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Advances in multifunctional diagnostic hydrogels
for complex chronic wound healing and
monitoring

Kun Lei, @*3°° Junjun Fang,® Guosheng Wang® and Xinchang Pang @2

The multidimensional pathological manifestations induced by chronic wounds present a significant
challenge to the medical field, for which accelerated and comprehensive therapeutic strategies remain
elusive. Metabolic imbalances in the chronic wound micro-ecosystem have been identified as a potential
trigger for a complex array of clinical symptoms, underscoring the urgent and critical need for accelerated
and deeper comprehensive therapies for chronic wounds. Despite the development of numerous strategies
and materials, considerable challenges remain in the search for an efficacious and widely applicable
treatment for chronic wounds. The treatment of chronic wounds remains a bottleneck. Bioactive hydrogels
as promising wound dressings are widely used to promote wound healing and treatment due to their
excellent comprehensive physicochemical performances. Besides, performing efficient
management is essential for complex chronic wounds. Conductive hydrogel bioelectronics have been
recognized as one of the promising solutions for wound management, which could be employed as a
diagnostic wound dressing to record and monitor the electrophysiological and non-electrophysiological
signals of the wounds. In this review, we systematically outline the recent advancements in diagnostic
hydrogel research, encompassing adhesive and hemostasis, antimicrobial, antioxidative, immunoregulatory,
and stimulus-responsive hydrogels for wound healing, as well as hydrogel-based sensors for wound
monitoring. The wound healing and monitoring mechanisms of multifunctional diagnostic hydrogels are
emphatically evaluated and elucidated. Finally, the research prospect and production of multifunctional
diagnostic hydrogel wound dressings in the physio/chemo-therapy of chronic wounds is envisaged.

wound

particularly vulnerable to a variety of injuries, such as burns,
cuts, scars, and calluses from healing wounds. These injuries

Skin has two main layers: the epidermis and the dermis. The
epidermis consists of several layers of structures, and the
uppermost layer is composed of dead cells which are
periodically shed and gradually replaced by cells from the basal
layer." The role of the dermis is to connect the epidermis to the
subcutaneous tissue and to provide firmness and elasticity to
the epidermis through the presence of collagen and elastic
fibers. The subcutaneous tissue is located deep within the
dermis and is the connective tissue that connects the dermis to
the underlying structures. In addition, the subcutaneous tissue
contains adipose tissue, which serves to store fat and protect
the deeper tissues. The skin is a part of the body which is
constantly exposed to the external environment and is therefore
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are usually caused by sharp objects, overheating of the skin or
excessive pressure and friction. Skin injuries trigger a series of
repetitive healing processes. Numerous cellular entities,
including but not limited to fibroblasts and macrophages, are
integral to the process of wound repair, particularly when the
extent of the injury is substantial.>® The structural and
functional characteristics of the skin enable it to initiate a series
of complex healing processes after injury. However, in chronic
wounds, these normal physiological processes are often
disturbed, causing the wound to fall into a persistent
inflammatory state and fail to smoothly enter the proliferative
and remodeling phases. For example, hyperglycaemia-induced
metabolic disturbances in diabetic wounds impair vascular
function, reducing the supply of nutrients and oxygen, while
suppressing the activity of immune cells, increasing the risk of
infection. The complexity of these pathological mechanisms
calls for the development of novel wound dressings with
versatility, such as hydrogel dressings capable of regulating the
wound microenvironment, promoting angiogenesis, and
enhancing antioxidant capacity and antimicrobial capacity, and
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the development of novel wound dressings that are more
versatile than conventional wound dressings, to meet the
clinical needs of chronic wound treatment.

Injuries are categorized into acute and chronic wounds
based on their causes and consequences.”® Acute wounds
generally undergo an appropriate process of organized repair,
resulting in permanent restoration of anatomical and
functional integrity. On the other hand, wounds in which the
normal organized and timely repair process fails to restore
anatomical and functional integrity are termed as chronic
wounds. Chronic wounds can be categorized as vascular
ulcers (e.g., venous and arterial ulcers), diabetic ulcers, and
pressure ulcers." Persistent or excessive inflammation,
chronic infection, biofilm formation by drug-resistant
microorganisms, and impaired response of skin and/or
epidermal cells to reparative stimuli are among the common
characteristics shared by these wounds. Instead of going
through the three stages of normal healing, the wound enters
a state of persistent inflammation, and this chronic wound is
usually a complication of an underlying condition like
diabetes.” If a wound does not heal properly, it results in a
chronic wound that places a burden on both the patient and
the healthcare system.

Dressings not only cover the wound but also serve as a
catalyst for the reorganization of skin cells and promote the
subsequent infiltration and integration of host tissues, thus
exerting a profound effect on the wound healing process. For
centuries, dressings have played a key role in protecting wounds
and actively stimulating the healing process. Historical practices
involved the use of natural materials such as leaves, fabrics, or
herbs to wrap wounds to relieve pain, prevent infection and
accelerate the healing process.”® Up to now, a multitude of
wound dressings, such as gauze and foam, have been developed
and implemented in clinical practice."'~> However, traditional
wound dressings encounter several challenges that impede
optimal wound management. These challenges include: (i) due
to inactivation of fibrin hydrolase, adhesion between the wound
and the dressings can occur, leading to potential pain and
injury during dressing changes; (ii) limited capacity of
traditional dressings to adequately moisturize and repair
wounds, potentially hindering the processes of wound healing
and cellular regeneration; (iii) insufficient absorptive capability
of traditional dressings to effectively manage wound secretions,
resulting in prolonged moisture and impeding the progress of
the healing process; (iv) conventional dressings often only offer
partial support in wound healing and repair, lacking the ability
to provide real-time monitoring of the wound."*

Hydrogel is a three-dimensional network of hydrophilic
polymers with a large amount of water in the matrix
connected by points or junctions, renowned for its
exceptional traits, including remarkable permeability,
biocompatibility, and the capacity to foster a humid wound
healing."®™® These attributes surpass the constraints of
conventional dressings, positioning hydrogels as the
quintessential choice for wound management. In recent
years, many scholars have also shown a growing trend in the
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study of hydrogels as wound dressings, including natural
polymers, such as hyaluronic acid and chitosan,"*°
as synthetic hydrophilic polymers (e.g., polyvinyl alcohol
(PVA) and polyvinylpyrrolidone (PVP).*"** Incorporation of
ionic conductors into hydrogel matrices is a thoroughly
compelling approach to obtain conductive hydrogels. This
method not only gives hydrogels a wide sensing range, but
also high transparency and good biocompatibility, making
these materials a leading technology in the field of
biomedical engineering and sensor technology.>® This
category of hydrogel serves as a sensitive material for real-
time monitoring of wound healing progress, detecting
variations in pH, temperature, and humidity levels. Moreover,
it facilitates drug delivery through mechanical response, NIR
activation, or UV responsiveness.”**> This comprehensive
review delineates prevalent therapeutic strategies for chronic
wounds, commencing with an in-depth analysis of wound
healing mechanisms and the etiology of chronic wound
development, methodically investigating the salutary effects
of multifunctional hydrogels on the amelioration of chronic
wounds, including adhesive and hemostasis, antimicrobial,
antioxidative, immunoregulatory, stimulus-responsive, and
wound monitoring hydrogels (Fig. 1). Concurrently, it
integrates precise, real-time wound surveillance with the
therapeutic efficacy of electrically conductive hydrogels,
thereby offering substantive insights to clinicians.

as well

2. Acute wound
2.1. Formation of acute wound

Skin covers the surface of the body and is the largest organ
of the human body, with protection, sensation, secretion,
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Fig. 1 Advanced functions of multifunctional diagnostic hydrogels as
wound dressings.

Sens. Diagn., 2025, 4, 642-668 | 643


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00051c

Open Access Article. Published on 30 May 2025. Downloaded on 12/23/2025 8:29:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

excretion, respiration, and other functions. From an
anatomical point of view, the skin can be divided into three
main layers: the epidermis, the dermis, and the

subcutaneous tissue, with a clear distinction between each
layer in terms of structure and function.>® The epidermis,
which consists of stratified squamous epithelium, is
responsible for forming the skin's protective barrier against
external microorganisms and chemicals, as well as for
minimizing water loss.”” In addition, the epidermis is
involved in the immune response, mediated through
specialized cells such as Langerhans cells. The dermis,
situated beneath the epidermis, is composed of dense
connective tissue, and is subdivided into the papillary and
reticular layers, between which there is no distinct boundary.
Within this anatomically complex region, an extensive array
of vascular, neural, follicular, and glandular structures is
present, comprising blood vessels, nerves, hair follicles, and
sweat glands. The papillary layer, which interfaces with the
epidermis's basal layer, is characterized by an abundance of
capillaries, lymphatic vessels, nerve endings, and sensory
receptor, facilitating sensory functions. The reticular layer,
contiguous with the subcutaneous tissue, is enriched with
collagen, elastin, and reticular fibers, which are intricately
interwoven to confer substantial elasticity and resilience
upon the skin. In addition, this layer is likewise covered with
an extensive network of blood vessels, lymphatic vessels, and
nerve endings. The epidermis and dermis are underlain by
subcutaneous tissue, which is a loose connective tissue with
many fat cells. Comprehending the fundamental architecture
of the skin enables a more profound understanding of the
wound-healing mechanism.

The development of acute wounds is a complex process
that involves various physiological mechanisms interacting
with each other. The most apparent characteristic is the loss
of skin integrity, particularly when it extends to the dermis
and/or deeper layers, which is caused by external forces
resulting from various physical or chemical factors. In cases
of physical trauma, wounds can manifest as lacerations,
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punctures, pressure wounds, or abrasions, each of which can
cause varying degrees of damage to the epidermis and/or
dermis. On the other hand, chemical injuries typically result
from exposure to corrosive substances, such as strong acids
or alkaline substances.

2.2. Acute wound healing

Wound healing usually undergoes an organized and
appropriate repair process leading to sustained restoration of
anatomical and functional integrity. Traditionally, the
procedure of wound repair is categorized into four stages
(Fig. 2): hemostasis, inflammation, proliferation, and tissue
remodeling.>®

Hemostasis. Following the rupture of blood vessels within
the dermis, a critical layer of the skin, blood escapes from
the circulatory system but can spontaneously cease within
minutes—a process scientifically referred to as hemostasis.
Hemostasis serves as the body's primary and immediate
response to vascular injury, aiming to staunch bleeding
through a multifaceted mechanism involving
vasoconstriction, platelet aggregation, and the formation of a
fibrin-based pale thrombus.** This prompt response is
crucial in preventing excessive blood loss and stabilizing the
individual's physiological state.

The process starts with vasoconstriction, a reflexive
narrowing of the blood vessels that reduces blood flow to the
injured area. At the same time, platelets stick to the exposed
endothelial surface of the damaged vessel, aggregating to
form a temporary platelet plug. This plug acts as a scaffold
for the deposition of fibrin, a protein that cross-links to form
a stable meshwork, encapsulating the platelets to create a
pale thrombus.?® This thrombus effectively seals the breach
in the vessel wall, halting further blood loss.

In addition, the formation of the thrombus is essential for
the subsequent wound healing phase. This temporary matrix
not only helps to reduce blood loss but also facilitates the
infiltration of essential cells such as fibroblasts and
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Fig. 2 Acute and chronic wound healing stages and differences.
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macrophages. These cells are crucial to the repair process
and the restoration of tissue integrity. The body efficiently
manages to contain the damage and initiate the healing
process following vascular injury through intricate cellular
and molecular mechanisms. This process highlights the
remarkable capacity of the human body to rapidly respond to
and recover from injury, underscoring the sophisticated
nature of hemostasis as a critical component of the innate
immune response.’

Inflammatory. The inflammatory stage is characterized by
the infiltration of neutrophils and macrophages to the wound
site. The key purpose of this stage is to prevent wound
infection.®® Neutrophils, functioning as the primary
responders, rapidly permeate the site of the wound within the
inaugural hour after the infliction, sustaining a pronounced
presence for a duration extending to 48 hours. The facilitation
of their migration is orchestrated by a suite of chemical
messengers, notably the complement cascade, interleukin
activation, and transforming growth factor-p (TGF-B) signaling,
a phenomenon meticulously termed chemotaxis. Afterward,
neutrophils employ three primary methods to eliminate debris
and bacteria: phagocytosis (ingestion and destruction of
foreign particles), degranulation (release of toxic substances
like lactoferrin and proteases), and the production of
chromatin and protease traps that ensnare and exterminate
bacteria extracellularly. The generation of oxygen free radicals,
a side effect of neutrophil activity, possesses bactericidal
capabilities, further sterilizing the wound. Upon the fulfillment
of their physiological role, neutrophils are either expelled from
the wound site, subject to cellular apoptosis, or phagocytosed
by macrophages. Macrophages, which are more substantial
phagocytic entities, attain their zenith concentration within a
temporal window of 48 to 72 hours after the infliction of injury,
drawn by chemotactic signals emanating from platelets and
traumatized cells. These cells proliferate within the acidic
milieu of the wound, concurrently secreting growth factors,
notably TGF-B and EGF.*>* This secretion plays a pivotal role
in modulating inflammation, fostering angiogenesis, and
facilitating the development of granulation tissue.

Proliferation and tissue remodeling. Upon cessation of
injury-induced stimulation and achievement of hemostasis, the
wound should be debris-free, and the inflammatory response
balanced. At this point, the proliferative phase of the healing
cascade can begin to repair the defect. The first step is
angiogenesis, which is achieved through the proliferation and
migration of vascular endothelial cells, a process that is essential
to provide sufficient oxygen and nutrients to the wound area.*
Granulation tissue, as a tissue rich in neovascularization and
fibroblasts, will slowly cover the wound surface and provide
matrix for collagen deposition. Besides, the proliferation phase
is also accompanied by the proliferation and migration of
epithelial cells, promoting the coverage and closure of the
wound surface. Subsequently, wound healing enters a mature
stage, also known as the remodeling stage, which can last for
months to years. The initially established collagen network is
remodeled, under fibroblast regulation, to enhance the wound's
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mechanical strength and integrity.*® The cross-linking density of
collagen increases, with fibers aligning more orderly, enabling
the resultant scar to better mimic the surrounding normal tissue
structure. Additionally, wound contraction, through extracellular
matrix reorganization and tightening, reduces the wound area,
aiding in comprehensive healing.

3. Chronic wound

Chronic wounds emerge from a complex interaction where
injuries stagnate beyond the expected healing time, often
exceeding four weeks, in stark contrast to the predictable
healing of acute wounds through hemostasis, inflammation,
proliferation and remodeling (Fig. 2). Persistent infections,
impaired blood supply, and systemic conditions such as
diabetes or vascular disease perpetuate inflammation cycles,
disrupting normal healing. This leads to delayed recovery,
increased risk of infection, and significant clinical
management challenges. These characteristics distinctly
separate chronic from acute wounds.

Each wound possesses the potential to transition into a
chronic state. They may be systematically categorized into
four distinct groups based on their etiology, anatomical

location, penetration depth, and morphological
characteristics: arterial, diabetic, pressure, and venous
ulcers.””?®* The evaluation and intervention concerning

chronic wounds necessitate a comprehensive strategy that
encompasses the myriad factors responsible for their
persistence beyond conventional healing durations. Chronic
wounds are thus categorized when they do not advance
through the expected, orderly, and prompt stages of repair,
or when the healing process is incapable of reinstating
anatomical and functional integrity within a span of three to
six months following adequate care. Frequently, chronic
wounds may remain in a protracted inflammatory state,
affected by a variety of elements, including compromised
venous return, mechanical stress, and underlying medical
conditions that induce a pro-inflammatory milieu, rendering
the wound milieu unstable and recalcitrant to healing.
Instead of the orderly and timely progression seen in
acute wound healing, chronic wounds enter a detrimental
cycle of impaired healing. The inflammatory phase in chronic
wounds is prolonged, and they exhibit an aberrant
inflammatory  response.’*  Proper  granulation
formation, which is essential for healing, is not achieved.
This tissue typically supports new vessel growth and wound
closure, but in chronic wounds, this process is disrupted.
One of the reasons for this impairment is the presence of
elevated levels of matrix metalloproteases (MMPs), which
degrade the extracellular matrix and prevent proper tissue
repair.*® The proteases are usually regulated by their
inhibitors, but in chronic wounds, the balance is disrupted,
resulting in protease levels exceeding those of their
inhibitors. This proteolytic activity hinders the wound from
progressing into the proliferative phase of healing, thus
maintaining a cycle of inflammation and impeding repair.

tissue
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Additionally, chronic wounds often have a hypoxic
environment due to restricted blood flow, further hindering
the healing process.!

Moreover, the microbiota's complexity in chronic wounds,

which includes both planktonic and biofilm-associated
bacteria, significantly contributes to the prolonged
inflammatory state and, as a result, the wound's

chronicity.*>** Advances in molecular techniques, such as

meta transcriptomics and metabolomics, have improved our
understanding of the relationship between the wound
microbiota and biofilm formation. The transfer of microbiota
from a genetically modified mouse with an impaired innate
immune response to a wild-type mouse has demonstrated
the acquisition of an impaired healing phenotype. This
highlights the influence of the microbiota on wound
outcomes.*® Although certain microorganisms, such as
Staphylococcus aureus and Pseudomonas aeruginosa, are
commonly found in chronic wounds, others, such as
Staphylococcus epidermidis, may promote healing through the
production of antimicrobial peptides and activation of skin-
resident T cells.*™ It is important to note that this
information is based on objective evaluations and scientific
evidence. Moreover, current evidence indicates that the
diversity of the microbiota in the wound may be a more
dependable indicator of wound chronicity. A lower diversity

is related to slower rates of healing.*®*°
Diabetes-associated  hyperglycemia  causes vascular
damage, resulting in reduced capillarogenesis and

functionality. These factors are crucial for supplying nutrients
and oxygen to wound sites.’””" Research suggests that
diabetic wounds suppress key angiogenic factors, such as
VEGF-A, impairing vascular responses.””>* These findings
highlight the potential significance of targeted therapeutic
interventions that aim to enhance angiogenic responses to
improve wound healing outcomes in diabetic patients.>>°
Interestingly, the impact of diabetes on angiogenesis varies
depending on the pathological context, resulting in tissue or
organ-specific angiogenic responses. Diabetic retinopathy, for
example, is characterized by excessive angiogenesis, which
leads to microaneurysms, hemorrhages, and vascular
edema.”” In contrast, diabetic wounds exhibit significantly
reduced angiogenesis, resulting in decreased vascularity,
capillary density, and delayed wound closure. Furthermore,
diabetes impairs immune responses, as elevated glucose
levels compromise neutrophil function, reducing the body's
ability to fight infections. The production of cytokines, which
are essential for coordinating responses, is
decreased in diabetic patients. Meanwhile, macrophage
functionality, which is critical for wound debridement and
initiation of healing, is impaired.”® This compromised
immune function significantly increases the risk and
persistence of chronic wounds, complicating and prolonging
the wound healing process.

Additionally, immune cells, including neutrophils,
produce more reactive oxygen species (ROS) in diabetes. In
human cells, many reactive oxygen anion radicals, such as

immune
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the superoxide anion radical (0”7, are produced when oxygen
is converted to water. Numerous studies have shown that low
concentrations of ROS promote normal wound healing by
stimulating cell migration and angiogenesis, while excessive
ROS can inhibit or even impair wound healing, particularly
in chronic wounds. Oxidative stress occurs when there is an
imbalance between an excess of reactive oxygen species and a
deficiency of antioxidants.>*"*?

Meanwhile, in diabetic wounds, the altered angiogenic
response is compounded by macrophage dysfunction.
Macrophages shift from a pro-inflammatory to a reparative
phenotype in normal wounds, however, in a high-sugar
wound environment, macrophage switching from a pro-
inflammatory to a reparative phenotype is blocked, resulting
in the accumulation of pro-inflammatory macrophages in the
wound and the formation of an inflammatory
microenvironment characterized by oxidative stress and
cellular damage.”® The db/db mouse model is characterized
by obesity, diabetes, and dyslipidemia due to a mutation in
the leptin receptor gene. This model has shown significant
delays in wound healing, demonstrating the critical role of
macrophages as a source of VEGF-A and other pro-angiogenic
mediators in wounds.®*®* Despite the deep understanding of
the pathological mechanism of chronic wounds, the current
treatment methods still have significant limitations and
cannot fully meet the clinical needs. For example, although
traditional wound dressings can provide a certain degree of
protection and a humid environment, they lack the ability to
dynamically regulate the wound microenvironment, making
it difficult to effectively deal with the complex pathological
characteristics of chronic wounds, such as persistent
inflammation, biofilm formation and angiogenesis disorders.
In addition, the existing dressings have limited ability to
monitor the wound healing process and cannot reflect the
change of the wound state in time, resulting in poor
treatment effect and prolonged healing time, which brings a
heavy burden to patients.

4. Management of chronic wound

Managing and treating chronic wounds is a complex
challenge in modern medicine. In our previous manuscript,
we discussed the various factors that make these wounds
difficult to heal wusing conventional methods. Chronic
inflammation, microbial invasions, tissue ischemia, and the
patient's concurrent pathologies can significantly impede
natural reparative mechanisms, rendering wounds obstinate
and recalcitrant to resolution. The spectrum of strategies for
addressing chronic wounds is extensive in this context.
Standard protocols thorough cleansing and
debridement to reduce the risk of infection, the use of
hydrophilic dressings to create an optimal wound
environment, and the application of compressive dressings
or elasticized bandages to reduce swelling and improve blood
flow.®> For wounds with a prolonged healing process, various
advanced treatments can be used, such as negative pressure

involve
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wound therapy, localized administration of cellular therapies
and regenerative tissue engineering techniques.

Infection control, based on debridement, is a critical
factor in the management of chronic wounds. The level of
bioburden in a wound is a vital determinant in determining
whether a wound will heal or not. Reduction of the
bioburden of each wound is a key component of wound bed
preparation and individualized management of each
wound.®®*®” Properly healing chronic wounds relies on the
notion that treatments, such as topical antimicrobials, can
effectively eliminate biofilm bacteria without harming the
necessary cells for wound healing (like fibroblasts,
keratinocytes, and blood vessel cells). This concept is
illustrated by the therapeutic index (TI), a ratio that measures
the safety of a drug and is used to assess the balance between
a drug's toxicity to human cells and its ability to kill bacteria
or fungi. The therapeutic index is classically defined as the
ratio between the dose of a drug that determines the
incidence and/or severity of side effects inconsistent with the
target indication (e.g. 50% of subjects at the toxic dose; TDs)
and the dose that determines the expected pharmacological
effect (e.g. 50% of subjects at the effective dose; EDs,). The
ratio between the dose that produces the expected
pharmacological effect (e.g., EDso) and the toxic dose (e.g.,
TDs,) is crucial for assessing the safety of a drug.®®

Wound dressings, as a crucial element in the management
and modulation of wounds, encompass a plethora of functions
and responsibilities.®” Adequate wound dressings establish an
optimum setting for healing, thwart secondary infections, and
foster tissue repair and regeneration. Their capacity to absorb
wound exudate, maintain wound moisture, and safeguard the
adjacent tissues not only mitigates the risk of infection and
inflammation but also accelerates the wound healing process.
Currently, the standard of care for chronic wounds is through
the application of wound dressings that need to be changed
regularly and continuous monitoring of wounds by healthcare
professionals. Other biomedical engineering approaches are
also dedicated to developing an ideal dressing design, in
addition to maintaining moisture balance. The essential
criteria for dressings include (i) biocompatibility; (ii) protection
of the wound from debridement and mechanical trauma; (iii)
facilitation of wound environment and gas exchange; (iv)
efficient absorption of wound exudate; (v) easy removal without
disrupting the underlying tissue; (vi) protection against
infections and bacterial ingress; (vii) sterile, non-toxic, and
non-allergic. Currently, wound dressings can be classified into
four main groups based on the treatment they provide: passive,
interactive, advanced, and bioactive wound dressings.

Passive dressings, consisting of gauze, cotton, strips, and
other low-adhesion dressings, are dry and their primary
function is to isolate the wound from the external
environment, which may provide a degree of protection
against contamination of the wound. Some sterile gauze
dressings are capable of absorbing exudate and fluid from
open wounds through the dressing’s fibers. Passive dressings
often become moist and adhere to the wound, making

© 2025 The Author(s). Published by the Royal Society of Chemistry
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removal painful and requiring frequent changes, due to
copious exudate from the wound. Semi-permeable films and
foams, as well as amorphous hydrogels, are types of
interactive dressings that allow for the exchange of water
vapor and oxygen while providing a barrier against bacteria
and other microorganisms from the external environment.
Amorphous hydrogels are available in the form of gels, elastic
solid sheets, or films, and they help to maintain humidity
and facilitate wound debridement by rehydrating non-viable
tissue.”® However, the accumulation of fluid within a single
hydrogel dressing can lead to skin maceration and bacterial
proliferation. Advanced and bioactive dressings are pivotal
for the repair and management of chronic wounds. As these
systems are applicable to specific types of wounds, the cost
and manufacturing technology may be prohibitive. Moreover,
there is still a great deal of room for development for the
modulation of drug release and the monitoring of various
characteristics of the wound surface, and thus the research
effort remains heavy.

5. Advanced hydrogel dressings

In recent years, hydrogel has emerged as a highly anticipated
material for wound treatment, attributed to its elevated water
content, hydrophilic nature, and porous structure.’®”! These
characteristics facilitate the absorption of wound exudate,
while maintaining optimal wettability and permeability of
the wound bed. Furthermore, hydrogels possess flexible and
tunable physicochemical properties, enabling them to be
endowed with multifunctionality for dynamically responding
to and regulating the chronic wound's microenvironment.
Hydrogel-based dressings have a performance advantage over
other chronic wound treatment strategies due to their ease of
modification and customization. For instance, hydrogel
dressings can integrate cells, antimicrobials, antivirals,
antifungals, growth factors, and biologically active molecules,
giving them functional properties that expedite wound
contraction and healing processes. Meanwhile, hydrogels
with sensing capabilities allow for real-time monitoring of
wound status, providing timely feedback to healthcare
professionals to optimize therapeutic strategies. This section
discusses research advances in hydrogel wound dressings
from the perspective of functional modification and provides
an overview of their relevant content.

5.1. Hydrogel dressings in chronic wound healing

Chronic wounds pose profound challenges stemming from
their inherent complexity and protracted nature. The healing
process of such wounds is often delineated by a confluence
of factors, encompassing malnutrition, circulatory
dysfunction, infections, and peri-wound pressure. These
factors can culminate in a dearth of nutritional and oxygen
supply, heightening the susceptibility to bacterial assault.
Furthermore, excessive exudate may obstruct the natural
drying and crusting mechanisms of the wound, thereby
further procrastinating the healing process. In summary, the
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paramount aim in managing chronic wounds, irrespective of
the therapeutic modality employed, is to disrupt the
deleterious cycle of impaired healing and foster a salutary
healing trajectory. Bacterial infections pose a significant
challenge to wound healing, with far-reaching and complex
implications. During the wound healing process, bacterial
infections severely impede wound healing by disrupting the
integrity and function of the wound tissue and delaying the
formation of neovascularization and granulation tissue. To
add insult to injury, certain bacteria are resistant to
commonly used antibiotic treatments, making the treatment
of bacterial infections even more complex and difficult.
Bacterial infection leads to inflammatory response, while the
persistent inflammatory response leads to a significant
accumulation of ROS that exceeds the cells' antioxidant
capacity. This also prevents the wound from transitioning
from the inflammatory phase to the proliferative phase.
Furthermore, due to their typically large size, chronic wounds
pose significant challenges in terms of achieving adequate
apposition with conventional dressings. Additionally, these
dressings often fail to maintain a stable and moist healing
environment for the wound surface, thus compromising their
effectiveness in the treatment of chronic wounds. As
mentioned above, given the many barriers that interfere with
the wound healing process, this section outlines the
construction strategies for different functional hydrogels
based on these barriers and describes the unique features of
these strategies.

5.1.1. Immunoregulatory hydrogel dressings. In
individuals with type 2 diabetes mellitus (T2DM), infections
are a common comorbidity, often initiating at the site of the
foot where the protective cutaneous barrier has been
compromised, allowing for the invasion of pathogenic
microorganisms. The progression of these infections to
deeper connective tissues not only exacerbates the disease
burden but also poses a significant challenge to wound
resolution. While microbial culture of ulcer tissue specimens
is considered as the standard for diagnosing infection and
informing antibiotic therapy, the lag in receiving culture is
inevitable, which could lead to disease progression and
heighten the risk to the patient's life.”> Studies have
demonstrated significant elevations in inflammatory markers
such as interleukin-6 (IL-6) and C-reactive protein (CRP) in
T2DM patients, highlighting their crucial role in rapidly
assessing the presence and severity of infection, monitoring
disease progression, and gauging therapeutic responses.”*’*
These findings underscore the strong correlation between
poor glycemic control and inflammation, thereby supporting
the notion that inflammatory markers may play a pivotal role
in the management of diabetic foot ulcers (DFUs).
Inflammation and immune responses are essential for
wound healing under normal conditions; however, excessive,
or imbalanced immune reactions can lead to tissue damage,
impede the healing process and even result in wound
deterioration. It is self-evident that the significance of
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pathological changes can be associated with DFUs. Thus,
modulating the response is for the
promotion of chronic wound healing. Xiong et al. fabricated
a novel in situ injectable HA@MnO,/FGF-2/Exos complex
hydrogel to enhance diabetic wound healing. The MnO,/e-PL
nanosheet can catalyze H,0, in the wound to convert it to
0,, thus eliminating the harmful H,0, and providing enough
O, for wound healing. Besides, the release of M2-derived
exosomes and FGF-2 growth factor can effectively stimulate
angiogenesis and epithelization.”” Zhang et al. reported a
naturally-derived G-quadruplex (G4)/aloin-konjac
glucomannan (KGM) supramolecular hydrogel, exhibiting
enhanced mechanical properties and hemostatic capability.”®
KGM with good immunoregulatory effect does not affect the
self-assembly of G4, thus effectively enhancing the
mechanical properties of the G4 hydrogel. Boronate bonds
and aloin within gel networks can endow the hydrogel with
excellent antioxidant and anti-bactericidal performances,
respectively. The wound healing process can be effectively
accelerated by using immunoregulatory hydrogels, which can
enhance collagen deposition, accelerate M2 macrophage
polarization, down-regulate IL-6 expression, and up-regulate
IL-10, CD31 expression. These hydrogels, particularly,
mediate the phenotypic polarization and reprogramming of
macrophages, impacting the function of endothelial cells or
fibroblasts, and ultimately enhancing the healing of diabetic
wounds. Not only does this discovery underscore the pivotal
role of inflammation in the pathogenesis of diabetes, but
also evoke novel therapeutic strategies in the management of
diabetic foot ulcers (DFUS).

Protocatechuic aldehyde (PA), derived from a natural
compound, possesses properties that include commendable
anti-inflammatory and antibacterial actions, and its
distinctive phenolic structure facilitates the formation of
reversible Schiff bases with amino groups.””’® Fu et al. have
engineered a novel, entirely natural hydrogel system
designated as FGMA/FG/PA, and within their study, they
explored the potential advanced applications of this
hydrogel in the context of chronic wound dressings for
diabetic patients.”” The FGMA/FG/PA hydrogel is an entirely
natural hydrogel matrix, composed of fish gelatin (FG),
protocatechuic  aldehyde (PA), and photo-sensitive
methacrylated gelatin (FGMA). These bio-based constituents
exhibit favorable biocompatibility and biological activity.
Researchers posit that their interaction with macrophages
may modulate the polarization state of these cells.
Investigators conducted a comprehensive evaluation of the
hydrogel's capacity to eliminate reactive oxygen species
(ROS), utilizing the 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radical, hydroxyl radical (-OH), and superoxide anion radical
(0*)) to assess its ROS-scavenging efficacy. The
experimental outcomes demonstrated that as the proportion
of PA within the hydrogel increased, there was a progressive
lightening of the solution's color, indicative of the FGMA/
FG/PA hydrogel's significant free radical scavenging activity
(Fig. 3a and b). As depicted in Fig. 3c, the application of
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Reproduced with permission from ref. 79. Copyright 2023, Wiley-VCH GmbH.

the FGMA/FG/PA hydrogel to wound areas resulted in a
significant reduction in the proportion of the pro-
inflammatory marker iNOS (characteristic of M1
macrophages) and a concurrent significant increase in the
anti-inflammatory marker CD206 (associated with M2
macrophages). This indicates that the FGMA/FG/PA hydrogel
promotes the transition of M1 macrophages to the M2
phenotype.  Additionally, the observed changes in
inflammatory cytokine IL-6 and anti-inflammatory cytokine
IL-10 expression further support these findings (Fig. 3d-f).
In addition, hydrogels with inherent immunomodulatory
capacity can also safely transition from M1 macrophages to
M2 macrophages. Qi et al. designed a GGG hydrogel
consisting of a glycyrrhizic acid-induced (GA) self-assembly
network and a photocrosslinked gelatin methacrylate matrix.
The gallium ion (Ga**) in this hydrogel, a novel antibacterial
agent, binds to outer membrane receptors on the surface of
bacterial cells by mimicking ferric ions (Fe*"), leading to
iron depletion in bacteria and affecting iron-dependent
metabolic pathways, thus inhibiting the growth of bacteria
and the production of reactive oxygen species.® GA can
directly eliminate ROS, reduce oxidative stress and protect
cells from oxidative damage. GGG hydrogels may also
enhance the antioxidant capacity of cells by up-regulating
the expression of antioxidant enzymes such as superoxide
dismutase (SOD) and glutathione peroxidase (GPX), thereby
eliminating excessive ROS.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Hydrogels also have unique properties that can be used as
drug carriers, and they can also demonstrate a critical role in
the regulation of immune responses. Some plant essential
oils are widely wused as antimicrobial agents and
immunomodulators because of their unique properties.®* 5
Hydrogels are often hydrophilic, while essential oils are
hydrophobic, which makes it difficult to combine them with
hydrophilic hydrogel dressings. In a 2024 study by Wang
et al., the surfactant Tween-20 (T-20) was utilized to stabilize
Pickering emulsions by complexing with attapulgite (ATP)
nanoclay through hydrogen bonding, thereby modulating
ATP's hydrophilicity and enhancing its efficacy in stabilizing
oil-water interfaces.** The resultant Pickering emulsion,
integrated with both T-20 and ATP, was employed to
effectively encapsulate wormwood essential oil (WEO) within
a hydrogel matrix, and then a multifunctional hydrogel
dressing (HD-WEO) was synthesized. This encapsulation
improved the essential oil's loading capacity and aqueous
stability and concurrently augmented the hydrogel's
antimicrobial and immunomodulatory properties. WEO
contains many bioactive components, such as 1,8-cineole,
B-caryophyllene, camphor, o-terpineol, eugenol and
germacrene D, which can act synergistically, through a variety
of ways to play the role of anti-bacterial and anti-
inflammatory agents. At the same time, WEO in HD-WEO
may reduce the protein and mRNA expression levels of
inflammatory factors by inhibiting the JAK STAT signaling
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pathway and scavenging ROS, which helps reduce
proinflammatory  cytokine production by type M1
macrophages. In vitro, HD-WEO-treated macrophages showed
significantly up-regulated expression of M2-type markers
such as CD206, IL-10 and Arg-1 by immunofluorescence
staining and RT-PCR, while the expression of M1 markers
such as CD86, IL-18 and iNOS was significantly down-
regulated. In vivo, a significant increase in the presence of
M2 type macrophages (CD206) and a decrease in the protein
level of M1 type cytokine (IL-1B) were observed in an
infectious diabetic wound model treated with HD-WEO, and
the level of IL-10 was increased. These results confirm the
ability of HD-WEO to promote M2 polarization of
macrophages in vivo. By regulating the immunological
microenvironment, these hydrogels have illuminated a path
for the treatment of diabetic wounds, highlighting their
significant potential in diabetes wound care.

5.1.2. Antibacterial hydrogel dressings. Bacterial-induced
wound infections can significantly delay the healing process of
chronic wounds, making treatment more difficult and
predisposing patients to serious complications that can severely
reduce their quality of life. Anti-inflammatory therapy is an
important method in the management of wound infections, and
in general broad-spectrum antibiotics provide good control of
the infection, such as cephalosporins, fB-lactam antibiotics,
macrolides antibiotics (MA), and 4-quinolones to kill or inhibit
the growth of infecting microorganisms, but the problem of
resistance of the causative organisms cannot be ignored.
Therefore, it is necessary to find an antimicrobial tool for
chronic wounds, and this subsection will focus on antimicrobial
hydrogel dressings.

The high loading capacity of hydrogels enables the
selection of antibacterial materials for the preparation of
inherent antibacterial hydrogels. Inherent antibacterial
hydrogel dressings are prepared from materials with inherent
antimicrobial properties, eliminating the need to introduce
additional antibacterial agents. Its antimicrobial mechanism
relies mainly on the interaction of cationic groups with the
negative charges on the bacterial surface, thus exhibiting an
effective antimicrobial effect. Inherent antibacterial hydrogels
are made from a wide range of materials, including natural
and synthetic materials such as chitosan and its derivatives,
hyaluronic acid, and natural polysaccharides. These materials
are often described as simple and having good
biocompatibility. In addition, since inherent antibacterial
hydrogels do not involve the use of antibiotics, the problem
of bacterial resistance can be avoided, which is particularly
important in the context of long-term use of antimicrobial
materials. Given the characteristics of inherent antibacterial
hydrogel dressings, their antimicrobial effectiveness appears
to be relatively subdued in comparison to the approach of
antibiotics and antimicrobials, which directly dismantle
bacterial cells. Instead of resorting to direct cellular
destruction, the antimicrobial mechanism exhibited by these
hydrogels relies predominantly on their distinctive physical
or chemical attributes to constrain bacterial proliferation and
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reproduction. Consequently, inherent antibacterial hydrogel
dressings, in their inherent form, may not attain an
antimicrobial potency commensurate with that of antibiotics
and antimicrobial agents. Li et al. reviewed the structure of
antimicrobial hydrogels, mechanism of action, drug loading
effects, and hydrogels with intrinsic antimicrobial activity
and synergistic effect.’” Yao and colleagues examined
hundreds of typical studies on different compositions,
preparation methods, antimicrobial mechanisms, and
internal antimicrobial factors to summarize the application
of natural antimicrobial agents to adhesive hydrogels for
wound dressings.”® Building on this, Jia's group discussed
different cross-linking methods, prevalent natural and
synthetic polymer-based hydrogels, and the combination and
impact of antimicrobial hydrogel wound dressings.”*
Chitosan, a derivative of the natural polysaccharide chitin
resulting from the partial elimination of acetyl groups,
exhibits noteworthy physicochemical characteristics and
biocompatibility. Its inherent antimicrobial attributes render
it potent in suppressing the proliferation of pathogenic
microorganisms. Furthermore, chitosan enhances wound
healing processes, mitigates the likelihood of infection, and
possesses structural and functional analogies to human
tissue, thereby greatly reducing the risk of rejection by the
human body.**"® Carvalho et al. pioneered the development
of innovative biocompatible 3D-scaffolds, formulated from a
composite of chitosan and gelatin, with the aim of

recapitulating the majority of the physicochemical
characteristics exhibited by natural skin tissue.®® The
methacrylamide anhydride was reacted with chitosan,

resulting in the synthesis of the methacrylamide chitosan
(ChMA) polymer. Subsequently, the ChMA polymer
underwent a photocrosslinking process, preceded by freeze-
drying, to facilitate the formation of the ChMA hydrogel.
Furthermore, GelChMA was prepared through the meticulous
mixing of a gelatin solution with the ChMA solution. Gelatin,
as a natural protein, has good biocompatibility and
biodegradability. Combining gelatin with chitosan can
further improve the biocompatibility of -chitosan-based
hydrogels, while gelatin contains a variety of cell-recognition
sites that can promote cell adhesion and proliferation, which
can help accelerate tissue regeneration and repair processes.
To assess the degradation characteristics of ChMA and
GelChMA hydrogels, an in vitro degradation weight
methodology was employed. The degradation indices of
ChMA and GelChMA were approximately 40% and 90%,
respectively (Fig. 4a). This discrepancy arose due to the
GelChMA hydrogel matrix exhibiting significantly reduced
cross-linking and enlarged pore sizes in comparison to the
ChMA scaffold. Within the scope of this investigation, the
incorporation of gelatin into ChMA yielded a three-
dimensional scaffold possessing a high degree of hybrid
hydrogel degradability. Additionally, the presence of
methacrylate gelatin influenced hydrogel stability. These
observations are in alignment with the swelling behavior
depicted in Fig. 4b. This swelling behavior implies that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrogel scaffold possesses an outstanding three-dimensional
porous structure, exhibiting a high level of interconnectivity and
hydrophilic properties inherent to the biopolymer network.
These properties significantly enhance the hydrogel's water-
holding capacity. Furthermore, the structure is capable of
binding active molecules, such as enzymes and antioxidants,
thereby mitigating pain and expediting the healing process of
chronic wounds. Meanwhile, the ChMA and GelChMA hydrogels
showed excellent cytocompatibility with a cell viability response
of more than 95% (Fig. 4c), exhibiting the same
cytocompatibility as HEK293T cells. This indicates that the high
biocompatibility of chitosan and gelatin polymers facilitates
cellular metabolic mitochondrial activity.

The development of antibacterial hydrogels has witnessed
significant  progress through dynamic-responsive smart
materials. As demonstrated in a recent study, Cherri et al
engineered a disulfide-bridged hyperbranched polyglycerol
hydrogel system (SS-hPG/PEG-SH) via thiol-Michael addition
click chemistry, achieving redox-triggered vancomycin release
modulation.”® The hydrogel exhibited broad-spectrum
antibacterial efficacy against Escherichia coli (K-12 strain),
achieving >99% bacterial inhibition through direct contact-
killing mechanisms. Notably, vancomycin-loaded hydrogels
demonstrated sustained drug release profiles, with less than
20% passive diffusion in phosphate-buffered saline (PBS) and
accelerated release under 10 mM DTT conditions. Rheological
analysis  revealed  concentration-dependent  mechanical
properties, with 17.5% hydrogels displaying an elastic modulus
of 12000 Pa and mesh sizes inversely correlated with
crosslinking density. Long-term antibacterial assays confirmed
persistent inhibition of bacterial growth over 20 hours,
outperforming free vancomycin controls. Cytocompatibility
evaluations using L929 fibroblasts showed >90% cell viability,
while in vivo studies in a murine infected wound model
demonstrated accelerated healing with complete hydrogel
degradation within 7 days. This redox-responsive system
combines tunable drug release with inherent bacterial
penetration blocking capabilities, offering a promising strategy
for managing multidrug-resistant infections (Fig. 4d-h).

Apart from the previously mentioned chitosan-based
hydrogels, inorganic metal-composite hydrogel dressings exhibit
a diverse array of antimicrobial attributes. The underlying
mechanism primarily stems from the antimicrobial
characteristics of the metal ions, coupled with the hydrogel's
wetting milieu: this milieu effectively sustains the moisture
levels of the wound surface, thereby fostering optimal conditions
for cellular proliferation and migration. Furthermore, when
metal ions are integrated into the hydrogel matrix, they are
capable of being gradually released and subsequently interact
with the wound surface, potently suppressing bacterial growth
and mitigating the likelihood of infection. Nanoparticles (NPs)
represent a nascent technological advancement, characterized
by their distinctive antimicrobial mechanisms. In a study
conducted by Wang et al., NPs were recognized as a promising
substitute for antibiotics, exhibiting considerable potential in
the management of bacterial infections.”” Nevertheless, a
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significant constraint in the current research pertaining to the
antibacterial mechanisms of NPs lies in the absence of
harmonized standards.”® Lee et al. conducted a comprehensive
review of contemporary research, evaluating the antimicrobial
potency of a diverse array of nanoparticles. These NPs
demonstrated in vitro antimicrobial activity against multidrug-
resistant organisms (MDROs), encompassing notable ESKAPE
pathogens such as Enterococci, Staphylococcus aureus, Klebsiella
pneumoniae,  Pseudomonas  aeruginosa, and  various
Enterobacteriaceae  species.”® On the foundation of prior
research, Khan and his research team successfully synthesized
the Au@ZnO core-shell nanocomposite.”® This innovative
material addresses the inherent toxicity limitation of zinc oxide
NPs towards healthy cells and tissues, while simultaneously
exhibiting enhanced antibacterial and anti-biofilm activities.”>®
However, the high cost of the material limits the possibility of
its development as a therapeutic drug. In their 2021 report, the
researchers detailed the synthesis of Ag@ZnO NCs impregnated
hydrogels, employing hibiscus leaf extract as a biomimetic
reducing agent to synthesize biologically compatible Ag NPs.”
The article provides an exhaustive discussion on the
antimicrobial activity of hydrogels and the antimicrobial film
activity of Ag@ZnO NCs, respectively.

First and foremost, they delve into the thorough
examination of the antimicrobial capabilities exhibited by
Ag@ZnO NCs in our investigation. To illustrate this point, they
utilize the antimicrobial activity against S. aureus as a
representative case in this research, offering a comprehensive
understanding of the antimicrobial potential demonstrated by
these nanocomposites. The findings reveal a noteworthy
decrement in the MIC values of the synthetic NCs as the
concentration of NCs increased, thus demonstrating their
potent inhibitory effect on the growth of the pathogens
detected. Under the experimental conditions where 50 pg mL™"
of the agent was applied, a notable reduction in the growth of
S. aureus cells was evident. Specifically, after a treatment
duration of 12 hours, a reduction of approximately 6 log units
in growth was observed. Furthermore, upon extending the
incubation period to 24 hours, it was observed that the growth
of S. aureus cells was completely abrogated, indicating the
effective inhibitory action of the agent under the given
conditions (Fig. 4i). The antimicrobial membrane activity of S.
aureus, then, was investigated to test the ability of Ag@ZnO
NCs to eliminate mature biofilms. Increased concentrations of
NCs, ranging from 25 to 200 ug mL ", yielded comparable
outcomes. Notably, under these conditions, the biofilm
exhibited significant disruption, resulting in a marked
reduction of the biomass to below 10% (Fig. 4j). Similarly, XTT
assays were performed on S. aureus treated with Ag@ZnO NCs,
and for all concentrations used in this study, the metabolic
activity of the treated cells was significantly reduced (Fig. 4k).
This comprehensive set of results underscores the remarkable
antimicrobial properties demonstrated by these nanoparticles.
In addition, for the synthesized hydrogels, the research team
also showed clear inhibition zones showing different
concentrations of NCs through inhibition zone tests (Fig. 41-n).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.1.3. Adhesive and hemostatic hydrogel dressings.
Physiological hemostasis constitutes a pivotal phase in the
initial stages of wound repair, and it is the result of many
factors and mechanisms interacting to maintain precise
balance. Within this framework, blood coagulation emerges
as a critical component, encompassing a sequence of
intricate enzymatic reactions that necessitate the involvement
of assorted coagulation factors. In the context of DFUs, the
inflammatory phase is often protracted, attributable to the
persistence of neutrophils and macrophages within the
wound bed, which is rich in inflammatory cytokines,
including interleukin 1p (IL-1B), interleukin 6 (IL-6), and
tumor necrosis factor alpha (TNF-).'®° For instance,
activated coagulation factors such as Xa, thrombin, and the
IIIa-VIIa complex exert pro-inflammatory effects by binding
to endothelial cell receptors, thereby stimulating the
secretion of additional pro-inflammatory cytokines and
exacerbating the inflammatory reaction.’®™'%* Conversely,
aberrant hemostasis may perpetuate and amplify the
inflammatory response. A dysregulated hemostatic process
can precipitate abnormal platelet activation and aggregation,
leading to the release of inflammatory mediators, including
chemokines and cytokines, as well as ROS, which recruit
inflammatory cells, aggregate them, and propagate an
inflammatory response.'®*7%°

Consequently, the development of hydrogels with
hemostatic properties holds significant importance in wound
management. These hydrogels can rapidly conform to and fill
irregular wound geometries, establishing nanofiber barriers
while simultaneously absorbing exudates. Research has
demonstrated that the hemostatic efficacy of hydrogels is not
solely reliant on physical sealing mechanisms; rather, it is
also enhanced to concentrate coagulation factors.
Furthermore, the hemostatic hydrogel can effectively seal the
wound by leveraging the adhesive properties of tissue
adhesive hydrogels.'®'%” This adhesive capability allows for
prolonged and seamless adherence to the wound site, thereby
mitigating the potential risk of infection associated with
exposure to the external environment.

The process of adhesion can be explained by different
mechanisms, which can be divided into physical, chemical
effects and other mechanisms. The bioadhesive model of
mussels and geckos gives researchers great insight into
physical interaction induced adhesion. The gecko's foot
structure has millions of nano-sized bristles that can be
attached by Johannes Diderik van der Waals forces, and the
gecko can easily detach.'”® By mimicking the gecko's
reversible adhesion mechanism, the researchers developed
materials that could control adhesion strength in different
directions, allowing for strong adhesion and easy debonding.
Inspired by the principle of gecko adhesion, researchers
developed a bionic medical bandage using biocompatible
and biodegradable materials, showing a high adhesive force
of bandage (4.8 N cm™) even on the fresh intestinal wall of
animals. In order to further verify the reliability of the
bandage adhesion, the bandage was pasted on the abdomen
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of living mice, and the adhesive force was still 0.8 N ecm™.
The researchers hope that the bandage could one day be
used as a special suture in wound care and surgery. However,
gecko mimics lose their adhesion when immersed in water.
Huber et al. found that the adhesive force of gecko increases
with the increase of relative humidity, and even if the relative
humidity reaches 88%, the thickness of water film adsorbed
on the substrate is only about 0.2 nm, while the thickness of
the water film is approximately the thickness of the
monolayer.'” Peng and Chen established a theoretical model
to analyze the effects of relative humidity and water droplets
on the adhesion of biomimetic nano-films with finite size."*
They found that the capillary force produced by a droplet acts
as a repulsive force, and that its absolute value increases with
the volume of the liquid, while van der Waals force decreases
with the volume of the droplet. The interaction of capillary
force and Johannes Diderik van der Waals force makes the
total adhesion force decrease gradually with the increase of
droplet volume, and when the droplet volume increases to a
certain value, the total adhesion force decreases to zero.'**
Mussels are able to adhere strongly to water, and their
secretions contain 1,2-dihydroxybenzene groups that can
form hydrogen bonds, cation-n interactions, ion complexes,
and so on; these are some of the key factors for achieving
stable underwater/wet adhesion.""*"'* Inspired by the
remarkable adhesion capabilities of mussels to various
surfaces in aquatic environments, researchers have
investigated the unique adhesive properties of dopamine
(DA) for potential wound healing applications. Consequently,
DA is grafted onto hyaluronic acid (HA) through chemical
crosslinking using 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS), thereby endowing HA with
superior tissue adhesion and hemostatic properties. The
incorporation of recombinant human type III collagen (rhCol)
results in an HA-DA@rhCol complex that demonstrates
exceptional performance in chronic wound healing."**™"’
Building on this foundation, Wang et al. synthesized the HA-
DA@rhCol hydrogel using a H,O,/HRP catalytic system to
facilitate the oxidative coupling of catechol groups.'*® This
approach effectively integrates the advantages of HA-DA and
rhCol, resulting in a hydrogel that exhibits exceptional
performance, including remarkable adhesive properties and
efficient hemostatic capabilities. The adhesive strength of the
1.5% HA-DA@rhCol hydrogel was the highest at 7.35 + 1.45
kPa, which was better than that of conventional commercial
dressings (about 5 kPa). In the experimental model of hepatic
hemorrhage in rats, the 1.5% HA-DA@rhCol group had
significantly less bleeding than the control group, showing
an excellent hemostatic effect. In vitro and in vivo, HA-
DA@rhCol hydrogels have a hemolytic rate of less than 3%
and do not destroy blood components or cause platelet
coagulation or aggregation. In addition,
experiments showed that the hydrogel had no cytotoxicity to
NIH-3T3 cells and could promote cell proliferation to some
extent. At the same time, DA endows the hydrogel with an

co-culture
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excellent photothermal effect and antibacterial activity
in vitro, which can effectively inhibit the growth of bacteria
and reduce the risk of wound infection in diabetes mellitus,
which is of great significance for the treatment of DFUs.

The adhesive properties of mussel foot proteins are
predominantly attributed to the incorporation of 1-3,4-
dihydroxyphenylalanine (.-DOPA), an amino acid that
features a catechol moiety.""* The introduction of DOPA
functional groups via diverse synthetic approaches and
binding mechanisms has led to the development of an array
of bio-adhesive formulations.'” Hwang et al utilized
Escherichia coli to engineer a bioadhesive derived from MAP
and explored the cross-linking reactions mediated by metal
ions and quinones.”*® Within this catechol-quinone
equilibrium system, concurrent oxidation and reduction
processes occur at equimolar rates, thereby sustaining a
relatively stable concentration of both catechol and quinone
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intricate  biological settings may be susceptible to
perturbations by exogenous factors, such as oxidizing
agents, which could disrupt the established balance.
o-Phthalaldehyde (OPA) is the oxidation product of
1,2-dihydroxybenzene, in which two hydroxyl groups are
oxidized to aldehyde groups. Although OPA itself does not
have adhesive properties, Chen's team first reported
condensation reactions between OPA and N-nucleophilic
reagents (primary amines, hydrazides, and aminoxides) to
form hydrogels. The method has a super-fast gelling rate,
high modulus and low critical gelling concentration (CGC),
and no catalyst is needed.'* Based on the above studies,
Ren used the OPA/N-nucleophile condensation reaction to
construct a hydrogel adhesive, in which hydrazide-modified
hyaluronic acid (HA) and OPA-capped four-arm polyethylene
glycol (4-arm-PEG-OPA) were used as the building units."*?
Firstly, the OPA component within hydrogels is capable of

species. Nevertheless, the prolonged use of hydrogels in  reacting with amino groups present on tissue surfaces, such
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Fig. 5 (a) Mechanisms of dynamic cross-linking in bulk hydrogel and firm hydrogel-tissue adhesion, respectively. (b and c) Hemostatic effect of

7% (w/v) HA-PEG hydrogel on the rat liver in massive bleeding models. Expression of p-p65/p43 (B-actin) in RS1 cells. Reproduced with permission
from ref. 122. Copyright 2023, American Association for the Advancement of Science. (d) Comprehensive process of the application of Biopatch.
(e-g) Comparison of hemostatic time and blood loss in rabbit liver injury models. Reproduced with permission from ref. 123. Copyright 2024,

Wiley-VCH GmbH.
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as the primary amines found in extracellular matrix proteins,
to form stable phthalimide bonds (Fig. 5a). The formation of
these chemical bonds constitutes a primary driving force for
the adhesion between hydrogels and tissues, thereby
facilitating robust adhesion. Concurrently, the reaction
between OPA and the acyl hydrazide group results in the
formation of reversible hydrazone bonds. This dynamic
crosslinking network imparts a certain degree of energy
dissipation capability to the hydrogels, thereby preventing the
destruction of the adhesive interface and enhancing the
adhesive stability of the hydrogels. In addition, hydrogels may
form hydrogen bonds with tissue surfaces and exhibit
potential for n-n stacking between aromatic ring structures in
hydrogels, such as the benzene ring in OPA and aromatic
amino acid residues on tissue surfaces; these physical
interactions further enhanced the adhesive properties of
hydrogels. The adhesive strength of the hydrogel with pigskin
was 27.6 + 3.9 kPa, which was significantly higher than that of
the commercial hydrogel with fibrin glue (12.1 + 3.5 kPa) and
benzaldehyde/hydrazide crosslinking (0.9 + 0.8 kPa). In
addition, the hydrogel can also be stretched on the pigskin
and undergo bending, twisting and water washing operations
without falling off, showing good adhesion stability. In vitro
blood coagulation experiments demonstrate that the hydrogel
significantly accelerates blood coagulation, with coagulation
times markedly reduced compared to the control group. In a
rat model of hepatic hemorrhage, the hydrogel achieves
hemostasis within 10 seconds, substantially decreasing blood
loss (Fig. 5b and c). The hemostasis time and blood loss are
both significantly lower than those observed in the fibrin glue
group. Additionally, in a rabbit model of femoral vein and
artery bleeding, the hydrogel effectively seals vascular
incisions within 30 seconds, preventing further bleeding.

For a hemostatic seal that does not rely on blood clotting,
the inadequate strength of the adhesive wound may result in
sealing failure for high-pressure and extensive bleeding
wounds. Additionally, the simple wound-sealing hemostatic
behavior does not leverage the body's inherent and effective
protective mechanisms of blood clotting agents. To address
this challenge, Zeng et al. developed a double-layer Biopatch,
consisting of a superabsorbent adhesive hydrogel layer and a
high-strength antibacterial polyurethane-
cetyltrimethylammonium bromide (PU-CTAB) layer."*® The
hydrogel layer is formulated from chitosan (CS), polyacrylic
acid grafted with N-hydroxysuccinimide ester (PAAN), and
polyethylene glycol methacrylate (PEGDMA). The PU-CTAB
layer is fabricated by blending cetyltrimethylammonium
bromide (CTAB), a cationic surfactant, with polyurethane
emulsion and uniformly coating it onto the hydrogel surface
(Fig. 5d). Biopatch exhibited excellent adhesion to various
biological tissues and engineered solid surfaces. The shear
strength of Biopatch to blood-dyed pigskin was 51.8 + 11.2
kPa, and the interfacial toughness was 317 + 20.6 ] m 2,
which was much higher than that of other adhesive
materials. Its adhesion strength and toughness on different
blood-stained wounds are also excellent, and can effectively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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seal bleeding wounds. At the same time, from the in vitro
blood clotting test, the blood clotting time from the control
group was decreased from 12 minutes to 3 minutes. In vivo,
the hemostatic time of Biopatch was less than 30 seconds,
and the hemostatic effect of Biopatch was significant in
rabbit ear artery, femoral artery and liver injury (Fig. 5e-g)
models. Besides, for some special adhesive applications, such
as postoperative abdominal adhesion, a unique asymmetric
adhesion property (namely Janus adhesion) is urgently
needed to address postoperative tissue adhesion. Recently,
Tan et al. designed a Janus patch with asymmetric adhesion
performance to stop postoperative abdominal adhesion,
including two functional layers: an adhesive poly(lactic acid-
co-ethylethylene phosphate) copolymer layer to obtain tissue
adhesion via hydrogen bonding, hydrophilicity, and
electrostatic interactions, and a non-adhesive electrospun
PLA membrane layer.'** Compared with the non-adhesive
PLA layer, the adhesive Janus patch layer indicated excellent
adhesive abilities on various tissues.

5.1.4. Antioxidant hydrogel dressings. A certain amount of
reactive oxygen species (ROS) is produced during the early
stages of wound healing. These act as signaling molecules
that stimulate the immune response, trigger redox-dependent
intracellular oxidative processes, and help fight invading
bacteria. Correspondingly, they also contribute to wound
repair and regeneration by promoting physiological processes
such as cell migration, proliferation and differentiation, and
angiogenesis. However, when ROS production exceeds the
antioxidant capacity of the cell, it can lead to a state of
oxidative stress that negatively affects wound healing.>*®
Excessive ROS can induce oxidative damage to lipids,
proteins, and nucleic acids, resulting in cell death and
systemic tissue damage. This oxidative damage disrupts the
tissue structure of the wound bed and affects the normal
function of the cells, thereby impeding the wound healing
process. In chronic wounds, a prolonged inflammatory
response leads to a massive accumulation of ROS, which
interferes with wound healing, leading to a vicious cycle that
further triggers inflammation. This vicious cycle not only
exacerbates oxidative damage to the wound but also affects
the normal functioning of immune cells, making effective
wound healing challenging."***° Therefore, to facilitate
wound healing, it is crucial to regulate the level of ROS,
which means that achieving wound antioxidant and
maintaining a balance of redox reactions is expected to
improve chronic wound healing by avoiding abnormal cell
growth and disturbed immune responses. In a 2008 review,
Schéfer et al. reviewed the role of low molecular weight
antioxidants and ROS detoxification enzymes in normal and
damaged wound repair."*® Janda et al. employed real-time
fluorescent quantitative PCR arrays to investigate the
production of reactive oxygen species (ROS) by specific
mitochondrial DNA (mtDNA) variants. Their findings
indicated that mtBALB hybrids exhibited enhanced wound
closure efficacy following antioxidant treatment, as evidenced
by a 2D gap closure assay."*°
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A comprehensive discussion of the mechanisms of oxidative
stress and diabetic wound healing is provided by Zhang et al.*
They summarized the antioxidant therapies used in diabetic
wound healing over the last five years. The NF-xB and Nrf2/
Keap1 pathways are considered to be key pathways in oxidative
stress."*'™"%® ROS are thought to be a key factor in the induction
of the NF«xB pathway. In recent years, photothermal therapy
(PTT) reliant on photothermal reactions has gained significant
popularity as an antimicrobial modality. Concurrently, near-
infrared (NIR) light possesses ROS-scavenging capabilities, as
agents exhibiting robust light absorption in the NIR region can
effectively transduce light energy into heat, thereby eliciting
localized thermal therapy. Ding and his colleagues designed a
NIR-triggered Au nanocage to quantify ROS levels by measuring
2,7-dichlorofluorescein (DCF) fluorescence intensity in an in vitro
antimicrobial performance assay and found little to no ROS

134 Cai's

expression in bacteria in the NIR-irradiated group.
collective ~ has  devised an
multifunctional hydrogel dressing for wounds (designated
HPZ8) that incorporates PDA-ZIF8 nanoparticles.””® These
nanoparticles exhibit robust antioxidant capabilities and
photothermal antimicrobial properties. The dressing effectively

scavenges reactive oxygen species (ROS) and harnesses near-

investigative innovative,

infrared (NIR) irradiation for an enhanced photothermal therapy
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and healing. Qi and his research team reported on the synthesis
of physically cross-linked polyphenol/polysaccharide hydrogels
achieved through the incorporation of minute tannic acid
(TAMP) particles into a cationic guar gum (CG) matrix."** By
harnessing the antioxidant and photothermal attributes of
TAMP, along with the mechanical reinforcement provided by
injectable CG, TAMP/CG demonstrates the potential to safeguard
cells from ROS-induced oxidative stress. Furthermore, localized
photothermal heating, inducible by near-infrared light and
reaching temperatures of 42 °C, offers additional protection
against oxidative damage (Fig. 6a); this is because TAMP@CG/
NIR effectively inhibited the expression of phosphorylated NF-«xB
(Fig. 6b and c). Under standard conditions, transcription factors
are located within the cytoplasm, with translocation occurring
subsequent to CG treatment. However, upon heat-assisted
TAMP@CG administration, the translocation process was
observed to be suppressed (Fig. 6d). This attenuation was
attributed to the augmented release and internalization of
TAMP, thereby preventing the translocation of NF-xB into the
nucleus. Ultimately, NIR-assisted TAMP@CG achieved a dual
effect, namely the scavenging of ROS and the suppression of NF-
kB, resulting in a marked decrease in both ROS levels and
proinflammatory factors.

5.1.5. Stimuli-responsive hydrogel dressing. In the last

(PTT), thus contributing significantly to wound management  decade, polymeric drug delivery systems have gained
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(@) Wound healing mechanism of TAMP/CG. (b) Western blot analysis of p-p65 in RS1 cells. (c) Expression of p-p65/p43 (B-actin) in RS1 cells. (d)

Fluorescence images of intracellular NF-kB in RS1 cells. Reproduced with permission from ref. 136. Copyright 2022, American Chemical Society.
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significant prominence in the domain of biomedicine, which
facilitate the precise targeting and delivery of therapeutic
agents to specific locales, employing synthetic or tailored
polymeric materials as effective carriers."”””"*®* These
strategies frequently depend upon the employment of a
trigger, which may encompass, but is not restricted to,
physiological markers such as pH levels, protein expressions,
or enzymatic activities, as well as distinct metabolic
intermediates that are linked to the specific disease state. In
addition to the exploration of external triggers, the utilization
of physical modalities, including heat, illumination,
ultrasonic waves, or magnetic fields, to direct therapeutic
interventions has emerged as an equally promising avenue of
research. The incorporation of reversible covalent bonds,
encompassing disulfide linkages, imine bonds, and boronic
ester bonds, and the utilization of the Diels-Alder reaction
during the synthesis of hydrogels has emerged as a prevalent
research trajectory in the pursuit of advanced smart hydrogel
materials exhibiting dynamic and stimulus-responsive
characteristics.”**™*! Glucose oxidase (GOX) is an enzyme
that catalyzes the oxidation of glucose, resulting in an
improvement in the hyperglycemic microenvironment of
diabetic wounds.'*® Current research has revealed that
glucuronic acid, a product of glucose oxidation catalyzed by
GOX, functions as a mediator in facilitating the release of
drugs from drug delivery systems."**"'** As evidenced by Zhou
et al. (2022), a novel dual-responsive hydrogel system was
developed through strategic polymer engineering of chitosan-
grafted phenylboronic acid (CS-BA) and polyvinyl alcohol
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(PVA) crosslinked via dynamic phenyl borate ester bonds,'*
This innovative construct exhibited temperature-sensitive
viscoelastic properties (G’ = 1200 Pa at 25 °C vs. 400 Pa at
37 °C) that enabled remarkable shape adaptability to
irregular wound contours while maintaining structural
integrity. The hydrogel network demonstrated glucose
concentration-dependent insulin release kinetics (75%
cumulative release at 5 mg mL™" glucose vs. 36% under
normoglycemic conditions over 72 h) through competitive
binding mechanisms, coupled with MMP-9-mediated
degradation of encapsulated gelatin microspheres for
controlled anti-inflammatory drug delivery. This dual-
responsive system achieved 84.03% + 5.78% encapsulation
efficiency for hydrophobic therapeutics while maintaining
porous architecture (29.98% =+ 2.36% porosity) conducive to
nutrient diffusion and cellular infiltration (Fig. 7).

The unique pathophysiological context of diabetic wounds
is marked not only by hyperglycemia, but also by an acidic
pH, both characteristics playing a pivotal role.'**™ 1In
specific pH conditions, chemical bonds such as hydrazone
and imine bonds exhibit phenomena of rupture or
rearrangement, thereby modifying the network architecture
and porosity of the hydrogel. In the context of pH-responsive
hydrogels loaded with insulin, the insulin molecules are
typically encapsulated within the three-dimensional network
structure of the hydrogel. A change in the external pH
environment results in a corresponding alteration of the pH-
sensitive bonds within the hydrogel, leading to a shift in
their structure and potentially leading to their breakage or
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Fig. 7 The design strategy of glucose and MMP-9 dual-responsive shape self-adaptive hydrogels for treating chronic diabetic wound. Reproduced

with permission from ref. 144. Copyright 2022, Elsevier & KeAi.
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rearrangement. This transition in the network structure of
the hydrogel facilitates the liberation of insulin molecules
that would otherwise remain entrapped. For example,
Prabaharan et al. designed folate-conjugated unimolecular
micelles based on amphiphilic hyperbranched block
copolymer, Boltorn  H40-poly(i-aspartate-doxorubicin)-b-
poly(ethylene glycol)/FA-conjugated poly(ethylene glycol)(H40-
P(LA-DOX)-b-PEG-OH/FA), the anti-cancer drug DOX is
covalently coupled to hydrophobic fragments of amphiphilic
block copolymer arms via pH-sensitive linkage, and the
release profile of DOX in micelles is strongly dependent on
environmental pH.'®  Consequently, in an acidic
environment, such as an infected wound site, the hydrazone
bond remains unperturbed, preserving the structural integrity
of the hydrogel and minimizing the rate of insulin release.
However, as the pH of the environment increases, either
naturally during the healing process or due to external
interventions, the hydrazone bonds begin to rupture,
loosening the network structure of the hydrogel, thereby
enhancing insulin release.

Similarly, a hydrogel has been formulated with the
addition of glycine insulin,"*® which employs N-carboxyethyl
chitosan (N-chitosan), hyaluronic acid-aldehyde (HA-ALD),
and adipic dihydrazone (ADH) to form an arylhydrazone and
imine bond. The dynamic arylhydrazone bond displays
remarkable stability under neutral environmental conditions.
However, in slightly acidic media, it undergoes a
transformation into a reversible chemical reaction mode, a
property that exerts a profound influence on the hydrogel
network structure (Fig. 8a). The origin of this pH sensitivity
can be attributed to the specific response of the hydrogel

(a). ___________________ . -
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matrix to acidic pH conditions, as evidenced by a change in
the volume swelling of the matrix or an increase in the
concomitant hydrolysis process. This phenomenon directly
reflects the reduced stability of the arylhydrazone bond in
acidic environments. The utilization of passive delivery
systems for antimicrobials, particularly those involving direct
encapsulation within hydrogels, represents a pivotal
administration route for addressing infected wounds.
However, these mechanisms inherently pose a risk of
precipitating the abrupt discharge of antimicrobial agents.
This unchecked release paradigm encompasses a myriad of
detrimental outcomes, spanning from perturbations in the
delicate equilibrium of the cutaneous microbiota to systemic
toxicological effects, thereby hindering the intricate and
dynamic biological machinery underpinning wound
healing.""  Such  perturbations  exhibit =~ marked
incompatibility with the optimal trajectory of the healing
process. Carboxymethyl chitosan-based composites as
coagulants in drug delivery systems have been intensively
investigated by the scientific community due to their unique
pH-responsive properties.'* Jeong et al. explored a novel self-
healing hydrogel system composed of oxidized hydroxybutyryl
glucan (OHDbG) and quaternized carboxymethyl chitosan
(QCMCS), designed for pH-responsive drug delivery. The
hydrogel demonstrated impressive self-healing properties,
with the storage modulus rapidly recovering after being
subjected to 500% strain (Fig. 8b). This recovery is primarily
due to the dynamic reorganization of Schiff base bonds
within the hydrogel network. For drug release characteristics,
using 5-fluorouracil (5-FU) as a model drug, the study
revealed a high drug release rate of 96.57% at pH 2.0, which
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significantly decreased to 63.22% at pH 7.4 (Fig. 8c). This
pH-responsive drug release feature positions the hydrogels as
promising candidates for targeted drug delivery in the
gastrointestinal and intestinal systems.">"

5.2. Hydrogel dressings in wound monitoring

Looking at the development of wound dressings, from single
functional wound dressings to multifunctional wound
accessories in recent years, almost all the focus has been on a
simple one-time strategy, such as immunomodulatory-,
antimicrobial-, adhesive and hemostatic-, stimuli-responsive
hydrogel dressings. Although these measures can significantly
improve the microenvironment of chronic wounds and the
healing process, wound healing is a complicated process and
some parameters near the wounds are also varying continually,
meaning that more strategies are required to continuously
conduct wound management and monitoring to help adjust
the treatment strategies. Developing hydrogel dressing systems
that embody intelligent monitoring capabilities for pivotal
microenvironmental factors such as the pH level, temperature,
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blood glucose concentration, and pressure holds significant
importance in wound management. The recent advent of
flexible electronics and the concomitant exploration of novel
biomaterials has given rise to a plethora of advanced wound
dressing modalities.">>™"*” These modalities are capable of
quantifying the physicochemical properties of both acute and
chronic wounds, thereby facilitating precision in wound
assessment and management,*>*¢

Zhang et al. designed a three-layer structure based on a
nanofibrous membrane-microenvironmental Sensor-
ultraviolet cross-linking hydrogel,”® in which, through
hypoxia-inducible factor-1o. (HIF-1a), the expression of VEGF
can be effectively assisted to promote the formation of
neovascularization and wound healing (Fig. 9A and B).
Nanofibers assembled layer-by-layer (LBL) from chitosan/
collagen in this three-layer structure play a role in promoting
skin regeneration, and the membrane promotes cell
migration by upregulating the secretion of ECM proteins and
triggering the integrin/FAK signaling pathway. Meanwhile,
the GelMA + B-cd UV-crosslinked hydrogel group was
evaluated for its capacity to facilitate vascular repair. It was
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(A) Schematic diagram of the three-layer structure of the smart dressing. (a) Integrated smart dressing includes a sensor, nanofibre

membrane and GelMA hydrogel. (b) Diagram of the prepolymer and hydrogel. (c) Diagram of the microenvironment sensor. (d) Photo and diagram
of the nanofiber membrane. (B) Integrated smart dressings facilitate the real-time monitoring of the wound microenvironment via mobile software.
(C) Comparison of hydrogel and control groups forming a neovascular network and gradually maturing. (D) The temperature sensing of smart
dressing with accurate monitoring in the scope of 33-41 °C, the deviation between the recorded average temperature and the corresponding set
temperature. (E) Time-temperature curves were recorded continuously for 15 min at different temperatures. (F) Local temperature changes during
wound healing. Reproduced with permission from. 156. Copyright 2021, Frontiers.
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observed that the hydrogel group demonstrated a progressive
enhancement in vascular network formation from day 3
onwards, which persisted until day 7. In comparison, the
control group did not exhibit any evidence of vascular
network formation at day 3 (Fig. 9C). The intermediate
sensing layer incorporates integrated temperature and
humidity sensors, which helps to predict wound infections.
Regarding temperature monitoring, the smart dressing
demonstrates satisfactory accuracy, with an average deviation
of less than 0.3 degrees Celsius (Fig. 9D). Additionally, it
exhibits a brief response time (less than 30 seconds) and
commendable long-term stability (Fig. 9E). A two-week
monitoring period was conducted to assess the temperature
of the wounds. The initial four days of monitoring indicated
a slight elevation in temperature, suggestive of the
progression towards the inflammatory stage of wound
healing. The subsequent decline in temperature after the
fourth day also indicated the onset of proliferation and tissue
remodeling (Fig. 9F). However, although this smart dressing
has demonstrated its potential in chronic wound treatment,
it still faces some challenges in clinical application. For
example, how to further improve the accuracy and reliability
of the monitoring system, and how to achieve real-time data
transmission and processing.

During the healing process of chronic wounds, there are
many key indicators that can be used to assess the state of the
wound and the healing process, such as pH, temperature,

Drug Delivery Module
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humidity, and inflammatory markers. Among these indicators,
pH has a special place because of its ease of measurement and
sensitivity to the state of the wound. Changes in pH may serve
as an early warning sign of wound infection or healing arrest.
For example, when pH is elevated, it may indicate the presence
of bacterial infection or biofilm formation in the wound, as
bacterial metabolic activity can lead to a rise in pH. When a
skin injury occurs, the pH rises slightly as the skin undergoes
hemostasis and inflammation, but due to several factors such
as the effects of diabetes, the pH in the alkaline environment
of a chronic wound can increase significantly to 7-8.">” Mirani
et al. engineered a bifunctional smart hydrogel dressing
(GelDerm) that innovatively combines spatially decoupled
therapeutic and diagnostic modules within a unified platform
(Fig. 10a)."®® The design incorporates 3D-printed pH and
glucose sensor arrays embedded in an alginate hydrogel matrix,
enabling continuous monitoring of wound microenvironment
parameters. The pH detection system employs bromocresol
purple as a chromogenic indicator, demonstrating linear
chromatic transitions across pH 4-9 through smartphone-
based image quantification via a custom-developed iDerm
application (Fig. 10b-d). This module exhibits temperature-
independent stability (34-40 °C), rapid response (<35 min),
and sustained functionality over 30 day storage (Fig. 10e and f).
Complementarily, the glucose-sensing component utilizes a
glucose oxidase-peroxidase cascade coupled with potassium
iodide chromogenesis, achieving visual quantification of

Sensing Module

()

(e) 3s-

T

Fresh-pH9

T 1

10 20 30 40 S0

Time (min)

i p>0.80
? ” o —T-
E o
— 25- T+ r
£ =g
[]
g 154 P>017 _I_ .
10+ _I_ ‘I’-E— '
R B
Fresh
: L] L) L)
pH4 pHT7.4 pH9
80 ¢ 34°C
4 3IT°C p>0.1
60 . W P
g § oz 4T
I 3 40- ? -1 ‘}
i p>0.16
o 20+ .'f -~
Fresh
B pl';4 pH'7.4 pI';O
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response time (f) at different pH values from 34 °C to 37 °C were studied. Reproduced with permission from ref. 163. Copyright 2023, Wiley-VCH GmbH.
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physiological glucose levels (0-12 mM) through red-channel
intensity analysis (R*> = 0.98). Notably, in vivo evaluation using
diabetic murine models revealed exceptional biocompatibility
and therapeutic efficacy. The hydrogel demonstrated 98%
reduction in wound bacterial colonization (CFU counts)
compared to untreated controls, while co-delivery of basic
fibroblast growth factor (bFGF) and vascular endothelial growth
factor (VEGF) synergistically enhanced wound closure rates to
81.17 + 3.45% by day 7 post-treatment. This dual-modality
architecture, which physically separates diagnostic and
therapeutic functions while maintaining system integration,
establishes a novel paradigm for multidimensional chronic
wound management through simultaneous real-time
biomarker tracking and controlled regenerative factor release.
Hou et al. reported an adhesive and self-healing flexible
diagnostic wound dressing to observe diabetic wound healing
physical signs, such as pH, temperature, and glucose level, and
monitor  electrophysiological  signals, including the
electromyographic (EMG) signal, electrocardiogram (ECG)
signal, and electroencephalogram (EEG).'®> The diagnostic
hydrogel wound dressing was obtained by the polymerization
of acrylic acid (AA), 2-(diethylamino)ethyl acrylate (DMAEA),

(2)
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poly(ethylene glycol)methyl ether acrylate (PEGA), and 2-(3-(6-
methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-ureido)ethyl
methacrylate (UPyMA). Due to dynamic multiple hydrogen
bonds and ionic interactions, the hydrogel dressing shows
good flexibility, skin compatibility, self-healing and
adhesive properties.

As a flexible bioelectronic device, the diagnostic hydrogel can
monitor the glucose level (1-30 mM), body temperature (18.8-
40 °C), and pH values (4-7) near the infected diabetic wounds.

In the field of chronic wound management, although

current diagnostic hydrogels
their complexity also brings
physicians. A lot of time
interpretation and application

can provide abundant data,
a heavy learning burden to
is needed to master the
of these data, which limits the

wide application of smart hydrogel dressings to a certain
extent. Zhang et al. used a similar but more vivid approach to
synthesize boron-based (BT) probes using borax (B) and
tannic acid (TA) to construct guar gum/polyvinyl alcohol/BT
(GPBT) hydrogels,'®" which provide intuitive visual
monitoring of chronic wounds through color change and
remote diagnosis via a smartphone. The boronic acid group
is capable of forming borate ester bonds, which are highly

pH-sensitive probes
o -~
Na s ' T
HO, 4 -
o i W ov w0
% _do e - R !
) o'y SN H PR &
oM A 1 -
ke e oyl :
Borax @ A % BT probes X%
> S |
GG = m ,* H -~ Dynamic
» e = Borato ester
py atAT L
Cross linker L ) o Sm s 4 / bond
PVA =~ BT probes *\ \ > .
GPBT hydrogel dressing £ H-bond

()

P

Py
ah
. ‘ -

2

@} =

24
00000 -

22 o €
20 X

s wean N\
1. N

1 \\

1 N
8 . . ’ . ’ ‘ = A
S0 S5 e0 s o 78

(e)
00000

(2]

Fig. 11

P~ © 200 b 5
Q \ E /// w0 97y
A\ "4 1% /
1wl
04
S0 S5 60 s e s

(a) Schematic diagram of synthetic GPBT hydrogel dressings. (b) The B, TA and BT probes exhibit fluorescence under UV 365 nm. (c) The

RGB images of GPBT2 hydrogel under different pH conditions under visible light irradiation. (d) The relationship between pH value and R, G, B and
the fitting curve of hydrogel under visible light. (¢) RGB images of GPBT2 hydrogels irradiated by ultraviolet light at different pH. (f) The
relationship between pH value and R, G, B, and the fitting curve of hydrogel under UV light. Reproduced with permission from ref. 164. Copyright

2023, Wiley-VCH GmbH.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Sens. Diagn., 2025, 4, 642-668 | 661


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00051c

Open Access Article. Published on 30 May 2025. Downloaded on 12/23/2025 8:29:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

sensitive to changes in pH, with the hydroxyl groups present
in polymers, and hydrogels comprising borate ester bonds
often display pH-responsive behavior. Under 365 nm
excitation, borax has no fluorescence effect and TA emits a
light blue fluorescence, while the BT probe exhibits a clear
green fluorescence, a phenomenon that researchers have
attributed to the fact that the multiple aromatic rings and
hydroxyl groups of the TA molecule absorb energy that excites
the molecule to undergo a leapfrog, which produces the
fluorescence (Fig. 11a and b). Moreover, the images were
captured using a mobile phone and analyzed for their RGB
signals (Fig. 11c and e). During this process, the collected
RGB data were processed using MATLAB to establish the
relationship between pH and RGB, with a special
normalization process (Fig. 11d and f). The study provides an
innovative solution for the monitoring and management of
chronic wounds by developing this borate probe-based smart
hydrogel dressing. The visual monitoring and remote
diagnosis capabilities of this dressing not only improve the
efficiency of wound care, but also provide a valuable
reference for the development of intelligent medical
technology in the future.

6. Conclusion and outlook

Therapeutic management of chronic wounds remains an
unresolved and formidable challenge within the field of
clinical practice. The application of multifunctional hydrogels
in the therapeutic intervention for chronic wound healing
has ushered in novel methods and opportunities in wound
care. In this review, we thoroughly dissected the intricate
wound healing process, elucidating the key stages from
hemostasis to tissue remodeling, and highlighted the pivotal
differences between acute and chronic wounds. Concurrently,
we underscore the promising prospects for these hydrogels in
chronic wound healing, with the aspiration of offering a
comprehensive and structured foundation of knowledge that
may guide future investigations.

Advancements in multifunctional hydrogel technologies
have opened new avenues for addressing chronic wounds. The
unique properties of hydrogels, including their high-water
content, biocompatibility, and tunable physicochemical
properties, make them ideal candidates for wound dressings.
Antibacterial hydrogels, for instance, demonstrate promising
results in combating bacterial infections, a significant
contributor to chronic wounds. Antioxidant hydrogels, on the
other hand, effectively regulate reactive oxygen species (ROS)
levels, thus mitigating oxidative stress and facilitating wound
healing. Stimuli-responsive hydrogels further enhance wound
management by precisely releasing therapeutic agents in
response to specific microenvironmental cues. Integrating
long-term wound monitoring capabilities into multifunctional
hydrogels represents a strategic direction for personalized and
precise wound care. By continuously monitoring wound
microenvironmental factors such as pH, temperature, and
blood glucose levels, these smart hydrogel dressings can
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dynamically respond to changes in the wound milieu, enabling
timely interventions and optimized therapeutic strategies. This
approach promises to transform wound management,
providing a more proactive and effective treatment paradigm.

However, several challenges must be addressed to realize
the full potential of these smart hydrogel dressings. First and
foremost, improving the monitoring precision of hydrogel
dressings for parameters like pH, temperature, and blood
glucose is imperative. Achieving higher accuracy in these
measurements is crucial for reliable decision-making and
intervention. Simultaneously, the real-time acquisition and
processing of dynamic wound data poses a time-sensitive
challenge, requiring efficient data transmission and analysis
systems. The commercialization of hydrogel dressings
embedded with wound monitoring and treatment capabilities
faces significant hurdles. Many wound monitoring hydrogel
dressings are still in the experimental stage, and their
transition from the laboratory to the marketplace is a lengthy
and complex process. Given that most of these products are
disposable, their commercialization journey is fraught with
regulatory and cost considerations.

Addressing these challenges mentioned above needs a
multifaceted strategic approach. The enhancement of
monitoring precision requires the integration of advanced
sensor technologies and data-processing algorithms. To
optimize data transmission and analytical efficiency,
collaborations with experts in wearable technology and mobile
health applications ought to be prioritized. Commercialization
initiatives  must adopt  cost-effective = manufacturing
methodologies while ensuring early engagement with regulatory
bodies to expedite market entry. Furthermore, in addition to
manufacturing and regulatory considerations, comprehensive
investigation into the long-term stability and biocompatibility of
hydrogel systems is essential to guarantee their clinical safety
and efficacy. Future investigations should prioritize elucidating
the mechanisms underlying hydrogel interactions within wound
microenvironments, with specific emphasis on their influence
on cellular behavior, immune modulation, and tissue
regeneration. The development of multifunctional hydrogels,
which amalgamate therapeutic, diagnostic, and regenerative
functionalities, holds significant potential to facilitate
comprehensive wound management strategies. To substantiate
these observations, comparative analyses between novel
hydrogel-based technologies and established therapeutic
modalities are imperative to demonstrate their clinical efficacy
and unique therapeutic advantages. Through the systematic
resolution of these interrelated challenges and spanning
material stability to clinical validation, multifunctional hydrogel
dressings may revolutionize chronic wound care, thereby
enhancing patient prognoses and healthcare system efficiency.

Data availability
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