therefore, measuring 
skin impedance allows early detection of the underlying ulcers.

Swisher et  al. developed a flexible gold electrode array for 
impedance mapping (Figure  3G).[72] After applying the sensor 
on a rat pressure-induced tissue damage model, magnitude 
and phase angle spectrum were measured (Figure 3H,I). They 
were also able to detect the differences in impedance between 
wounded and healthy tissues at a lower frequency. With a deter-
mined damage threshold value, they obtained an early damage 
prediction map immediately after applying the pressure. His-
tology results further confirmed the correlation between imped-
ance and ulceration (Figure  3I). These findings validated the 
feasibility of utilizing impedance sensors for the dynamic 
assessment of pressure ulcer risk.

Combining surgical sutures with biosensors provide a promising 
approach to monitor wound conditions and promote healing simul-
taneously. Figure 3J,K exhibits a battery-free suture-based capacitive 
sensor to detect deep wound integrity through the frequency and 
power changes of received signals.[73] The efficacy of tissue integrity 
sensing was further evaluated on mice muscle wound with simu-
lated gastric leakage and suture breakage (Figure  3L). There was 
significant change of resonate dip (Δf = 400 MHz) when applying 
simulated gastric leakage. A significant change in the power 

received (20  dB) as well as disappearance of resonant dip was 
observed after suture breakage. In addition, it was also verified that 
the bioelectronic sutures showed equivalent healing outcomes in 
comparison with medical-grade surgical sutures.

Impedance values can be also used to detect the level of skin 
hydration,[77] cell viability,[78] and migration.[79] For example, Pei 
et  al. reported a continuous wound impedance measurement 
on a pig wound model by integrating a wireless processing part 
with an impedance sensor. They observed a correlation between 
impedance and both the healing process and wound types.[80] 
Further investigations on the complex relationships between 
impedances and wounds may bring promising opportunities 
and improve patient care.

3.1.3. Pressure Sensors

Pressure sensors can provide timely alerts of excessive mechan-
ical stress applied to the tissue, which is essential for ulcer pre-
vention. It is estimated that 19–34% of diabetic patients develop 
diabetic foot ulcers in their life.[81] The international guidelines 
recommend footwear pressure sensing to prevent DFU recur-
rence.[82] While impedance sensing provides early warning 
immediately after tissue damage, pressure monitoring can notify 
patients to offload high pressures and prevent ulcer development.

Mechanisms for skin pressure measurement are generally 
based on converting pressure to electric signals, such as capaci-
tance, piezoresistivity, and piezoelectricity. Among them, capac-
itive pressure sensors are more stable in response to temper-
ature alteration.[83] Figure  3M presents a smart insole system 
with a 24-channel capacitive sensor array for static and dynamic 
plantar pressure mapping.[74] By patterning the dielectric layer 
film with hexagonal pores, a sensitivity of 12 × 10−3 kPa−1 in the 
range of 0–200 kPa was achieved due to appropriately increased 
permittivity. Intuitive heat maps were displayed for the plantar 
pressure under three different standing postures in Figure 3N.

Piezoresistive pressure sensors are also widely developed 
due to the ease of fabrication and simple operation processes. 
However, piezoresistive materials mostly exhibit a negative 
resistance variation against external forces, restricting their 
operating range.[84,85] To overcome this limit, Wu et  al. engi-
neered a positive piezoresistive plantar pressure sensor with 
laser-scribed graphene.[86] Under the applied pressure, random 
cracks were appeared between graphene layers, resulting in a 
sharp resistance increase. The positive resistance-pressure cor-
relation property endowed the sensor with >360  000% resist-
ance change rate and a sensitivity of 12.3 kPa−1 at 200 kPa.

Notably, ulcers are progressively developed rather than 
caused by an instantaneously applied pressure. Abbott et  al. 

Figure 3. Wearable physical biomarker sensing. A) Schematic of a thermosensitive material integrated wound temperature sensor. B) Photograph of 
applying the sensor on a human skin. C) Calibration curve of resistance as a function of temperature. Reproduced with permission.[69] Copyright 2020, 
Elsevier. D) A fully integrated temperature sensor and its application scenario. E) Photograph of applying the temperature sensor on a pig full-thickness 
wound. F) Real-time wound and rectal temperature monitoring curve of a late phase infection model. Reproduced with permission.[71] Copyright 2020, 
Elsevier. G) Photograph of a flexible wound impedance sensor array. H) Impedance plots of skin tissue with or without damages. I) Schematic of oper-
ating the sensor array to map skin tissue impedance. Reproduced under the terms of the CC-BY license.[72] Copyright 2015, The Authors, published by 
Springer Nature. J) Working mechanism of bioelectronic suture for wireless operation. K) Photograph of applying the suture to close muscle incision. 
L) Changes of signals in response to simulated gastric leakage and breakage on muscles. Reproduced with permission.[73] Copyright 2021, Springer 
Nature. M) Schematic and photograph of plantar pressure mapping sensor. N) Heat maps of plantar pressure with different postures. Reproduced 
under the terms of the CC-BY license.[74] Copyright 2020, The Authors, published by Springer Nature.
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conducted a randomized proof-of-concept clinical study to 
investigate the function of a plantar pressure sensor with active 
feedback and self-direct adjustment modules (SurroSense Rx, 
Orpyx Medical Technologies, Canada) in diabetic patients.[87] 
The sensor was designed to record the static high pressure and 
warn the user, rather than focusing on the highest peak plantar 
pressure. They reported that a less frequent ulceration rate in 
the intervention group when compared to the control group, 
suggesting direct contributions of static pressure in planar 
ulcer developments. Combining different types of pressure sig-
nals as well as other biomarkers are required for a more accu-
rate and efficient ulcer management.

3.2. Small Molecule Sensors

3.2.1. pH Sensors

The pH value is considered as a critical biomarker for wound 
sensing, due to its essential role in various biochemical interac-
tions. High pH is associated with bacterial colonization, while 

acidity indicates a healing state with balanced protease activities, 
optimal fibroblast migration, and effective ECM remodeling.[88] 
Generally, pH-responsive polymers such as polypyrrole and poly-
aniline (PANi) are widely used due to their capability of revers-
ible protonation and deprotonation as well as excellent sensitivity 
(>−50  mV  pH−1).[89,90] Figure 4A,B demonstrates a paper-based 
pH sensor with Ag/PANi-emeraldine base composites, capable 
of transition into emeraldine salt form with increased conduc-
tivity in response to pH drop.[91] The fabricated electrodes were 
integrated with a potentiostat and a commercially available 
bandage. In addition, the PANi impedances showed a frequency-
independent behavior at 10–100 kHz when the device was applied 
on wound extrude models (Figure 4C). A calibration curve of pH 
versus impedance values was obtained to quantify pH.

Apart from polymers, pH-sensitive metal oxides with rapid 
proton absorption capabilities such as SnO2 and IrO2 have 
shown high sensitivities as well (≈−50  mV  pH−1).[94] However, 
their high cost and poor biocompatibility may impede their 
broad application. Colorimetric approaches by incorporating 
with pH sensitive dyes (e.g., universal indicators and phenol 
red) have also enabled visualized pH sensing.[95,93]

Figure 4. Wearable small molecule sensing. A) Photograph of a wearable pH sensor with a potentiostat. B) SEM characterization of the PANI-based pH 
sensor. C) Calibrated impedance as a function of the pH value. Reproduced with permission.[91] Copyright 2018, Elsevier. D) Schematic of a UA sensor 
design. E) Uricase-based sensor response to variation of UA concentration. Reproduced with permission.[69] Copyright 2020, Elsevier. F) Photo graph 
of a wound dressing integrated with oxygen sensors and generators. G) Oxygen measurement in response to H2O2 perfusion. Reproduced under the 
terms of the CC-BY license.[92] Copyright 2020, The Authors, published by Springer Nature. H) Working mechanism of a colorimetric pH and glucose 
dual sensor. I) Images of hydrogel color changes in response to different glucose concentration or pH values. J) Measured wound glucose in com-
parison with blood glucose level. Reproduced with permission.[93] Copyright 2019, Wiley-VCH.
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3.2.2. Uric Acid Sensors

Wound uric acid (UA) concentration ranges from 220 to 
750 µm.[96] Elevated UA levels (>500 µm) indicate wound severity 
with excessive ROS and inflammation, while decreased UA sug-
gests bacterial colonization as a result of microbial uricase expres-
sion.[96,97] Currently, UAs can be detected via nonenzymatic and 
enzymatic approaches.[98] Sharp and colleagues reported an ano-
dized carbon fiber mesh to detect urate by square wave voltam-
mograms. In their sensor, urate concentrations correlated with 
the heights of peaks at +0.23V for quantifiable analysis, covering 
a range of 0–500 µm. However, interferences from other metab-
olites and the narrow detection range limit its applicability. To 
overcome these challenges, enzymatic sensors were developed by 
immobilizing electrodes with uricase. Figure 4D represented an 
electrode utilizing uricase to oxidizing UA into allantoin for elec-
trochemical sensing.[69] A linear detection range of 50–1200 µm 
was observed with a sensitivity of 422.5 µA mm−1 cm−2, satisfying 
the wound sensing demands (Figure 4E).

3.2.3. Oxygen Pressure (pO2) Sensors

Wound oxygenation plays a crucial role in determining healing out-
comes. Proper reduction of oxygen activates the hypoxia inducible 
factor-1α (HIF-1α) signaling, which promotes angiogenesis and  
re-epithelization.[99] However, chronic and extreme hypoxia delays 
cell proliferation and increases the susceptibility to infection.[100] 
Generally, a pO2 value of >40 mmHg  is sufficient to support the 
healing process, including collagen depositions, bacterial defense, 
and fibroblast proliferation.[101,102] Ruthenium- and palladium-based 
materials are the most commonly used materials for O2 sensing, 
owing to their oxygen-responsive phosphorescence features.

Figure 4F demonstrates a wound bandage coupling an oxygen 
sensor with an oxygen generator for therapeutic purposes.[92] To 
fabricate the sensors, they developed a ruthenium compound 
(Ru(dpp)3Cl2)-based ink for inkjet printing. They reported that 
the fluorescence lifetime of the ink reduced from 4 to 2  µs in 
response to an oxygen concentration increase from 5 to 25 mg L−1. 
The obtained oxygen concentrations were correlated with H2O2 
perfusion-induced oxygen generation on mice wound models 
(Figure 4G). Moreover, the light wavelength for their phosphores-
cent ink excitation was in the visible range, to minimize poten-
tial tissue damage. Similarly, Marks et al. formulated a paintable 
pO2 sensing bandage for postsurgical wound management.[103] 
The patch contained a commercial liquid bandage, palladium-
porphyrin for oxygen sensing, and a fluorescein reference dye. 
The sensor showed a wide sensitivity range (0–160 mmHg). Fur-
thermore, a correlation between pO2 measured from the band-
ages and blood oxygen saturation was observed on patients. Such 
liquid bandage configurations were compatible with a variety of 
current commercial wound dressings, suggesting a tremendous 
translational potential for clinical application.

3.2.4. Glucose Sensors

Diabetes mellitus delays normal wound healing through a 
series of the hyperglycemia-induced pathological processes, 

including proinflammatory state, tissue hypoxia, osmotic diu-
resis, impaired vascularization, and peripheral neuropathy.[104] 
It is recognized that wound glucose levels display a solid cor-
relative relationship with blood glucose, which can provide 
crucial therapeutical guidance for clinical treatment. Human 
wound glucose concentration varies from 0 to 7  mm.[105] Cur-
rently, both electrometric and colorimetric approaches can be 
utilized for glucose sensing.

A variety of nonenzymatic glucose sensors are developed by 
using metals, metal oxides, and alloy-metals as sensing mate-
rials. For example, Li et al. engineered a Cu-Ag superstructure 
for glucose sensing based on glucose amperometric responses, 
yielding a sensitivity of 7745.7  µA  mm−1  cm−2 and a limit of 
detection (LOD) of 0.08  µm.[106] However, the poor selectivity 
of nonenzymatic sensors dampens their performance in the 
wound milieu, which contains a myriad of metabolites and oxi-
dants. Currently, glucose oxidase (GOx) has been widely used 
in fabricating enzymatic sensors, which oxidizes glucose into 
gluconolactone. For instance, Ohayon et  al. presented a GOx-
functionalized n-type polymer coupling the functions of glucose 
sensing with anodes of biofuel cells (BFCs).[107] As the GOx cat-
alyzed glucose, anodes emulated the doping voltage for glucose 
detection with an outstanding LOD of 50 nm. Simultaneously, 
the generated electrons traveled to cathodes and reduced H2O2. 
This provided a solution for autonomous sensing with month-
long stability, which is a highly desirable feature for long-term 
wound management.

Enzymatic reactions can be also used in combination with 
redox-sensitive dyes for colorimetric sensing. Figure  4H dem-
onstrated a fluorescent glucose sensor fabricated by encapsu-
lation of GOx, horseradish peroxidase, and dichlorofluorescein 
within a zwitterionic poly-carboxybetaine hydrogel matrix.[93] 
The superhydrophilicity of zwitterionic materials minimized 
the interferences of the hydrophobic enzymes, resulting in 
higher stability of the encapsulated proteins.[108] The hydrogel 
matrix could be also modified by incorporating pH-responsive 
phenol red dye for pH and glucose dual sensing (Figure  4I). 
In vivo studies further confirmed the stability of the glucose 
sensors and the correlation between wound and blood glucose 
levels (Figure 4J).

Recent advances in small molecule sensing can provide 
crucial information to guide clinical diagnosis and therapy of 
wounds. However, several roadblocks are remaining for their 
practical implementation. Despite the excellent specificity of 
the enzymatic approaches, the delicate bioactivity of enzymes 
limits their long-term monitoring reliability. The pH of wound 
fluid is dynamic, which may deactivate and even denature 
enzymes. Therefore, it is essential to choose enzymes that can 
tolerate a wide pH range. Stable and biocompatible material 
systems are also required to avoid any interference with the 
enzyme function. Another challenge comes from the compli-
cated healing process. For example, considering that inflam-
mation and ROS levels increase are involved in acute wound 
healing, it is necessary to distinguish them from the normal 
healing process. In addition, high inter-patient and wound 
type-based variation of metabolites concentrations and pH 
value may cause complications in the result analysis. Compre-
hensive analysis with other biomarkers may benefit further 
classifications.
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3.3. Macromolecule Sensors

3.3.1. Protein Sensors

Many proteins are secreted by cells that participate in the healing 
process or released after cell apoptosis, serving as significant indi-
cators of wound conditions. Currently, immunoaffinities (e.g., 
aptamers and antibodies) are utilized for protein sensing.[109–112]

Recent advances in the systematic evolution of ligands by 
exponential enrichment enabled the development of aptamers 
for versatile recognitions of biomolecules and even microor-
ganisms.[113,114] By modifying aptamers with redox reporters 
through covalent bonding, aptasensors offer an adaptable plat-
form to a wide range of targets.[115] In the work by Gao et  al. 
(Figure 5A), aptamer-functionalized graphene-gold electrodes 
were integrated into a patch with a microfluidic wound extru-
date collector.[116] A panel of inflammatory mediators (tumor 
necrosis factor-α, IL-6, and IL-8) and healing status biomarker 
(TGF-β1) were selected for wound surveillance. After applying 
the sensors on patients with venous ulcers, the personalized 
correlation matrices of these biomarkers and wound sizes 
were obtained (Figure 5B). Pasche et al. demonstrated a sensor 
for optical detection of C-reactive protein (CRP), by coating 
its ligand on the electrode surface.[117] CRP concentration is 
another essential indicator of wound infection, and its increase 
is heavily correlated with bacterial colonization. The immu-
noaffinity between CRPs and ligands has changed the hydrogel 
refractive index and enabled CRP level detection.

Aptasensors can provide an approach to detect biomarkers 
irrespective of their chemical reactivity, but several limita-
tions should be noted and addressed. On one hand, although 
aptamer binding affinity is responsive to many triggers (e.g., 
pH, temperature, and light), the redox-based process of elec-
trochemical sensors is irreversible.[121] The operation time of 
the electrochemical sensor mainly depends on the aptamer 
loading capacity, resulting in long-term hypersensitivity. On 
the other hand, considering the environment light interfer-
ences in the optical sensors in practice, real-time calibration 
and readouts are required for reliable and continuous appli-
cations. In recent years, natural receptor-based sensors have 
been developed that may resolve these issues. For example, G 
protein-coupled receptor (GPCR) family can specifically detect 
various stimuli such as peptides, glycoproteins, fatty acids, and 
nucleotides.[122,123] The activation of GPCRs results in their con-
formational changes and downstream hydrolysis of guanosine 
triphosphate, which can be transmitted into electric signals 
for long-term quantifiable analysis.[124] However, most natural 
receptors are based on integral membrane proteins, and arti-
ficial lipid membranes are generally required to maintain 
their stability and reusability.[125,126] Further investigations in 
designing binding pockets-mimicking peptides could be ben-
eficial. Finally, significant improvement is needed to develop 
continuous and durable protein sensors with facile fabrications.

3.3.2. Nucleic Acid Sensors

Nucleic acid-based sensors are another promising approach 
to detect bacterial and viral species at the wound sites. Recent 

developments of isothermal amplification technologies such 
as recombinase polymerase amplification (RPA) can execute 
efficient nuclei acid amplification at 37–42  °C, which is in 
the range of body temperature.[127] Figure  5C demonstrates a 
bandage-like RPA-based sensor for visual nucleic acid detec-
tion.[118] After 10 min of RPA, SYBR green solution was added 
for double-strand nucleic acid staining. An increased fluores-
cence of the targeted DNA was detected under ultraviolet (UV) 
light, with is an excellent LOD of 10 copies µL−1 as well as a 
good selectivity (Figure 5D). Compared with other biomarkers, 
nucleic acid sensing can directly identify the pathogen species 
and even antibiotics-resistance genes. However, until today only 
a few studies have reported continuous quantifiable detection of 
nucleic acids. The precise controlling of the amplification rates 
and durations in situ is highly demanded. Furthermore, it is 
challenging to determine the spatial separation of polymerases 
and products, which is essential for continuous monitoring and 
downstream analysis. Further optimizations and combinations 
with other technologies such as nanopores and CRISPR sys-
tems are yet to be investigated.

3.3.3. Virulence Factor Sensors

Virulence factors such as enzymes and toxins secreted by 
bacteria are attractive infection biomarkers owing to their 
unique bioactivities. Figure  5E,F shows an infection sensor 
based on DNA hydrogel that can produce radio frequency 
change in response to deoxyribonuclease (DNase) secreted by 
pathogens.[119] The DNA hydrogel was designed by chemically 
cross-linked DNA strands that can be degraded by DNase and 
therefore modulated its capacitance. The capacity of infection 
sensing was then evaluated by applying the hydrogel on Staphy-
lococcus aureus (S. aureus)-infected wound in mice (Figure 5G). 
An increase of 0.4  V was observed after treating with 105  and 
106 colony forming units (CFU) for 24 h.

For example, Pseudomonas aeruginosa (P. aeruginosa) and 
S. aureus, two major bacteria species associated with chronic 
wounds, express α-hemolysin and phospholipase A2 that can 
break down lipids.[128] Zhou and colleagues developed lipid vesi-
cles with self-quenching dyes (Figure 5H).[120] Acetylenictricosadi-
ynoic acids were employed for lipid stabilization in the aqueous 
environment to limit the vesicles' responsivity to virulence fac-
tors. As Figure 5I demonstrates, an elevated fluorescence density 
was observed in the presence of P. aeruginosa and S. aureus, but 
not in the nontoxic Escherichia coli (E. coli) group. A similar design 
can be also used for bacteria-responsive antibiotic delivery.[128,129] 
Another popular P. aeruginosa-secreted toxin biomarker is pyo-
cyanin (PYO), which possesses redox-active properties.[130,131] 
Simoska et  al. built carbon ultramicroelectrode arrays for PYO 
identification by square wave voltammogram.[132] A detect range 
of 1–250  µm in simulated wound fluid was achieved, which 
covers the biologically relevant concentration (1–130 µm) of PYO.

3.4. Microorganism Sensors

In addition to biomolecules, detecting microorganisms was 
also investigated for infection diagnosis. For example, Sheybani 
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Figure 5. Wearable macromolecule sensing. A) Schematic of an aptamer-based wound sensor integrated with wound extrude collection and wireless data 
transmission modules. B) Patient's fluctuations of various biomarker levels were measured and correlations among these signals were observed. Repro-
duced under the terms of the CC-BY license.[116] Copyright 2021, The Authors, published by AAAS. C) Schematic of a colorimetric sensor for nucleic acid 
detection. D) Selective detection of target DNA against other viruses was observed. Reproduced with permission.[118] Copyright 2018, Elsevier. E) Schematic 
of a DNase sensing hydrogel for pathogen detection. F) Schematic of DNA gel integrated device with wireless communication module for data transfer.  
G) Signal changes of DNA hydrogel on control and S. aureus infected mice wound models. Reproduced under the terms of the CC-BY-NC license.[119] Copy-
right 2021, The Authors, published by AAAS. H) Mechanism of sensing toxins released by bacteria for wound infection detection. I) Fluorescence intensity 
variation of bacterial-sensitive dressing in response to the growth of different bacterial species. Reproduced with permission.[120] Copyright 2011, Elsevier.
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and Shukla developed a bacteria attachment sensor based on 
the resistance shifts upon bacteria colonization.[133] The sensor 
was able to perform an in situ electrochemical cleaning by 
applying a pulsed electric field to remove accumulated bacteria 
debris. The device was integrated with a metal oxide-based 
pH sensor and tested in simulated infected models in vitro. A 
LOD of 100 CFU mL−1 was achieved. By using multiple sensor 
arrays, they could potentially provide continuous spatial infec-
tion information.

Utilizing biological recognition elements for bacterial 
sensing can also improve sensor selectivity. Aptasensors dem-
onstrated in Figure 5A were capable of sensing S. aureus with a 
detection range of 0 to 1E+09 CFU mL−1. Apart from aptamers, 
magainin-1, an antimicrobial peptide, was utilized by Dao and 
coworkers for bacteria detection.[134] Antimicrobial peptides 
naturally exist in numerous species as a part of the immune 
system. By covalent coating of magainin-1 on microfluidic 
chips, they achieved a LOD of 5 CFU mL−1 bacterial detection. 
Such bacterial enrichment designs can be potentially applied to 
electrochemical sensors by coupling them with redox agents. 
Antimicrobial peptides exhibit broad-spectrum selectivity with 
virus, gram-positive, and gram-negative bacteria. This elimi-
nates the necessity of designing specific affinities for each 
infectious microorganism.

Recent progresses in wound biosensors have revealed the 
potential of using physical and biochemical signals for moni-
toring wound conditions. This can be also directly correlated 
to the newly identified biomarkers at wounds that are rele-
vant with the healing process. However, there are still issues 
remaining to be addressed. One major challenge is to main-
tain the long-term stability of sensors since the chronic wound 
healing process may take months or even years. Also, the 
wound exudate volume is correlated with healing stage and 
can affect the concentration of some chemical analytes.[135,136] 
Therefore, real-time calibration of chemical sensing for 
accurate assessment is inevitable. Another issue is that cur-
rent designs of wearable biosensors can only be applied for 
detecting a limited number of biomarkers. Numerous impor-
tant biochemicals such nuclei acids, hormones, and immune 
cells still require off-body sampling for precisive analysis. 
Many emerging materials have been shown great potential 
in wound sensing such as 2D materials for enhanced sen-
sitivity and stability of the sensors. In addition, wound fluid 
collection and in situ sampling can be greatly improved by 
newly developed fabrication techniques such as microfluidics 
patterns.[116,137–141]

4. On-Demand Therapy

On-demand therapy systems are designed to actuate in 
response to specific physicochemical characteristics, which is 
a desirable property for dynamic chronic wound conditions. 
Both endogenous and exogenous responsive DDS can promise 
excellent functionality with less frequent patient intervention 
and reduced drug accumulation at off-target sites. Additionally, 
drug-free approaches such as electrical stimulation and ther-
modynamic therapy have been developed, showing promising 
healing potentials.

4.1. Responsive Drug Delivery Systems

4.1.1. Endogenously Responsive Drug Delivery Systems

Physical and biochemical pathological signals at chronic 
wounds can serve as stimuli for endogenous responsive sys-
tems. For example, Gao et  al. designed a temperature-stimu-
lated drug delivery patch based on the volume phase transition 
property of PNIPAM hydrogel.[142] When the wound tempera-
ture surpassed the lower critical solution temperature (LCST) 
of 37 °C, the hydrogel contracted and squeezed out the encap-
sulated drugs. Other thermo-responsive DDS based on bioma-
terials such as PNIPAM, Pluronics, and poly(ethylene glycol) 
diacrylate (PEGDA) have been also developed with adjusted 
LCSTs of 36–40 °C for wound therapy.[143,144] However, the envi-
ronment and individual temperature variations may prevent a 
precise control of thermoresponsive drug release.
Figure 6A presents an example of metabolite-responsive 

dressing for delivering insulin and fibroblasts for DFU man-
agement.[145] The hydrogel matrix was cross-linked with ben-
zoic-imine bonds and phenylboronate esters, which are two 
widely used acidity- and glucose-sensitive designs, respec-
tively.[146–148] In a diabetic rat wound model, the blood glucose 
level dropped from 474 to ≈300  mg  dL−1 and an accelerated 
healing process was observed after applying hydrogel dressings. 
However, due to the hydrophilic nature of hydrogels, they are 
not suitable for hydrophobic drug delivery. One possible solu-
tion could be encapsulating drug-loaded responsive and amphi-
philic microparticles within the hydrogel matrix. For example, 
Hu et  al. designed a pH and ROS-responsive wound dressing 
to reduce excessive inflammation (Figure 6B).[149] Amphiphilic 
micelles were prepared with ROS-degradable cholesterol-mod-
ified hyaluronic acid and encapsulated naproxen, a lipophilic 
anti-inflammatory drug. Next, boronic acids were grafted on 
the alginate backbone to form pH-sensitive hydrogel matrix, 
capable of entrapping antibiotics and the micelles. Antibacterial 
and anti-inflammation effects were further investigated in a P. 
aeruginosa-infected mice model. Apart from using metabolites 
as drug release triggers, protease-responsive DDS have been 
developed by direct conjugation of cargos into polymers with 
protease-cleavable linkers or entrapping into a protease-degra-
dable matrix.[150,151]

However, loading capacities and drug releasing velocities 
in current designs often depend on the chemical properties 
of the polymeric scaffolds. In addition, long-term exposure to 
the wound microenvironment that contains various reactive 
chemicals may impair the stability and therapeutic activity of 
the loaded drugs.[153] To address these issues, Zhu et al. devel-
oped a mild encapsulation technology to entrap growth factors 
within polymer shells formed in situ (Figure 6C).[152] Monomers 
with different charges were noncovalently enriched around 
the growth factor molecules and formed nanocapsules with 
MMP-cleavable cross-linkers. A sequential release of vascular 
endothelial growth factor (VEGF) and platelet-derived growth 
factor was obtained by employing the L or the D chiral forms of 
the cross-linker, respectively, to mimic the natural angiogenesis 
process with maximum therapeutic efficiency.[154] This DDS 
enabled spatiotemporally controlled delivery of multiple drugs 
to promote wound healing.
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4.1.2. Exogenously Responsive Drug Delivery Systems

Despite advances in DDS designs, drug release rates from 
endogenously responsive platforms are still primarily prede-
termined from the encapsulating matrices.[155] Furthermore, 
the physiological conditions may not change severely to enable 
efficient drug release at the early stage of infection. In compar-
ison, exogenous signal triggered DDS that enable precise con-
trol of drug release dosing, timing, and location remotely, have 
been raising attention. Among those, wound dressings that 
are capable of responding to exogenous stimulus such as tem-
perature, electric fields, and lights are the most common plat-
forms. For example, a woven thermoresponsive wound patch 

was fabricated by Mostafalu et al. (Figure 7A).[156] They assem-
bled carbon ink-based conductive threads that could function as 
microheaters independently and coated with hydrogels encapsu-
lating NIPAM/PEGDA particles as thermoresponsive drug car-
riers. By connecting the system to a microcontroller for wireless 
communication, they could raise the local temperature above 
the NIPAM/PEGDA system's critical temperature of 40 °C. The 
authors demonstrated the antibacterial property and accelerated 
healing both in vivo and in vitro by the independently control-
lable release of VEGF and antibiotics from the textile patch.

In another strategy, as shown in Figure  7B, an electrical 
stimulated drug delivery wound patch was engineered to  
alter local pH electronically.[157] Positively charged drug 

Figure 6. Endogenously responsive drug delivery. A) Schematic of a pH and glucose dual-responsive hydrogel design for glucose and L929 fibroblast 
cell delivery. Reproduced with permission.[145] Copyright 2017, American Chemical Society. B) Schematic of a pH and ROS responsive hydrogel for 
antibiotics and anti-inflammatory drug delivery. Reproduced with permission.[149] Copyright 2020, Elsevier. C) Design of a plasmin-responsive hydrogel 
for growth factor sequential delivery. D) Sequential growth factor release in diabetic mouse wound models. Reproduced with permission.[152] Copyright 
2015, Wiley-VCH.
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loading-chitosan particles were encapsulated in PEGDA 
hydrogel with negatively charged laponite nanoparticles and 
covered at anodes. After applying an electrical field, the pH 
around the electrodes increased and impaired electrostatic 
interaction within the hydrogel matrix, leading to a drug release 
in a voltage-controlled manner. In addition, electronically con-
trolled DDS can be coupled with electric stimulation therapy. 

Du et  al. reported a triboelectric nanogenerator wound patch 
loaded with minocycline on the surface for antibacterial activity 
(Figure 7C).[158] As displayed in Figure 7D, electrical fields could 
impact drug release kinetics and allow a sufficient release. A 
synergistic effect was achieved by applying electrical fields 
and controlling minocycline release rate simultaneously in a 
S. aureus infected mice wound model.

Figure 7. Exogenously responsive drug delivery. A) Schematic of a wireless heat-responsive woven dressing for controllable drug release. Reproduced 
with permission.[156] Copyright 2017, Wiley-VCH. B) A electrical simulation-controlled wound patch for pH-responsive drug delivery. Reproduced with 
permission.[157] Copyright 2018, Wiley-VCH. C) Schematic of an electrically controlled drug release system coupling with electrical stimulation wound 
therapy. D) Electrical potential related drug release rates were observed. Reproduced with permission.[158] Copyright 2021, Elsevier. E) Design of NIR 
irradiation-mediated CO2 delivery for wound treatment. Reproduced with permission.[159] Copyright 2017, American Chemical Society. F) Schematic of 
a light responsive microalga hydrogel dressing for oxygen delivery. G) Photograph of a microalga hydrogel patch adhered to a subject's arm. H) Com-
parison of wound healing process by applying with alga-gel patch and other treatments for oxygen delivery on mouse. Reproduced under the terms of 
the CC-BY-NC license.[160] Copyright 2020, The Authors, published by AAAS.
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Near-infrared (NIR) radiation provides another promising 
approach for exogenous controlled DDS. Light at wavelengths 
in the NIR region (650–900  nm) allows for deep penetration 
(hundreds of micrometers). NIR-responsive systems com-
monly incorporate nanomaterials for energy transduction. For 
example, Zhao et  al. designed NIR-sensitive VEGF carriers 
using graphene oxides and PNIPAM due to their photothermal 
conversion and thermal responsive properties, respectively.[161] 
Beyond drug delivery, Figure 7E presents a NIR-mediated CO2 
generation for wound repair.[159] The proposed patch incorpo-
rated CuS nanoparticles for photothermal conversions and 
bicarbonate that could decompose into CO2. CO2 therapy could 
alleviate hypoxia by decreasing pH and inducing O2 release 
from hemoglobin due to the Bohr effect. This CO2 generating 
patch was advantageous over previous CO2 gas delivery designs 
that require multiple injections.

However, the DDS loading capacity may restrict continu-
ously O2 or CO2 production for gas-based wound therapies. To 
satisfy this requirement, Chen et al. designed an active wound 
patch with a living cyanobacterium, Synechococcus elongatus, for 
O2 and CO2 generation via photosynthesis (Figure  7F,G).[160] 
A hydrophilic polytetrafluoroethylene membrane was used to 
prevent bacteria contaminations while allowing gas and water 
exchanges. Light-responsive gas production was demonstrated 
in Figure  7H. Notably, the authors reported a reversed hyper-
glycemia in response to O2 level elevation owing to the decrease 
of HIF-1α expression. They also observed that the applied patch 
accelerated healing and achieved a wound closure time similar 
to normal wounds in diabetic wound models.

Current designs of DDS are responsive to various triggers 
and can potentially provide new therapeutic modalities due to 
their capability for on-demand and local drug release. However, 
there are some limitations that need to be addressed. First, 
most DDS are designed with confined drug amounts. Though 
incorporating living organisms may address this drawback, it is 
still facing longevity challenges due to difficulties in controlling 
bacterial on-patch viability. Second, few of the current designs 
could realize precise dosage control. For example, some 
hydrogel-based DDS response to a stimulus with a passive drug 
release that is driven by irreversible matrix breakdown. The 
administrated dosages mainly depend on the material degrada-
tion and are unrepeatable during a series of triggers. Further 
investigations in designing a rechargeable, stable, and control-
lable DDS are required for clinical translation.

4.2. Drug-Free Therapy

4.2.1. Electrical Stimulation

It is estimated that an electrical field of 100–150  mV  mm−1 
occurs at cutaneous wounds naturally and guides the healing 
process including cell proliferation and migration via activating 
PI3K-Akt cell signaling pathways.[20,162,163] Applying exogenous 
electrical fields exhibits therapeutic effects in a biomimicking 
way with minimal adverse effects. Currently, both high-voltage 
pulsed (clinically 75–150  V with <50  µs phase durations and 
>100 pps frequency) and low-voltage (<50 V) devices have been 
developed for clinical usage.[164]

An electrical stimulation device was designed by Wang et al. 
for delivering high-voltage monophase pulsed currents to accel-
erate wound healing (Figure 8A).[165] Commercial Chitosan-
Vaseline gauze was integrated for moisture retention and anti-
bacterial function. The device was then connected to an isolated 
pulse stimulator for electrical current supply, resulting in high 
therapeutic efficiency in vivo. In another study, Ershad et  al. 
reported a drawn-on-skin (DoS) electronics platform for low-
voltage electrical stimulation wound therapy (Figure 8B,C).[166] 
A conductive ink was formulated with Ag flakes and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) 
and directly patterned on the skin with a tape stencil. Using 
this platform, they were able to directly draw the electronics 
on the wound site in a mice model. By connecting with a DC 
stimulator, they observed an accelerated healing process. Such 
a DoS platform could enable on-the-go wound management 
with customized shapes and sizes.

In general, high-voltage-based therapy needs large extracor-
poreal devices with controlled frequency and pulse width to 
avoid tissue damage caused by long-term stimulations. Addi-
tionally, the high voltage could damage some biomaterials-
based electrodes. Comparatively, it is simpler to generate low-
voltage electrical stimulation wirelessly on wearable devices. 
For example, Figure 8D displays a flexible bandage generating 
low-voltage electrical fields from a miniature wearable nano-
generator.[167] After wrapping rats with the bandages, the nano-
generators could output pulsed electrical fields by converting 
breath-caused body motions (Figure  8E). A maximum voltage 
of around 2.2 V was achieved at an active status of the rat. The 
wound healing efficiency was demonstrated in Figure 8F with 
the healing time reducing from 12 to 3 days. However, this 
design required a regular body displacement pattern to gen-
erate uniform electrical fields. Further modifications are neces-
sary when it is applied for human wounds on arms or limbs.

4.2.2. Photodynamic Therapy

Another emerging drug-free approach for wound management 
is photodynamic therapy. In this technique, light and photosen-
sitizers are used to generate ROS and kill multidrug resistant 
bacteria. Nanostructured titanium dioxide (TiO2) and zinc oxide 
(ZnO), with similar band-gap energy of ≈3.2  eV, are two well-
known materials with photosensitizing properties.

Yu and coworkers assembled a TiO2-based nanorod array 
by incorporating BaTiO3 and gold nanoparticles (Au NPs) 
(Figure 8G).[168] Under light illumination, Au NPs could produce 
hot electrons and transfer them to TiO2, enhancing ROS gener-
ation; while ferroelectric properties of BaTiO3 were deduced to 
further enhance the electrons’ mobility via a piezophototronic 
effect. It was observed that with a positive poling, the co-axis 
TiO2/BaTiO3/Au could generate 2.8-folds of •OH and 4-folds of 
1O2 when compared to those generated by groups formulated 
without BaTiO3 or Au. Antibacterial efficiency of >99% was 
achieved against both E. coli and S. aureus after 40 min simu-
lated sunlight exposure. Another strategy has embedded ZnO as 
photosensitizer and Ag/Ag@AgCl to improve the photocatalytic 
performance within the hydrogel matrix for wound therapy 
(Figure  8H).[169] In addition, the antibacterial properties of 
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Ag+ and fibroblast proliferative capability of Zn2+ could have 
synergistic effects in the healing process. As Figure 8I shows, 
the synthesized hydrogel exhibited bacterial disinfection in a 
light-responsive behavior. Although the in vitro study showed a 
slightly higher antibacterial function of Ag/Ag@AgCl over the 
Ag/Ag@AgCl/ZnO hydrogel, the introduced ZnO contributed 
to a better healing process in a mice model.

The photodynamic process can be regulated by factors such 
as light exposure dose, oxygen level, and photosensitizers’ 
photocatalytic activities. In addition, the short half-life of the 
ROS allows localized bacterial damage with minimal tissue 
toxicity.[170] Advances in optimizing photoenergy conversion 
efficiency and improving the biocompatibility of devices would 
encompass the applicability in wound management.

Recent advances in on-demand wound treatment methods 
have opened new windows in developing versatile therapeutic 
platforms by using wounds closed loop systems. Despite the 

controllable feature of on-demand therapy systems, there are 
still challenges to be addressed for broad applicability. One 
major concern is the longevity challenges of DDS. Though 
some commercial sustainable drug release systems can main-
tain their efficacy for months or even years, only a few of the 
available systems can function for on-demand drug delivery.[171] 
In addition, due to the complex nature of wound microenviron-
ment, involving various biochemical reactions and cell interac-
tions, the healing process may not be efficiently accelerated by 
administrating one or two types of treatments. For example, 
electric stimulation therapy provided a biomimicking way to 
promote cell migration and fibroblast differentiation with min-
imal reverse effects. Its efficiency has been observed in many 
clinical trials while it could not provide personalized therapy 
such as immunomodulation and preventing infection. Detailed 
discussions about therapeutic methods are listed in Table 1. 
Another promising approach is the delivery of genetic drugs or 

Figure 8. Electrical stimulation and photodynamic therapy. A) Schematic and photograph of a high-voltage monophase pulsed wound dressing. 
Reproduced under the terms of the CC-BY license.[165] Copyright 2021, The Authors, published by Elsevier. B) Photograph of patterning DoS electronics 
on a subject's skin. C) Photograph of applying low-voltage electrical stimulation on a mice wound model. Reproduced under the terms of the CC-BY 
license.[166] Copyright 2020, The Authors, published by Springer Nature. D) A nanogenerator-powered bandage for electric simulation. E) Voltages 
generated from various rat body motions. F) Representative images of the healing process after treating with or without EF after 3 days. Reproduced 
with permission.[167] Copyright 2018, American Chemical Society. G) Schematic of a TiO2-based nanoarray generating ROS to kill bacteria. Reproduced 
with permission.[168] Copyright 2018, Elsevier. H) Schematic of a hydrogel matrix containing ZnO and Ag for photodynamic therapy. I) Light-responsive 
S. aureus damage was observed with different hydrogel formulations. Reproduced with permission.[169] Copyright 2017, American Chemical Society.
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programmable cells to control skin cells behavior and improve 
tissue regeneration with durable clinical responses. Recent 
advances in tissue transfection and cell therapy could benefit 
personalized wound healing in the future.[172,173]

5. Integrated Closed Loop Systems

Over the past decades, fully functioning systems have been 
developed underlying various technologies to fulfill the pur-
pose of chronic wound management. Self-powered wireless 
platforms are capable of improving patient adherence and 
therapeutic efficacy. In addition, advanced data analysis and 
interpretation tools are required to process large information 
harvested from bioelectronics. In this section, we introduce 
wireless integrated wearable wound bioelectronics and high-
light AI applications for personalized wound management.

5.1. Self-Powered Designs

Long-term sensing and controllable therapy require sustain-
able power supplies. To achieve this goal, self-powered bioelec-
tronics are designed by harvesting different energy sources and 
converting them into electricity.[177,178]

Harvesting energy from biomechanical motions such as 
walking, breathing, and limb movements is one promising 
strategy. It is estimated that electrical energy generated from 
typical human motions could reach up to 39 W.[179] Figure 9A 
shows a piezoelectric dermal patch composed of ZnO nanorod 
and sandwiched by PDMS. By applying a uniform mechanical 
stress along the y-axis of the ZnO nanorod, the authors theo-
retically demonstrated that a polarized charge distribution and 
potential would be generated (Figure  9B). The in vivo piezo-
electric voltage generation in a mice wound model showed elec-
trical pulses with an average 900-mV amplitude and a 200-ms 

Table 1. Comparison of different treatment methods for chronic wounds.

Treatment method Triggers Active components Advantages Challenges Ref.

Endogenously responsive 
DDS

Temperature VEGF •	 Convenient
•	 Minimal patient intervention

•	 Loading capacity
•	 Difficulties in controlling drug release 

dynamic
•	 Limited physiological condition changes 

to trigger efficient drug release
•	 Longevity challenge

[139]

pH, glucose Insulin and fibroblasts [140]

pH, ROS Naproxen [141]

MMP VEGF, PGDF [142]

H2O2 O2 [93]

Exogenously responsive 
DDS

Temperature VEGF •	 Precise control of drug release •	 Loading capacity
•	 Longevity challenge
•	 May be interfered by wound condition 

changes
•	 Some stimuli can damage tissue

[145]

Temperature Cefazolin [149]

Electrical stimulation, pH N/A [152]

Electrical stimulation Cefazolin [156]

NIR radiation VEGF [174]

NIR radiation CO2 [157]

Light O2 [175]

UV-light Gentamicin [161]

Electrical stimulation High-voltage monophase 
pulsed currents

N/A •	 Minimal side effects
•	 Long-term durability
•	 Many clinical evidence supports

•	 Single function [159]

Low-voltage electrical 
stimulation

N/A [160]

Nanogenerator-based 
electrical stimulation

N/A [176]

Photodynamic therapy Light N/A •	 Many clinical evidence supports
•	 Avoid antibiotic resistance
•	 Long-term durability

•	 Single function
•	 Cytotoxicity of some components

[165,166]

Combined (Electrical 
stimulation and exog-
enously responsive DDS)

Nanogenerator-based 
electrical stimulation

Minocycline •	 Combined treatment method for 
multiple purposes

•	 Interference between electrical therapy 
and drug release

[167]
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pulse width (Figure  9C). A similar design using triboelectric 
nanogenerators for electrical stimulation wound therapy was 
mentioned earlier.[167]

The confluent metabolites in the wound are recognized as 
another appealing energy source. In Figure 9D, a BFC-powered 
electrochromic timer was developed to record the duration of 
drug administration.[181] The upper layer of the flexible patch 
was built with a PEDOT/polyurethane (PU) film and a fruc-
tose dehydrogenase-coated carbon electrode. This layer could 
be activated by interstitial fluid-mediated connection with the 
bottom fructose-containing hydrogel layer. The fructose redox 
reaction enabled color change of PEDOT/PU film, acting as 
a function of electrical potential and time course (Figure  9E). 
In addition, many BFC-based bioelectronic devices have been 
developed and integrated with metabolic sensors, which could 
also be potentially applied for wound management.[107,183,184]

Apart from directly harvesting energy from the human body, 
recent technologies in near-field communication (NFC) enable 
wireless power supplies. Krishnan et al. reported an NFC-based 

dermal patch for both wireless physical signal measurements 
and data transmission (Figure  9F,G).[182] The prepared patch 
was applied on human burn wounds and allowed a direct 
smartphone readout.

5.2. Integrated Closed-Loop Systems

Closed loop wearable wound bioelectronics typically contain 
four fundamental components: 1) biosensors for collecting 
wound condition parameters; 2) algorithms for analyzing 
input signals and issuing desired intervention commands; 3) 
controllable therapeutics systems; and 4) wireless communica-
tion modules for data transmission. For example, a closed-loop 
patch was engineered for wound pH and temperature moni-
toring as well as a microheater-controlled thermo-responsive 
drug release system (Figure 10A,B).[174] In addition, a Bluetooth 
module was integrated with the system for wireless sensor 
readouts and microheater control. The patch performance was 

Figure 9. Self-powered bandages. A) Photograph of the piezoelectric patch applied on wound for active wound therapy. B) Schematic illustration and 
calculation of the piezoelectric potential generated from the wound patch. C) Piezoelectric voltage generated by animal motions. Reproduced with 
permission. Reproduced with permission.[180] Copyright 2016, Wiley-VCH. D) Operation concept of a wound patch integrated with a biofuel powered 
electrochromic timer for drug dosing. E) Quantification of the color depth and CV current of BFC. Reproduced with permission.[181] Copyright 2019, 
Elsevier. F) Schematic of an NFC-based wound sensor. G) Photograph of applying the NFC sensor on a human's arm and realize wireless data trans-
mission. Reproduced with permission. Reproduced with permission.[182] Copyright 2018, Wiley-VCH.
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Figure 10. Algorithm-assisted closed-loop wound management systems. A) Schematic and photograph (inset) of a closed-loop drug delivery system 
for infection sensing and responsive antibiotics release. B) Temperature controllable release profile of cefazolin. C) In vitro test of pH variation in 
response to bacterial growth and patch activation. Reproduced with permission.[174] Copyright 2018, Wiley-VCH. D) Schematic diagram of a smart 
electronic patch that controls UV-triggered drug release based on pH sensors. E) Photograph of the UV controllable closed loop wound patch.  
F) Real-time temperature monitoring and responsive drug release after bacterial inoculation at the wound site using anal temperature as a refer-
ence. Reproduced under the terms of the CC-BY license.[176] Copyright 2020, The Authors, published by Wiley-VCH. G) Schematic of a wireless 
closed-loop wound patch that is powered by a smartphone for pH, temperature, and uric acid as well as controlled drug delivery. H) Photograph 
of a flexible and wireless wound patch. I) Image of the wound patch adhered on a rat wound with an NFC-enabled data transmission. Reproduced 
with permission.[175] Copyright 2021, Wiley-VCH.
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further evaluated in a bioreactor that mimicked in vivo bacterial 
growth. As shown in Figure 10C, the bandage was automatically 
activated and released antibiotics when the pH was reduced to 
a predetermined threshold value. However, the temperature 
increase as a result of wound infection could interfere with 
the thermo-responsive drug release process. To address this 
issue, Pang et al. chose UV as a separate exogenous stimulus to 
regulate the drug release and integrated with wound tempera-
ture sensors (Figure 10D,E).[176] UV light-emitting diodes were 
implemented to control the bottom UV-cleavable antibiotics-
loaded hydrogel layer. The whole device was connected to a 
Bluetooth module and applied to an infected wound model in 
pigs. The results showed that the UV irradiation was activated 
to operate the drug delivery actuators when wound temperature 
exceeded the safe limit value (Figure 10F). In addition to single 
parameter-based regulation, a closed loop wound management 
device that could record pH, temperature, and UA levels to con-
trol the drug release electronically was built (Figure 10G,H).[175] 
As illustrated in Figure 10I, the device could transfer data wire-
lessly between the smartphone and rat through NFC tech-
nology. The authors also reported that all of the three signals 
displayed significant deviations from physiological ranges in 
infected wound models, suggesting the device's potential in 
reducing the false positive diagnosis rate by combining dif-
ferent biomarkers.

5.3. Artificial Intelligence

The actuation of most current closed loop systems is regulated 
by rule-based algorithms and largely depends on defined values. 
To improve therapeutic efficacy, an advanced closed loop system 
is required to incorporate various biomarkers’ information and 
operate a comprehensive analysis. In addition, the system must 
be capable of managing different wound milieus such as poten-
tial antibiotics resistance of different bacterial species, changes 
in drug potency at certain pH and temperature, glucose varia-
tions in DFU, and patient-specific underlying health conditions. 
Recent developments of various training methodologies (e.g., arti-
ficial neural network [ANN], instance-based algorithms, and deci-
sion tree algorithms) in AI are promising tools to process a large 
amount of patient-centered databases, discovering certain trends 
and therapeutic opportunities, and drawing actionable and valu-
able conclusions for personalized intervention (Figure 11).[20,185,186]

Recently, machine learning algorithms have shown great 
promise for wound image processing to identify wound fea-
tures and pathological signals. Both 2D images and 3D wound 
modeling systems are developed to accurately measure wound 
parameters such as color, area, and volume in a noninvasive 
way.[187] These technologies are useful for further AI-based 
image processing for wound classification and assessment. For 
example, Veredas et al. constructed a machine learning assisted 

Figure 11. Perspective of AI-implemented wearable bioelectronics for future wound management. Patient-specific database would be established 
and incorporate multiplexed information of patients and wound conditions. Advanced training methodologies would be involved to process diverse 
samples to generate clustered individual network metrics and identify patterns from previous occurrences. With AI-enabled rapid and accurate inter-
pretations, personalized therapeutic decisions could be made to improve therapeutic efficiency and accelerate the advancement of new wound care 
modalities development.
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system for pressure ulcer image segment and classification.[188] 
They evaluated the performance of ANN, support vector 
machines and random forest decision trees in identifying 
wound-bed conditions such as necrotic, slough, healing, gran-
ulation, and peri-ulcer skin tissue. All three machine learning 
approaches achieved excellent accuracy (>85%).

Infection management is another application of AI imple-
mented wound therapy. Ward and colleagues implemented AI 
in bioelectronics to mitigate antibiotic side effects. They devel-
oped a closed loop wound patch integrated with a PYO sensor, 
ANN-assisted antibiotics toxicity prediction, and controllable 
dosing modules.[189] A series of studies in AI algorithms such 
as prediction of sepsis, hospital-acquired infections, and antibi-
otics resistance were also conducted, which could be useful for 
chronic wound care.[186,190]

In summary, AI provides data-driven approaches to facili-
tate wound management. However, establishing consistent and 
robust AI implemented closed loop systems requires further 
training and verifying in complex and diverse clinical samples.

To this end, a growing number of integrated devices have 
emerged in the form of wearable bioelectronics for closed loop 
wound care. Recent breakthroughs in biomaterial science and 
digital health intervention promise to precisely control wound 
treatment in response to the physiological information collected 
by wound sensors. In addition, the implementation of AI can 
help identify certain recurrent patterns and potentially accel-
erate the decision-making process by choosing personalized 
therapeutic methods and predicting optimized dosing amount 
for patients. However, some challenges are still remaining. For 
example, most stimuli responsive DDS in integrated systems are 
based on one or two signal changes at the wounds. Moreover, 
integrating multiplexed biosensors and treatment methods in 
the same patch while controlling the drug administration with 
minimal crosstalk and interferences is a tremendous challenge. 
Further improvement of sensor selectivity and deployment of 
different types of sensors (i.e., enzymatic sensors, ionic selective 
sensors, impedance-based sensors, etc.) may solve this problem. 
Furthermore, a better understanding of types, dosing amount, 
and duration of drug administration in relation to various ana-
lytes in wound exudates and healing process is still required.

6. Conclusions and Outlook

Wearable bioelectronics holds great potential to surmount many 
challenges in wound management, particularly in increasing 
patient adherence and providing new modes of chronic wound 
therapy. In summary, we have reviewed and highlighted recent 
advances in wearable biosensors for comprehensive wound 
condition assessments via a list of physical, small molecular, 
macromolecular, and microorganism biomarkers, as well as 
on-demand therapeutic system designs. The new generation of 
closed loop wearable wound bioelectronics is capable of fast and 
noninvasive detection of biomarkers as well as dynamic and auto-
mated therapeutic administration. These advances in integrated 
systems have attracted significant research interest due to their 
advantages in reducing patient intervention and enhancing ther-
apeutic efficiency. Furthermore, considering the development 
of multiplexed wound biosensors, implementing advanced data 

analysis algorithms could contribute to a large amount of data 
processing. By applying machine learning technologies, next-
generation wearable bioelectronics would be able to generate 
data-based clinical decisions and reliable predictions, expanding 
their applicability and functionality in personalized wound care.

However, there are still several bottlenecks remaining to be 
addressed in future works in the wound care area. For example, 
one major issue of biosensors is that they require a certain 
amount of wound fluid in order to function properly. However, 
efficient collecting of wound fluid in situ is a challenge. In addi-
tion, the inability to control wound fluid generation and collection 
rate may also lead to inconsistent sample concentration and signal 
unreliability. Recently, most wearable devices only tested small 
molecular biomarker monitoring in vitro using simulated wound 
fluids without wound fluid collection designs. Particularly, only 
handful of wound bioelectronic devices was tested to detect com-
prehensive biochemical signals in vivo. Advanced engineering 
approaches such as microfluidics channels and microneedle 
arrays as well as novel materials should be implemented to enable 
efficient wound fluid collection in a controllable manner.

Another challenge is to achieve continuous monitoring of a 
broad spectrum of biomarkers with on-device processing. Most 
current available devices can only continuously monitor a lim-
ited number of targets such as physical signals (e.g., pressure 
and temperature) and several common analytes (e.g., glucose 
and UA). While wound involves many detectable levels of pro-
teins, enzymes, and lipids that could benefit early detection of 
pathological conditions, only few current designs were capable 
of continuous detection of these biomarkers and overcome lon-
gevity challenges. Future wound bioelectronics should integrate 
novel biotechnologies and materials chemistry to expand on-
device detectable biomarkers and enable long-term monitoring 
with minimal on-site sample preparations. Moreover, further 
understanding and clinical evaluation of these biomarkers’ rel-
evance to the healing process and prognosis is also necessary to 
improve biosensor designs and therapeutic applications.

In addition, deploying engineering approaches in fabrication 
such as bioprinting, lithography, laser cutting, and robot forming 
promise to enable scalable production with customized architec-
tures. Last but not least, considering that most effort has been 
invested in the technology development and evaluation at the 
bench side or on animal models, the validation and utility of the 
wearable bioelectronic devices on human subjects need to be care-
fully investigated following proper ethical guidelines.[191] Future 
devices envision to be capable of providing off-the-shelf solutions 
for emergent conditions such as wounded troops on the battle-
field as well as affordable in-home wound therapy for patients in 
rural areas. In the foreseeable future, highly integrated wound 
management systems with outstanding wearability, diverse func-
tionality, and excellent longevity will be developed and facilitated 
by AI to revolutionize personalized wound care.
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