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Abstract

With all the advances in tissue engineering for construction of fully functional skin tissue,
complete regeneration of chronic wounds is an important challenge. Since immune reaction

to the tissue damage is critical in regulating both the quality and duration of chronic wound
healing cascade, strategies to modulate the immune system are of importance. Generally, in
response to an injury macrophages switch from pro-inflammatory to an anti-inflammatory
phenotype. Therefore, controlling macrophages’ polarization has become an appealing approach
in regenerative medicine. Recently, hydrogels-based constructs, incorporated with various cellular
and molecular signals, have been developed and utilized to adjust immune cell functions in
various stages of wound healing. Here, we first discuss the current state of knowledge on immune
cell functions during skin tissue regeneration. We then summarize recent advanced technologies
used to design immunomodulatory hydrogels for controlling macrophages’ polarization. We
particularly focus on rationally designed hydrogels to provide controlled immune stimulation via
hydrogel chemistry and surface modification as well as incorporation of cell and molecules. In
addition, the effects of hydrogels’ properties on immunogenic features and wound healing process
are discussed. Finally, future directions and upcoming research strategies to control immune
responses during chronic wound healing are highlighted.
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The quality and duration of healing process can be regulated via modulation of immune responses
to tissue injury. Specifically, controlling pro-inflammatory phenotype— anti-inflammatory
phenotype progression is a crucial step to ensure a conversion from the inflammatory to the
healing stage. In this regard, immunomodulatory hydrogels with the specific chemistry and surface
properties can influence immune cell polarization and chronic wound healing process.
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1. Introduction

Skin is the body’s largest organ covering the interior organs and performs as a robust
external barrier of protection. It initiates the first line of immunological defense mechanisms
to tolerate numerous external stimuli consisting of mechanical, chemical, and pathogenic
microorganisms. Structurally, skin consists of multi-histological layers comprising of a
network of immune and non-immune cell populations. This includes epidermis, the outmost
layer of the skin and the underlying dermis, a highly vascularized structure. In addition,
there is a subcutaneous hypodermis that supports the upper layers and is primarily composed
of fat and connective tissues.[] While keratinocyte contained epidermis actively inhibits the
infectious microorganisms and maintains the body hydration, dermis affords a structural
toughness to the skin and offers necessary nutrients for the epidermal homoeostasis.
Epidermis also consists of different types of cells with various functions. For instance,

Adv Mater. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kharaziha et al.

Page 3

melanocytes support skin pigmentation, Merkel cells act as mechanoreceptors forming close
contacts with sensory neurons, and Langerhans cells (LCs) are antigen-presenting dendritic
cells.l21 Meanwhile, dermis layer is predominately rich in collagen protein and contains
stromal cells such as fibroblasts along with human dermal microvascular endothelial cells
(HDMECGs) and pericytes. In addition, dermis layer is highly vascularized with both blood
and lymph vessels and connects to epidermis via basal membrane.[3] Cell population

of skin which are solely scattered in these three layers, delivers various structural and
immunological functions at the same time. Interestingly, widespread crosstalk between
these cells synchronizes the immune reactions in skin to provide effective protections.

For example, non-immune cells, including keratinocytes, melanocytes, fibroblasts and
endothelial cells, are well-known to control inflammation and organize immune reactions
in addition to their contribution as essential structural units of the skin.[4]

Meanwhile, skin being the most exposed organ towards the outer surroundings, can
easily disrupt due to trauma, damage, burn, ulceration, surgery, and chronic diseases,

or inflammatory cutaneous reactions. Such destructions of the epithelium and connective
organizations often hamper the basic skin functions, leading to the recovery through a
process hamed wound healing.[%]

In general, wound healing is an orchestrated process compromising of various phases of i)
hemostatic, ii) inflammatory, iii) granulation, and iv) maturation. The process begins with
vasoconstriction of blood vessels and platelet aggregation to the sub-endothelium surface,
which helps to stop bleeding from the injury site (hemostatic step). Consequently, the fibrin
strands start to adhere and initiate thrombus formation. In the meantime, the process of
wound healing follows rapid and nonspecific innate immune responses to detect both self
and foreign signals including damaged cells, pathogens, and bacteria using white blood
cells (inflammatory step). Further, the slower and specific adaptive immune response gets
involve in the clearance of pathogens. Thus, the proliferative phase occurs by the formation
of granulation tissue, re-epithelialization, and neovascularization in next several weeks. The
wound area then contracts, leading to the formation of new tissues consisting of network of
blood vessels to receive sufficient oxygen and nutrients. At the remodeling phase, which is
considered to be the final stage of wound healing, collagen remodels from type 111 to type |
and the wound closes completely. This stage facilitates the formation of a mature skin tissue
with high mechanical strength.[®] Since the wound healing process requires a synchronized
sequence of immune events, any interruption leads to a diversity of wound pathologies, such
as non-functioning scar tissue formation and chronic wounds.[”] Mostly chronic wounds

are severe damages, which delay healing and are frequently associated with infection and
formation of microbial films. Chronic wounds may also lead to amputation, sepsis, and, even
patient death if they do not treat in a timely manner.[8]

In the last decades, many approaches targeting various steps of wound healing have been
investigated for the treatment of chronic wounds.[®] These includes different types of
dressings, delivery of cytokines and growth factors, cell therapy, and applying electrical

or mechanical stimulations.[19] Among all these techniques, use of artificial constructs that
assist as a temporary substance and support the wound healing process, is considered to be
the most effective strategy. In view of this, recently different classes of biomaterial-based
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wound dressings have been developed for simulating the skin microenvironment.[!1] Among
these biomaterials, hydrogels, with biomimetic structures and physical properties, have
been widely utilized for wound healing applications.[12] High biocompatibility, ability to
encapsulate various types of cells and bio-macromolecules followed by their controlled
release under various external simulations have made these hydrogel materials a promising
candidate for the wound healing application.[13]

Mostly, each phase of the wound healing process can be stimulated with specific
components such as different types of nanomaterials, growth factors, cytokines, and
hydrogels. In this regard, several review articles have discussed recent advances and current
clinical strategies that promote wound healing and offer better treatment for patients with
chronic wounds.[ 141, Recently, due to the crucial role of immune system during the chronic
wound healing process, developing different immunomodulatory therapeutic strategies have
attracted significant attention in current biomedical research. In short, immunomodulatory
strategies control the immune responses after an injury. Then, in order to reduce tissue
damage, it promotes an anti-inflammatory environment and accelerates the wound healing.
Recently, several review articles have discussed significant roles of immunomodulation
strategies for controlling tissue regeneration.[*5] For instance, Julier er a/. [159] have
highlighted different biomaterials for delivery of stem cells and drug molecules, which
improve tissue regeneration and reduce fibrous tissue formation. In another review article,
Larouche et a/116] have summarized diverse approaches focused on the pathophysiology of
acute and chronic wounds to control the immune system and accelerate the healing process.
Despite extensive studies on hydrogel-based immunomodulatory approaches, according to
our knowledge, the use of these immunomodulatory biomaterials for the wound healing have
not been adequately explored.

In this review, we will summarize the cutting-edge strategies used for accelerating chronic
wound healing based on utilization of different immunomodulatory hydrogels. First, various
types of skin diseases and related immune features will be discussed. Hereafter, along

with different strategies and recent advances in chronic wound healing, immunomodulation-
based strategies will be presented as the next generation of chronic wound care system.
Next, we will discuss recently developed immunomodulation strategies based on chemistry
of hydrogel materials, surface properties and incorporated cells and molecules. Figure 1
schematically presents the overview of these technologies. Finally, future direction and
advanced wound healing technologies with their potential clinical applications will be
discussed.

2. Classification of skin diseases and the role of immune system during

wound healing

According to the time frame of the healing process, skin damages can be classified

into acute and chronic wounds.[17] In case of acute wounds, integrity of skin remains
intact and healing occurs via normal stages of wound healing.[18] However, for chronic
wounds, skin responses fail to proceed via the normal phases of wound healing due to
the imbalance between pro- and anti-inflammatory signals.[1°] In the United States alone,
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2.4-4.5 million people per year suffer from various kinds of chronic wounds, consisting

of diabetic wounds, venous stasis ulcers, and autoimmune diseases.[1% Meanwhile, chronic
wounds, with persistent inflammatory responses, reduce inflammatory cell functions and
change the concentrations of cytokines and growth factors significantly compared to the
normal wound.[29] These changes are associated with increased levels of inflammation,
insistent wound infections, hypoxia and poor nutrition transfer, and reduced vascularization
and re-epithelization.[10. 211

During chronic wound healing cascade, both innate and adaptive immunity responses remain
activate. Innate immunity initiates the first steps of immune responses during wound healing.
This includes the initial recognition of pathogenic signals and initiation of pro-inflammatory
comeback. In the next stages, the adaptive immunity reduces the damaged cells and
pathogens from the wound area to establish immunological memory against pathogens.[22]
Generally, in these steps, different types of immune cells help to establish the adaptive
immunity responses. Among many others, macrophages are known to contribute critically
throughout the host immune responses in both healthy and diseased physiological situations,
wound healing, and immune-regulation (Figure 2).[26: 23] Often, primary inflammation

gets activated through the penetration of macrophages into the disturbed site, mediating
wound debris via phagocytosis.[24] Macrophages also readily participate in auto-immune
and inflammatory diseases,[2%] infections,[26] and allergies.[27] They facilitate the innate
immune progression and act several crucial functions throughout the wound healing process.
[28] Meanwhile, innate immune process is supplemented with the release of numerous
growth factors and cytokines such as Fibroblast growth factor (FGF), Transforming growth
factor beta (TGF-B), and Vascular endothelial growth factor (VEGF), which encourage other
cells (e.g. fibroblasts and endothelial cells) to support the skin regeneration process.[28-2°]

In addition, macrophages experience phenotypic changes during the healing process and
switch from pro-inflammatory to a pro-resolution state. Classically, activated macrophages
(pro-inflammatory phenotype) recognize the molecular patterns associated with pathogen,
damages, peptidoglycan such as released intracellular proteins and nucleic acids. Pro-
inflammatory macrophages exhibit antigen processing activity and enhance the secretion of
pro-inflammatory cytokines (including Tumor necrosis factor-a (TNF-a), interleukin (IL)-1,
IL-6 and IL-12) and oxidative metabolites (e.g., nitric oxide) upon tissue damages. Between
these cytokines, TNF-a quickly releases and plays a crucial role in the pathogenesis and
helps macrophages to promote phagocytosis and secret other pro-inflammatory cytokines
and prostaglandin E2 (PGE?2). It also acts as a chemoattractant for neutrophils and induces
chemokine expression on endothelial cell lining to facilitate transendothelial migration of
neutrophils. TNF-a synthesis occurs immediately after wound creation, enhances during the
first hours, and reaches a maximum level on day 1 followed by a decrease to the basal level.
[30] Meanwhile, pro-inflammatory macrophages are also known to promote host defense and
removal of damaged tissues, and to participate in phagocytosis and angiogenesis. However,
long-term presence of pro-inflammatory macrophages may cause chronic inflammation. In
the meantime, alternatively-activated macrophages (anti-inflammatory phenotype) get ready
for the declaration of the inflammatory phase by releasing anti-inflammatory cytokines such
as IL-4, IL-10, Platelet-derived growth factor (PDGF), TGF-f, VEGF, FGF, and Epidermal
growth factor (EGF) to promote wound healing.[2%] Anti-inflammatory macrophages
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participate in re-establishing skin integrity, stimulation of ECM formation, remodeling, and
angiogenesis.[3] In addition to the macrophages, regulatory T cells (Tregs) are also crucial
to preserve skin homeostasis and support anti-inflammatory macrophage polarization by
suppressing inflammatory responses via releasing anti-inflammatory cytokines (e.g. 1L-10
and TGF-B1) and arginase. Moreover, Tyegs in collaboration with Th2, secrete TGF-B1,
IL-4, -5, —13, and —21 and contribute in the matrix formation.[32] Despite the specific

role of innate immune cells to control wound healing, depending on the intensity and kind
of injuries, other types of adaptive immune cells also get involved in the wound healing
process. For instance, LCs, a subtype of dendritic cells (DCs), improve the healing of
diabetic foot ulcers (DFUs).[33]

It is known that the intensity of chronic wounds and their recovery depend on the patient’s
agel3 or primary comorbidities.[2%] For example, in diabetic patients, limited response from
endothelial cells hinders the release of cytokines, which delays angiogenesis. Moreover, low
oxygen content decreases the immune cell capability to combat against pathogens, leading
to acute wound ulcers.[3%] In some cases, wound ulcers with reduced healing rate easily

get infected with various environmental bacteria such as Staphylococcus aureus, resulting

in bacteremia and sepsis.[3¢] Therefore, chronic wounds are the main reasons of limb
eliminations. Accordingly, understanding the immune features of chronic wounds will help
to control such diseases more effectively.

3. Immune features of skin diseases and wound

Chronic wounds are usually associated with bacterial infection, tissue hypoxia, local
ischemia, and expression of a high level of inflammatory cytokines which produces

a permanent inflammation which usually delay the re-epithelialization.[3”] Therefore,
identification and management of these events are critical for the treatment of chronic
wounds. For example, since open skin wounds do not possess any protective defense,
intense infection becomes the major and unavoidable obstruction towards the wound healing
process. Generally, wound contamination readily occurs with typical skin microorganisms
including exogenous bacterial, viral, and fungal.[38] These microorganisms easily diffuse

to various tissues where optimal environmental conditions facilitate their colonization.
Among various microorganisms, bacterial infection is one of the most conventional issues,
encouraging via activation of leukocytes in the chronic wound sites. Activated leukocytes
secrete an array of inflammatory mediators such as matrix metalloproteinases (MMPs), free
radial oxygen radicals (ROS), and inflammatory moderators, boosting an imbalance between
pathological native factors and integrity of immune defenses.[3] This supports colonization
of different types of Gram-negative and Gram-positive bacteria including Staphylococcus
aureus (S. aureus), Methicillin-resistant S. aureus (MRSA) and Pseudomonas aeruginosa.
[40] While in the initial steps of chronic wound formation, presence of Gram-positive
bacteria (typically S. aureus) is seen predominantly, in the progressive phases various
Gram-negative bacteria (e.g., £scherichia coli (E. coli) and Pseudomonas aeruginosa (P,
aeruginosa)) are observed frequently. These bacteria interfere with the wound healing
process and cause delay.[41] Bacterial colony also damages wound healing pathway via
disturbing the tight junctions between the epithelial cells.[2] In addition, bacteria produces
extracellular adherence protein (Eap) that interferes Leukocyte function-associated antigen-1
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(LFA-1)/ Intercellular adhesion molecules-1(ICAM-1) interactions. This is essential for the
attachment of neutrophils to endothelial cells, which hinders the phagocytosis and formation
of fibrous capsule.[43]

Autoimmunity diseases are also known as another chronic skin wounds that target

the immune system directly. Basically, autoimmunity is an abnormal immune response

in which the immune system targets self-tissues and healthy cells, leading to serious
damages and even organ failure. Interestingly, autoimmunity diseases rank as the third
greatest widespread source of morbidity and mortality in the world.[44] Mostly, a close
interaction between genetic factors and environmental triggers is responsible for the
damage of immunological lenience and autoimmune diseases.[4>] The autoimmunity
mechanisms involve central tolerance via removal of T and B cells via CD25fl Tyegs
activity. Moreover, secretion of anti-inflammatory cytokines and down-modulation of pro-
inflammatory cytokines readily facilitate the uptake of apoptotic cells in a physiologic
environmentl9d 461 Although different infectious agents, such as viruses, bacteria, and
fungi, facilitate the autoimmune disorders through diverse mechanisms,[47] virus mediated
infections are known to be the predominantly occurred autoimmune diseases. By definition,
antibodies are produced in the body during an infection to create a crucial defense
mechanism against viruses and bacteria. Even small alterations during the creation of these
antibodies can create antibody-producing B cells which attack one’s own body. This can
eventually lead to an autoimmune diseases, such as Type 1 diabetes mellitus (TIDM),
inflammatory bowel disease, epidermolysis bullosa acquisita, lupus erythematosus, and
bullous pemphigoid.[48] One of the most common autoimmune diseases is Type 1 TIDM.
Type 1 diabetes results from the damage of p-islet cells by T cells and simultaneous
secretion of numerous islet cell antigens.[4] In this case, antibodies secreted by B cells
considerably participate in the disease pathogenesis. Meanwhile, long time activation of B
cells, which usually supplemented with high level of antibody production, results in both
activation and development of immune responses. Lastly, the combination of antibodies and
immune complexes lead to the autoimmune disease.[47]

4. Current regenerative and therapeutic approaches for chronic skin

wound healing

In general, chronic wounds are challenging to heal, cause insistent pain, and reduce patients
quality of life. In addition, continuous release of exudates and free radicals stimulate the
microbial infection and inflammatory responses, delaying the wound healing.[3% Recently,
different therapeutic strategies have been developed for the treatment of skin chronic
wounds, which include skin substitutes, cell delivery approaches, and biomaterial-based
bandages, dressings and adhesives as well as various types of immunomodulatory pathways.
[9d, 51] These strategies are briefly discussed in the following subsections.

4.1. Skin substitutes

Autologous skin grafting methods are well-known as a crucial approach for the chronic
wound treatment, specifically for diabetic ulcers.[2] Here, differentiated epidermis is
developed on the fibroblast-populated dermis with 3-mm punch biopsies, isolated from
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the patients. In this case, acellular allodermis was applied as a dermal.[20] Broad injuries
and chronic skin wounds lead to inadequate number of autografts, particularly in severe
burn incidents. Skin allografts, such as cadaveric dermal allografts, have also been used
as a promising strategy for the healing of numerous wounds including different types of
chronic wounds and trauma injuries.[53] Although various immunosuppressive strategies
have recently been used for allogeneic transplantation,[®4] early rejection is still a major
challenge for most of these allograft substitutions.[5°]

4.2. Cell Delivery

Delivery of different types of cells with multiple differentiation potentials has also been
proven as a promising strategy for skin regeneration. For example, recently, infusion of
cadaver derived allogeneic pancreatic islet cells has been clinically employed for Type 1
diabetes. However, this process requires administration of immunosuppressive drugs that
prevent the hyperactive immune system in patient’s body. Similarly, other multipotent stem
cells consisting of mesenchymal stem cells (MSCs),[®¢] adipose stem cells (ASCs)[57] and
human umbilical cord blood (hUCBs)[8] have revealed remarkable regenerative potential
for the treatment of chronic wounds. In view of this, Bliley et a/[5°] have found an improved
messenger RNA (mMRNA) expression ratio of type 111 to type | collagen, vascularity and
collagen deposition, after ASCs transplantation in burn wounds. Therapeutic potential of
implanted human amniotic epithelial cells (AMESs) also exhibited high engraftment rates
and led to an accelerated wound healing.[6%] However, direct use of cells for therapeutics
have been restricted by various risk factors, including tumor formation, thrombaosis, and
unwanted immune responses.[%1] In this regard, combination of autologous epidermal sheets
with epidermal stem cells has showed complete functional re-establishment of epidermis and
long-term regeneration.[62]

4.3. Biomaterials-based strategies

Mostly, conventional treatment strategies of chronic wounds involve daily wound
supervision. This includes debridement to eliminate infected or necrotic tissues, and
application of various bandages, adhesives and dressings to absorb wound exudate.
Therefore, several types of cotton and wool bandages have been designed as primary
protective layers to prevent the contamination and preserve a warm and moist environment
while absorbing wound fluids.

To accelerate wound healing, favorable environments have been introduced through the
application of functional materials that are biocompatible, hypoallergenic with reduced
immune reactions, and semi-permeable to oxygen.[®3] In this prospective, different synthetic,
natural, and composite materials were developed with various shapes including thin films,
microporous scaffolds, nanofibrous matrices, hydrocolloid and injectable hydrogels, and
three-dimensional (3D) bioprinted grafts.[®4] Today, various kind of wound dressings

in different forms are commercially available and presented in Table 1. Among these,
nanofibrous constructs were widely used as wound dressings. However, their utilization as
dermal substitutions is limited due to the restricted cell migration within the constructs’
depth.[65] Therefore, use of hydrogel-based materials, supporting spontaneous cells
migration and tissue ingrowth, are favorable and utilized frequently.[66]
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4.3.1. Hydrogels-based strategies—Hydrogels with 3D porous structures easily
swell with physiological fluids and show soft elastic properties. Hydrogel-based
biomaterials are widely used as wound dressings and bioadhesives due to their wide
applicability in the form of films, fibers, 3D scaffolds, injectable structures, and even as
microneedle (MN)-based patches/adhesives. Compared to other types of dressings, hydrogel
dressings reveal weak exudate absorptive capacity due to their high water content. In
addition, weak mechanical properties of most hydrogels make them difficult to handle.

On the other hand, hydrogels can actively provide water and moist environment for dry
wounds. Soft and elastic properties of hydrogels can also support easy application and
removal after wound healing without any damage. In addition, hydrogels are useful to
reduce temperature of cutaneous wounds by providing a soothing and cooling effect.[¢]
Depend on the component of the hydrogel materials, encapsulation of important molecules
and cells are also feasible. This provides additional direction to the hydrogel based
materials towards wound healing including integration to the wound bed, vascularization,
immunocompatibility, and ability to support tissue remodeling.[871 For instance, recently,

a 3D scaffold based skin graft, Integra®, is developed with collagen, glycosaminoglycan
(GAG), and a protective silicone membrane that accelerates the effective wound healing in
the clinical trials. In addition, Integra® has been proven to be favorably effective (success
rate of 78-86%) in the organization of complicated wounds in harshly wounded military
soldiers.[®8] Hyalomatrix® is another biodegradable commercialized dermal matrix contact
layer, which is developed with Hyaff (Medline), an esterified hyaluronic acid (HA). Upon
application over full-thickness wounds, 6] Hyalomatrix® can improve the cellular function
and extracellular matrix (ECM) construction. In contrast, Integra® has been observed to
enhance the dermal regeneration with greater physical and mechanical properties.[7°]

Up to date, a wide range of polymers (naturally derived or synthetic polymers)

and crosslinking methods are implemented to design different hydrogels with variable
characteristics including mechanical properties, swelling ratio, and degradation rate for
wound healing applications, which are reviewed elsewhere.[71] Natural polymers, such as
collagen, fibrin, collagen, elastin and HA, have high biocompatibility and cell affinity.

On the other hand, synthetic polymers such as polyethylene glycol (PEG), poly(vinyl
alcohol) (PVA) and others) provide controllable hydrolytic or enzymatic degradability and
minimal inflammatory response. This depends on their structural design and flexibility.
Meanwhile, synthetic hydrogels can bind with object proteins using molecularly imprinted
polymers (MIPs) method for various therapeutic applications.[72] Mostly, chemical and
physical interactions between the functional groups presented on polymers’ backbone
control the crosslinking of the hydrogels, which eventually regulates the degradation rate
and mechanical properties of biomaterials in biological environment (Figure 3A). For
instance, covalent crosslinking is commonly used to develop 3D hydrogel networks suitable
for the efficient encapsulation of cells and biomolecules such as proteins and growth
factors.[73] Such hydrogels can be synthesized through a short ultra-violet or visible light
radiation mediated /n7 situ chemical crosslinking of unsaturated functional groups such

as methacrylate or simple conjugate addition reactions between active functional groups.
[64c, 741 Recently, injectable hydrogels have also been widely applied for delivery of cells,
proteins, growth factors, and immunomodulatory agents.[72¢] For instance, Zhao et a/[75]
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have fabricated human umbilical vein endothelial cells (HUVECS) incorporated gelatin
methacryloyl (GelMA) hydrogel for the regeneration of full thickness cutaneous wounds.
[73] Along with the efficient repair of the wound defect, GelMA-based hydrogel also
provide a sustained release of exosomes. In this case, combination of chemically crosslinked
hydrogels with other bonding interactions, namely, hydrogen and electrostatic interactions
resulted in the formation of interpenetrating networks (IPNs) with reversible bonds and
noticeable mechanical properties.[7®] Similarly, Tavafoghi et a/[’7] have developed a
mechanically robust and injectable bioadhesive hydrogel that resist large strains for the
sutureless sealing. Herein, the combination of GelMA with methacrylate alginate enabled
ion-induced reversible crosslinking, which easily dissipate the energy under strain. Thereby,
as-prepared IPN was observed to enhance the toughness (600%) of the material compared
to GelMA hydrogels. This can have useful impact towards the soft and sensitive injury

site. Meanwhile, self-assembled peptides have also proven to be another attractive class of
hydrogels for the chronic wound dressing. Similar to the skin tissue ECM, peptide-based
hydrogels were shown to act as a barrier against infection, maintained the tissue hydration,
and facilitated autolytic debridement of necrotic eschar tissue in burn wounds.[78]

Despite having a critical role towards the protection of the wounds, most of the hydrogel-
based systems failed to accelerate the chronic wound healing process due to the lack

of active ingredients. Therefore, incorporation of various active components into the
hydrogel systems can dynamically contribute to the healing process. According to the
nature of the material’s activity, hydrogel-based wound dressings can be categories in three
ways: inert, bioactive, and interactive.[”] For instance, while gauzes are inert towards

the interaction with wounds, soft nonwoven pads are known as bioactive dressings that
absorb exudates, afford a moist environment in under layer wounds and reduce the risk

of skin maceration.[8%] Several alginate- and collagen-based hydrogels, scaffolds, and pads
have been developed to provide bioactive dressings during the wound healing process.[81]
For instance, while alginate-based hydrogels absorb large amounts of water and help in
hemostasisl®4€], collagen-based hydrogels stimulate the formation of collagen during wound
healing. Moreover, being known as non-immunogenic, non-pyrogenic component, collagen
is an appropriate material for wound healing process.[821 Hydrogel materials have also been
introduced as interactive dressings that can modulate the wound microenvironment and
interact with the skin tissue to promote healing. For example, GAG hydrogels such as HA is
known as an interactive dressing. [83]

4.3.2. Bioactive and hybrid hydrogel based strategies—Bioactive and interactive
dressings can be designed via incorporation of various active components, which provide a
dynamic function in various stages of wound healing. The major disadvantages of hydrogel-
based dressings are their gas and oxygen permeability, which restrains their use against
various types of infections. To address this issue, active antimicrobial components such

as antimicrobial peptides, antibiotic drugs, and antibacterial or antioxidant materials (e.g.
silver in i.e. Aquacel® Ag) have been incorporated in hydrogels to promote antibacterial
properties(®4]. For instance, Alexandrino-Junior et a/.[8%] have developed a PVA-based
hydrogel incorporated with Amphotericin B (Amb), an antifungal medication, for the
treatment of chronic cutaneous leishmaniasis (CL) disease.[8%] Hybrid hydrogel showed
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significant antifungal and leishmanicidal activity along with microbial impermeability and
water vapor permeability, making it an appropriate candidate for CL disease treatment. In
another study, Comotto ef a/.[86] have engineered an alginate-based breathable hydrogel
dressing with two natural antioxidants: curcumin and t—resveratrol (t-Res) for the treatment
of infected wounds. These antioxidants acted as bactericidal agents, while improved cell
proliferation without affecting the hydrogel’s physical properties. Recently, smart bandages
and dressings were also developed that simultaneously monitor and treat the infection.

For instance, Mostafalu et a/. [87] have fabricated a smart bandage for supervising and
managing the infection in chronic wounds at the same time. This temperature and pH
sensitive patch was assembled onto a flexible bandage to manage the wound status in real-
time (Figure 3B(i)). Recently, a thermo-responsive hydrogel was synthesized with antibiotic
loaded poly(N-isopropylacrylamide) (PNIPAM) microparticles and alginate for the stimuli-
responsive drug release. In this case, the flexible heater combined with wound dressing
controlled the drug release on-demand (Figure 3B(ii)). Antibacterial activity of the material
was originated from the controlled release of antibiotic loaded inside the microparticles.

Despite having positive response towards the treatment of infected wounds, direct use

of different bioactive molecules can raise some concerns due to their possible side

effects. Besides, repetitive use of antibiotic may cause resistance. Therefore, bioactive
components were incorporated within the hydrogels to develop hybrid networks as an
alternative healing strategy for infected chronic wounds. Table 2 summarizes various types
of bioactive components encapsulated in hydrogel matrices for chronic wound dressing
applications. These components include various types of ceramic, metallic, polymeric,
functional nanocomposite, carbon-based materials, and different natural materials such as
honey as well as peptides molecules. These bioactive components provide considerable
improvement in the antimicrobial activity and inhibit the bacterial colonization during

the initial steps of wound treatment.[88] Besides, they have been applied to stimulate the
proliferation and migration of different cells throughout the development of ECM in the
remodeling stage of healing. Further, hybrid hydrogels incorporated with bioactive molecule
can modulate the macrophage activity toward wound regeneration during the healing
process.[89] Meanwhile, these bioactive components can also induce antioxidant property,
angiogenesis, blood clotting ability and even enhance the mechanical properties of the
wound dressings. Therefore, proper manipulation and combination of these components can
be used to design multifunctional wound dressing materials with appropriate characteristics.
For instance, recently a hybrid hydrogel was synthesized by using 3-(trimethoxysilyl)propyl
methacrylate and mesoporous silica modified CuS nanoparticles via radical polymerization
(Figure 3C).[% This hybrid hydrogel revealed an antimicrobial activity, owing to the merged
results of hyperthermia, ROS activity, and released copper ions upon near-infrared (NIR)
irradiation. Moreover, the released ions promoted both proliferation of fibroblasts and
angiogenesis, which resulted in antibacterial effect and skin tissue regeneration.

Recently, various synthetic and natural peptide molecules have also been used as bioactive
components. For example, our group has engineered an elastic sprayable bioadhesive
hydrogel with antibacterial activity for the management of infected wounds (Figure
4A).191 In this study, various ECM-derived polymers including methacryloyl substituted
recombinant human tropoelastin (MeTro) and GelMA were mixed with antimicrobial
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peptides (AMPs)-Tet213 to form an antimicrobial bioadhesive. Owing to several important
properties including biocompatibility, adjustable biodegradation and antimicrobial activity,
the developed hybrid hydrogel introduced an effective sutureless wound closure approach
that could inhibit infection and facilitate wound regeneration. In another study, Yang et
al192] have designed a therapeutic peptide-engineered nanosheet to treat diabetic wound
ulcers (Figure 4B(i)).[92] Herein, a highly transparent and flexible silk fibroin nanosheet
was modified with an integrin-binding pro-survival peptide (Figure 4B(ii)). As-synthesized
material showed upregulation of angiogenesis-related markers (VEGF and CD31), leading
to fast diabetic wound closure (Figure 4B(iii)). Recently, Chen et a/[93] have developed

an injectable hydrogel through chemical interactions between aminated gelatin, adipic acid
dihydrazide, and oxidized dextran. The developed hydrogel showed sequential release of
chlorhexidine acetate (CHA), an antibacterial agent, and basic FGF (bFGF) during the
wound healing (Figure 4C(i,ii)). Interestingly, the synthesized hydrogel showed excellent
self-healing capability related to the dynamic bonds of imine and acylhydrazone (Figure
4C(iii)). Structurally, in this case, bFGF was embedded in poly(lactic-co-glycolic acid)
(PLGA) microspheres, while CHA was loaded in the hydrogels for sequential release
(Figure 4C(iv)). Because of the fast release of CHA, the hydrogel efficiently inhibited the
infection at the early stages of /n vivo studies, and consequently promoted the skin wound
repair through the sustained release of bFGF.

Having such impressive and important role in various phases of wound healing, different
growth factors and cytokines have been introduced in wound dressing materials.[94]
Mechanistically, these biomaterial-based growth factor delivery platforms enable local
delivery. Therefore, they can reduce the total drug loading, which eventually decreases

the distal effects and other associated side effects compared to the systemic infusion.

[95] Meanwhile, among various types of growth factors, due to the significant role

of FGF and EGF in re-epithelialization, these are widely applied for wound healing
applications.[%8] Moreover, the cooperation of pro-angiogenic molecules including Ang2
and VEGF encourages angiogenesis by accelerating the pericyte detachment and improving
vascularization.[97] One of the main efforts to improve the stability and preserve the activity
of the growth factors is proper molecular engineering and their controlled release by using
various carriers, which is reviewed elsewhere.[8] However, these strategies have limited
applications for clinical use, since the bioactive molecules within the matrices ultimately
run out easily and further loading of molecules typically induces foreign body responses.
To overcome this challenge, recently, the preferential localization of drug molecules in the
epidermis of human skin has become a favorable method. In this regard, different smart
hydrogels which response to various external stimulations, including temperature, pH and
glucose-sensing moiety have been designed to control the drug release profile.[9b. 991 For
example, Bagherifard er a/[1%0] have designed a dermal patch using thermosensitive drug
microcarrier encapsulated in a alginate-based hydrogel layer which was combined with

a flexible heater (Figure 5A(i, ii)). These thermos-responsive microparticles containing
various active molecules, such as growth factors, were fabricated using a microfluidic
device and then incorporated inside the hydrogel patch (Figure 5A(iii)). By regulating

the temperature of the engineered patch electronically, release of the drug molecules

was controlled over the wound area (Figure 5A(iv,v)). In another study, to provide
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adequate delivery of bioactive molecules for the management of exuding chronic wounds,
a programmable platform was developed that readily regulates the release of multiple drugs
(Figure 5B(i)).[10] Moreover, the platform was interfaced with a smartphone and an app
that allow the physicians to control the wound condition remotely. Besides, the bandage
was designed with an array of MNs in order to effectively release VEGF for the healing
of a full thickness skin injury (Figure 5B(ii)). The VEGF released from the programmable
platform revealed an accelerated wound closure, angiogenesis, and hair growth compared
to standard relevant therapeutic transport (Figure 5B(iii)). In another interesting study, a
glucose-responsive complex was designed from tert-butyl (2-acrylamidoethyl) carbamate
(Boc-EDAA) and insulin for insulin delivery.[%60] In a hyperglycemic state, the glucose-
responsive phenylboronic acid (PBA) could change the surface charge of polymer from
positive to negative and provide insulin delivery. This was confirmed through the /in

vivo studies which demonstrated a fast response of the smart hydrogel, leading to a
hyperglycemia-triggered insulin release.

Another well-known strategy for the treatment of damaged wounds is modulation of
immune responses via release of cytokines, protease inhibitors, growth factors, MicroRNAs
(miRNAs) and small interfering RNA (siRNA). Since chronic wounds and scar formation
result in extreme inflammation, monitoring immune reactions has become the current
upward attention that can improve the immune-based treatments for chronic wounds and
scar inhibition. Due to importance of this approach, it has been separately explained in the
next section.

5. Immune regulation for chronic skin wound healing

Due to the effective role of immune cells in various stages of chronic wound healing,
modulating immune response is a promising avenue to facilitate the wound healing process.
Immune cell reprogramming has become the most common strategy to enhance, regulate,
and/or suppress the immune responses.[102] This approach often includes macrophage
polarization, promoting antigen-specific differentiation of T cells into T follicular helper
cells, and encouraging DCs to express pro-inflammatory activation markers such as CD80
and CD86.[103]

Due to the importance of extreme inflammation in chronic wounds, macrophage
attachment and control over their polarization to boost the inflammation resolution

are considered to be the most common approach towards wound treatment (Figure

2). Various microenvironmental cues affecting macrophage polarization have recently
been reviewed.[104] Macrophages shift the polarization status from pro-inflammatory to
anti-inflammatory phenotype through the paracrine signaling mechanisms in response
to different microenvironmental cues in the tissue, including cytokines, growth factors,
and microorganism-associated molecular patterns. These signals direct a transcriptional
response, which identities the phenotype and function of macrophages on the basis

of the physiological or pathophysiological context. For instance, macrophages produce
chemokine Interferon gamma (IFN-v), IL-4 and 1L-13 that support cell polarization. In
addition, Bacterial lipopolysaccharide (LPS) stimulates the generation of pro-inflammatory
macrophages.[194] LPS stimulates a strong pro-inflammatory phenotype in macrophages
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including the secretion of IFN-f and an antimicrobial components including nitric oxide.
[105] While current data provide proof of concept that macrophages can experience dynamic
transitions between different functional states, the stability of pro-inflammatory and anti-

inflammatory phenotypes in a physiological condition requires further detailed investigation.
[206]

Currently, controlling the pro-inflammatory / anti-inflammatory phenotype ratio during the
wound healing is known to be an important parameter to modulate the inflammatory
reactions and the switch from the inflammation to proliferation during the wound

healing process. The treatment strategies that efficiently increase the initial inflammatory
reactions and stimulate the macrophages’ polarization toward anti-reparative phenotype
have extensively been investigated.[197] Recently, different hydrogel-based biomaterials
have proven to control the immune responses through the enhancement, regulation, or
inhabitation of immune responses. For example, hydrogels can be used to encapsulate
various types of immune cells and prevent the cell death by delivering cytokines. They can
eventually recruit host immune cells and induce a superior immune response. Specifically,
the use of hydrogels is promising for immunotherapy of infections and autoimmune
diseases.[108] |n addition, hydrogels with interconnected pores can control the delivery of
cytokines, adjuvants, and growth factors and efficiently enhance the immune cell responses.
[109] Apility to release these bioactive molecules or cells locally down-regulates the
immune responses via preventing from immune cell maturation, activation, and/or apoptosis
to activate immune tolerance. Furthermore, hydrogels preserve the immune privileged
characteristics of stem cells such as MSCs and can even promote their immunomodulatory
ability.[120] Intrinsic physical and chemical properties of hydrogels are also known to
modulate the immune responses. Accordingly, the immunomodulatory activity of hydrogels
is explained in three main pathways namely hydrogels’ chemistry and properties and
molecular-based approaches.

6. Immunomodulatory hydrogels for chronic skin wounds

6.1. Immunomodulation approaches based on hydrogel chemistry

In general, cells accept various signals from their microenvironment. For instance,
biochemical signals (from their interfaces with other cells and ECM), biophysical signals
(from externally applied mechanical and electrical forces) and different biomaterial
mediated signals (from the cell-material interfaces).[!11] Consequently, the average impact
of these signals controls the cell behaviors. Therefore, selection of an appropriate
immunomodulatory hydrogel is crucial in order to tune the anti-inflammatory / pro-
inflammatory phenotype ratio that facilitates tissue remodeling. Since the last decades,
various hydrogel materials have been developed for the immunomodulation and have
shown to stimulate the inflammatory pathways. Sometimes these materials lack of any
immunomodulatory signal. In this regard, different characteristics of biomaterials such

as, degree of crosslinking, degradation rate in a physiological environment, mechanical
properties, hydrophilicity, surface chemistry, energy and topography, size and shape, and the
originality of hydrogel are important factors and need to be investigated.[112] Interestingly,
various physicochemical characteristics of hydrogels are also shown to modulate the
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intensity and/or features of the immune responses. In addition, some of the biomaterials
have identified to have danger-associated molecular patterns and pathogen-associated
molecular patterns. For instance, human’s immune system usually responses to the cyclic
patterns of hydrogel chains. The molecular features of polymers used to form the hydrogel
can resemble the polysaccharide membranes of bacteria. Moreover, the specific class of
micro and nanoparticles can possess distinctive dimensions of bacterial and viral pathogens.
(1131 1 a recent study, DCs cultured on different naturally derived hydrogels were used

for the differential expression of maturation markers such as CD40.[114] While alginate

and agarose based hydrogel did not stimulate the DCs, treating these cells with chitosan
supported the DCs maturation. Moreover, higher expression of pro-inflammatory markers
including HLA-DQ, CD80, CD86, CD83 and CD44 and release of pro-inflammatory
cytokines from the DCs were detected when cultured on chitosan-based hydrogel. According
to another study by Cha et a/[115] interactions between biomaterials and macrophages
mostly governed by the presence of integrin. While macrophages failed to recognize the cell
attachment motifs on biomaterials, they were shown to produce pro-inflammatory markers.
Whereas hydrogels consisting of specific attachment sites supported the expression of

an anti-inflammatory like phenotype. Based on this behavior, naturally derived hydrogels
formed by using high molecular weight polymers, such as HA and chitosan with
ROS-scavenging characteristics, can effectively substitute the missing constituents of the
ECM and reveal intrinsic anti-inflammatory characteristics.[116] In general, structural and
biochemical diversity of HA macromolecules (e.g. having different high molecular weights)
can significantly affect the immune cell responses. While high-molecular weight HA (High-
MW HA) is immunosuppressive, low-molecular weight HA (Low-MW HA) enhances

the inflammatory responses. Although all HA molecules consist of similar repeating
disaccharide units, only Low-MW HA signals over Toll-like receptors (TLR2 or TLR4)

and facilitates the pro-inflammatory effects through the interaction with these pattern
recognition receptors (TLR2 or TLR4) (Figure 6A). Low-MW HA also acts as a pro-
inflammatory danger-associated molecular patterns as it promotes the maturation of DCs. It
also encourages the delivery of pro-inflammatory cytokines such as TNF-a, IL-6, and IL-12
by multiple cell types, and enhances the expression of chemokine and cell trafficking, and
induce proliferation.[*17] In contrary, high-MW HA hinders inflammation and reduces the
secretion of inflammatory cytokines. This behavior is attributed to the interaction between
high-MW HA and CD44. CD44 is the main HA-binding transmembrane glycoprotein in
the cellular surfaces which translates the signals from the ECM. It affects cellular growth,
activation, and differentiation as well as contributes immune homeostasis through the
preservation of Th1 memory cells.[118] Meanwhile, crosslinking of HA also noticeably

modulates the leukocyte function upon interaction with hyaladherins (HA-binding proteins).
[129]

In view of the significant contribution of high-MW HA in the wound skin treatment,

it has been widely used to synthesize immunomodulatory hydrogel for the treatment

of chronic wounds. This is recently reviewed by Zamboni er a/[*1%] In order to

promote the dynamic macrophage immunomodulation, Wang et a/.[12%] have developed
a photoresponsive nanocomposite hydrogel based on HA. In this study, photodegradative
alkoxylphenacyl-based polycarbonate (APP) was conjugated to acrylated HA macromer
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(HA-AC) (Figure 6B(i)) to provide user-controlled RGD adhesive peptide release (Figure
6B(ii)). The conjugation of RGD peptide could activate avp3 integrin of macrophages
(Figure 6B(iii)), leading to an increase in anti-inflammatory macrophage polarization.

Furthermore, collagen-based hydrogels have showed substantial influences on immune cells.
For example, macrophage scavenger receptors can easily bind to the unprotected ligands

on collagen and accelerate the conformation-specific effects. In addition, collagen-based
hydrogels have shown to reduce the immunogenicity of the seeded allogeneic MSCs.[121]
Therefore, denatured collagen (gelatin) has also been utilized to modulate cellular responses.
For instance, monocytes cultured on GelMA hydrogels displayed lower inflammatory TNF-
a gene expression after LPS stimulation, compared to the control (cells cultured on tissue
culture plate).[122] It was also shown that GelMA “mops up” the released TNF-a by

CD14+ monocytes. Therefore, it was hypothesized that TNF-a sequestration in GelMA
decreased the accessibility of soluble TNF-a., which consequently resulted in prevention

of TNF-a gene expression. Moreover, macrophages cultured on GelMA hydrogel showed
greater gene expression of anti-inflammatory 1L-10 and IL-1RA, lower inflammatory
inducible iNOS and TNF-a compared to the cells cultured on PEG diacrylate (PEGDA)
hydrogels.[135] This study concluded integrin a.2p1 acted a crucial function in macrophage
polarization (Figure 6C). Especially, IL-4 assimilated GelMA hydrogel could stimulate
anti-inflammatory phenotype polymerization via integrin a2p1 attachment.

Recently, fibrin-based hydrogels are applied as another promising biomaterial for the skin
wound healing. Fibrin and fibrinogen can be used as immunomodulatory components

to control wound microenvironment. Fibrin acts as a temporary matrix and significantly
promotes inflammatory and anti-inflammatory responses. Mostly, by the secretion of
cytokines, fibrin increases initial inflammatory reactions and accelerates the evolution to
the last proliferative and remodeling steps of wound healing process.[123] To evaluate the
effect of fibrin versus fibrinogen, Hsieh er a/[124] have cultured macrophages on fibrin gels,
stimulated with soluble fibrinogen, and investigated the cytokine secretion (Figure 6D(i)).
According to Figure 6D(ii), fibrinogen stimulated both TNF-a and 1L-10, while co-addition
of IL-4/1L-13 or LPS/IL-4/IL-13 had no significant effects. In another word, macrophages
cultured on fibrin revealed high levels of IL-10 and low levels of TNF-a regardless of
further stimulation.

Recently, silk fibroin was also shown to promote the release of IL-10 from peripheral
blood mononuclear cells (PBMCs).[125] Interestingly, silk fibroin possesses intrinsic ability
to accelerate the wound healing via NF-x signaling. In view of this, extensive studies have
been performed in various types of injures to manage the wound healing process using

silk fibroin. This includes hypertrophic scars and diabetic burn where silk fibroin-based
hydrogels triggered definite stages of the wound healing process.[126] Recently Chouhan

et al[127] have also demonstrated the treatment of third-degree burns or chronic wounds
with an injectable silk fibroin hydrogel (Figure 7A). The designed hydrogel was observed
to support the treatment of full-thickness wounds (Figure 7A(i)). Moreover, /n vivo studies
confirmed the effective role of silk fibrin-based hydrogel to accelerate the transition from
inflammation to proliferation phase, according to the TNF-a expression. Noticeably, silk
fibroin hydrogel significantly enhanced the collagen matrix remodeling as compared to the
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collagen hydrogel (Figure 7A(ii)). This study suggested the potential therapeutic impact of
silk fibrin for the management of burn wounds.

Chitosan is another attractive natural polysaccharide utilized for wound healing. This is
related to its noticeable properties including biocompatibility, controllable degradation

rate, bioactivity, non-antigenicity, bio-adhesiveness and antimicrobial property along with
its significant hemostatic capacity.[128] Chitosan stimulates granulation of injured tissue

and promotes wound healing via incorporation of inflammatory cells including leukocytes
and macrophages to the wound site.[12%] Recently, Shibata er a/[*3%] have showed that

the chitin-based oligosaccharides, such as chitosan stimulated the expression of TNF-a

and IL-12 in macrophages and exhibited a predominant pro-inflammatory phenotype
response. Mechanism of chitosan-induced macrophage stimulation possesses mannose
receptor-mediated phagocytosis. This mannose receptor favorably controls the macrophages
and enhances the interaction with appropriate ligands including chitosan.[*31] Chitosan-
based hydrogels, synthesized with chemically modified chitosan molecules or additional
components, were also shown to contribute in controlling inflammation and accelerating the
wound closure process. For instance, Moura et a/1132] have used 5-methy! pyrrolidinone
functionalized chitosan backbone for the treatment of diabetic wound, which accelerated the
wound healing due to the decrease in the TNF-a levels, inflammatory cells, and MMP-9.
Similarly, Ashouri ef /1331 have reported that the combination of chitosan with aloe

vera could modulated pro-inflammatory and anti-inflammatory reactions, resulting in rapid
wound healing. In this study, aloe vera-chitosan complexes led to an optimum wound repair
by declining the expression of pro-inflammatory phenotype after 3 days and increasing
anti-inflammatory phenotype expression after 14 days. In another study, immunomodulatory
properties of chitosan was improved via incorporation of zero-dimensional auto-fluorescent
TizC, MXene quantum dots (MQDs).[234] Here, TisC, MQDs was synthesized via
hydrothermal process and consequently incorporated in chitosan-based hydrogel system
(Figure 7B(i)). Along with the biocompatibility of the material, Ti3C, MQDs reduced

the proliferation of pro-inflammatory T cells. It also synchronously enhanced the CD4+
CD25+ FOXP3+ regulatory T-cell percentage. Apart from the immunomodulatory property
of the hydrogel matrix, introduction of Ti3C, MQDs enabled self-healing characteristics,
which are critical for injectable scaffolds (Figure 7B(ii)). Meanwhile, silver ions crosslinked
chitosan hydrogel, loaded with FGF (named bFGF@CS-Ag) was designed for infected
wound treatment (Figure 7C(i)).[23%] Following the application of the hydrogel, enhanced
wound healing was obtained, which was due to the bacterial inhibition, improvement

of collagen deposition, and neovascularization (Figure 7C(ii)). Moreover, introduction of
bFGF@CS-Ag enhanced anti-inflammatory phenotype polarization, leading to reduced
inflammatory reactions. Interestingly, incorporation of silver ions in bFGF@CS hydrogel
endorsed controlled release of bFGF.

Among natural hydrogels, decellularized ECM, isolated from different tissues including
porcine intestinal submucosal!38] and urinary bladder and brain-derived ECM[137], also
showed significant immunomodulatory properties.[*38] Initial study by Badylak et a/[13¢]
have revealed that the decellularized ECM from urinary bladder matrix promoted anti-
inflammatory phenotype polarization and decreased the fibrotic responses as compared
to the cellular autografts. Recently, Brown et a/[13% have also found similar results
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via the autologous cell delivery in decellularized allografts. In addition, decellularized

and dehydrated human amniotic membrane (DDHAM) was observed to enhance the
wound perseverance through the secretion of numerous growth factors, cytokines, and
proteases, consisting of PDGFs, TGF-a, FGF-2, EGF, IL-4, IL-10, and tissue inhibitors of
metalloproteinases (TIMPs).[140] Therefore, in recent years, extensive research has been
performed to explore the application of decellularized human amniotic membrane and
umbilical cord (AM/UC) for the treatment of chronic wounds.[*41] These grafts are Epifix,
originated from human amnion matrix, and Neox, originated from human AM/UC tissue.
[142] |nterestingly, amniotic membranes were not rejected by the immune system owing to
human leukocyte antigen (HLA) expression.[143]

Chemical crosslinking of hydrogels was also observed to modulate chronic foreign body
reactions.[144] Generally, high degree of crosslinking influences inflammatory macrophage
responses. For instance, crosslinking of collagen with 1-ethyl-3-(3 dimethylaminopropyl)-
carbodiimide and N-hydroxysuccinimide (EDC/NHS) provided the lowest expression of
inflammatory cytokine including TNF-a and C-C Motif Chemokine Ligand 22 (CCL22),
compared to other types of crosslinked collagen.[*43] In addition, glutaraldehyde crosslinked
collagen has shown to reduce the anti-inflammatory / pro-inflammatory phenotype ratio

and upregulate the proinflammatory cytokines and foreign body responses. [146] Moreover,
crosslinking of decellularized pericardium with EDC resulted in reduced MMP-2 and
MMP-9 secretion, whereas nominally altered the cytokine secretion by macrophage-like
cells.[247] Cellular components, which may remain as a result of inadequate decellularization
of naturally derived materials, can lead to harmful immune responses and scar formation.
[148] Consequently, detailed investigation on the mechanisms by which these hydrogels
modulating the inflammatory reactions is necessary.

In addition to the common natural polymers, various other biological ingredients were

also found to provide excellent immunomodulatory property, such as Fucoidans and
Carrageenan, two marine polysaccharides extracted from brown and red seaweeds,
respectively. While Fucoidans show antiviral, anticoagulant and anti-inflammatory
properties, [149] Carrageenan is known to stimulate IL-10 expression, prohibit cytotoxic

T cell responses, and delay neutrophil activation.[50] Recently, Amin er a/[151] have found
that both photopolymerizable carrageenan and fucoidan downregulated molecular response
for adversative immune reactions. These polysaccharides significantly reduced nitric oxide
production and established about 90% ROS scavenging, making them an alternative to IL-10
for immunomodulatory strategies.

Meanwhile, amino acid-based hydrogels have also demonstrated promising advancement
towards their application in immune system modulation. Among various others, L-arginine
(Arg) is one of the essential amino acids in the wound area that gets metabolized by nitric
oxide synthase (NOS) to nitric oxide.[152] Therefore, decrease in the Arg concentration
suppresses nitric oxide level and postpones the wound healing progression.[153] Besides,
Arg also enhances fibroblast proliferation.[154] However, an elevated NO level decreases
the myofibroblasts by hindering the replication which eventually decreases the collagen |
expression of fibroblasts and myofibroblasts.[12°] Recently, He et a/. [156] have designed

a new type of L-nitroarginine-based polyester amide (L-nitroarginine (NOArg)-Arg PEA)
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for affording a modulatory prevention of macrophage’s NOS pathway. Interestingly, in the
presence of activated macrophages, the synthesized complexes decreased the nitric oxide
production, while did not show any meaningful effect on TNF-a secretion. Application of
the material over diabetic rat wounds cured the wound faster (40%—-80%) as compared

to control (Pluronic F-127 gel). Such significant impact on the wound healing made
L-nitroarginine (NOArg)-Arg PEA hydrogel a favorable candidate for the chronic wound
treatment. Recently, same research group [257] has described the development of a hybrid
hydrogel based on unsaturated arginine-poly(ester amide) with glycidyl methacrylate
chitosan. As-synthesized hybrid hydrogels stimulate the macrophages to express both TNF-
a and NO, making it an appropriate wound healing accelerator. Similarly, Zhu et a/[158]
have designed an antioxidant and shape-conforming dressing material based on 12-amino
acid sequence in the a5 globular domain of laminin, named A5G81, for the treatment

of diabetic wounds. A5G81 was encapsulated in a thermos-responsive hydrogel, which
accelerated dermal and epidermal cell proliferation. It was also shown that the engineered
biomaterials accelerated the tissue regeneration in diabetic wounds.

6.2. Immunomodulation approaches based on surface property of hydrogels

Immune responses, including macrophage polarization can also be controlled by tuning
physio-chemical properties of hydrogels’ surfaces including topography, porosity, and
hydrophilicity. Mechanistically, surface chemistry of the hydrogels plays the most important
role in controlling immune responses. Although the surface topography of biomaterials

is also known to be an essential parameter to control immune responses specifically
macrophage polarization,[15% detailed mechanistic studies on these immunomodulatory
responses have not been explored yet. In a recent study, the role of GelMA hydrogel with
various micro topographies (micropatterns, micropillars and microgrooves) on the human
macrophage functions was investigated based on the evaluation of conventional markers and
the profile expression of genes (Figure 8A(i, ii)).[16% Induction of definite gene expression
profiles in macrophages, seeded on the microgrooves and micropillars, was confirmed by
the genes associated with the initial metabolic activities (Figure 8A(iii)). Nevertheless,

the usual phenotyping approaches, related to the expression of surface markers, were
identical between the diverse settings. In view of the role of surface chemistry on immune
responses, in a recent study, it was found that neutrally charged hydrophilic surfaces
showed less macrophage attachment as compared to hydrophobic and ionic surfaces. The
attached macrophages on the hydrophobic surfaces showed higher secretion of cytokines
than those attached to hydrophilic surfaces.[161] Meanwhile, PEG hydrogels are one of

the most popular biomaterials due to the considerable capacity to change their compliance
according to their molecular weight and crosslinking density. In a recent study, it was shown
that although PEG/zwitterion phosphorylcholine (PC) hydrogels could stimulate chronic
inflammation. Hydrophilic and zwitterionic nature also helped to regulate the immune cell
adhesion.[162] |n this study, a PEG-based hydrogel was functionalized with PC to develop a
range of materials with different mechanical stiffness and hydrophilicity (Figure 8B(i)).
Reducing the modulus (from 165 kPa to 3 kPa) and zwitterion PC content (from 20

wit% to 0 wt%) of the hydrogel eventually decrease the foreign body responses (Figure
8B(ii-iv)). Additionally, macrophages are also well known to change their surface protein
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expression according to the chemical perturbations applied through the surface composition
of biomaterials.[163]

In general, only a few types of hydrogels were observed to show intrinsic
immunomodulatory property. Surface properties of hydrogel including surface topography
and chemistry of hydrogels have also shown minimal effects on immunomodulation.
Therefore, additional components or cells has been introduced inside the hydrogel materials
as an effective strategy towards improvement their immunomodulatory performance.

6.3. Immunomodulation approaches based on delivery of stem cells

Immunomodulatory biomaterials are shown to reduce scar formation by delivering MSCs
or ASCs to the wound area. MSCs have broad immunoregulatory capabilities, moderating
both adaptive and innate immunity to provide therapeutic assistance through paracrine
mechanisms.[1641 MSCs secrete bioactive molecules including anti-inflammatory cytokines,
chemokines, growth factors, hormones and extracellular vesicles (EVs, nanoparticles which
usually comprise nucleic acids, lipids and proteins) with anti-apoptotic, immunomodulatory,
and angiogenic functions.[185] For instance, soluble factors in MSC-conditioned media
contain Prostaglandin E2 (PGE2), which prohibits pro-inflammatory cytokine release and
enhances the secretion of anti-inflammatory cytokines and TGF-p1 release. In addition,
PGE?2 decreases the proliferation of T cells in the wound area. It is also known as a
co-factor for the transition of Th1l to Th2 cells, supporting inflammation responses and
promoting tissue regeneration.[166] These immunomodulatory properties of MSCs further
demonstrate their utilization as an immunoregulatory tool for the autoimmune diseases

and chronic wound treatment.[1652. 167] Recently, Blazquez et a/[168] have employed the
immunomodulatory properties of MSCs to develop MSCs coated meshes similar to an

‘off the shelf’ product. The synthesized meshes showed limited immunomodulation of
macrophages towards anti-inflammatory phenotype. Moreover, co-culture of MSCs and
macrophages induced macrophages to turn out to be a regulatory phenotype. This was
experimentally identified by a decrease in TNF-a and IL-12 levels along with an enhanced
expression of 1L-10.[166]

Ongoing studies revealed that the restorative prospective of implanted MSCs raise
significant concerns related to the adhesion of microorganisms such as S. aureusand
colony-forming capabilities of planktonic or biofilms from S. aureus.[*6% In contrary,
encapsulation of MSCs in a suitable hydrogel can meaningfully hinder the colony-forming
abilities of planktonic S. aureuswhile preserving MSC multi-potency. Recently, a self-
healing and shear-thinning hydrogel supplemented with adipose-derived mesenchymal stem
cells exosomes (AMSCs-exo) was introduced for the treatment of damaged skin.[170] The
hydrogel was chemically synthesized via a Schiff-based reaction between oxidative HA
(OHA), and Poly-e-L-lysine (EPL) in presence of Pluronic F127 (F127/OHA-EPL) (Figure
9A(i)). Easy injectability of the AMSCs-exo loaded hybrid hydrogel noticeably promoted
another injectable hydrogel was synthesized via the interaction between hyper-branched
multi-acrylated poly(ethylene glycol) macromers (HP-PEGS) and thiolated HA (HA-SH)
for the effective adipose-derived stem cells (ADSCs) therapy.[172] The hydrogels displayed
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excellent mechanical characteristics and anti-fouling properties. Moreover, ADSCs loaded
hydrogel revealed favorable regenerative capabilities specifically for the treatment of
diabetic wounds.

Recently, hydrogel-based co-delivery of cells and growth factors/cytokines has become a
promising approach for the treatment of various types of chronic diseases and injures. For
example, to overcome the challenges related to the stem cell delivery for the treatment

of inflammatory bowel disorders, Garcia er a/l172] have designed an injectable hydrogel

to promote immunomodulatory functions (Figure 9B(i)). This hydrogel was prepared from
maleimide-functionalized 4-armed PEG macromer (PEG-4MAL) tethered with recombinant
IFN-y and hMSCs. Interestingly, the hybrid hydrogel exhibited enhanced cytokine
secretion and accelerates the colonic mucosal wound healing in immunocompromised and
immunocompetnent mice (Figure 9B(ii)). Such designed platform is considered to have
significant potential towards the clinical translation and efficacy of hMSC-based therapies.
In another recent study, ADSCs were loaded into a hydrogel made of HB-PEGDA, HA-SH,
and RGD peptides (Figure 9C(i)).[173]. Incorporation of RGD peptide noticeably altered
cellular function (Figure 9C(ii)) and enhanced the paracrine activity of angiogenesis.
Besides, treatment with cell-laden hydrogels has improved the neovascularization, enhanced
wound closure, and decreased scar formation (Figure 9C(iii)).

6.4. Immunomodulation approaches based on delivery of biological molecules

Recently, different molecular approaches are also adopted to control the immune reactions.
In most of these cases, treatment of chronic wounds was achieved based on controlling the
cytokine levels, which eventually modulate inflammation or promote the healing process.
Similar to the hydrogel-based strategies described above, molecular approaches are often
aimed to interfere with the inflammatory outcome of TNF-a[174] or stimulate the IL-10
release.[17] Herein, we have reviewed a range of controlled release strategies that influence
different pathways of wound healing process, from inflammation to healing. This includes
release of various kinds of bioactive components such as cytokines, growth factors, gene,
antibodies and others. These strategies along with their outcomes are summarized in Table 3.

6.4.1. Controlled release of cytokines—Among various bioactive components,
genes encoding growth factors and cytokines are the most suitable candidates to promote
wound closure. Therefore, use of cytokines for the therapeutic development has become a
novel strategy due to their crucial role during various stages of wound healing.[176] The most
important and efficient cytokine-based strategy, which has recently been clinically applied
for decreasing scar formation, is based on TGF-B3, M6P and IL-10 (trade name Prevascar),
and nefopam (trade mane ScarX).[177] Meanwhile, among various cytokine-based strategies,
manipulation of the local IL-10 concentration has been extensively used in chronic wound
healing. This is due to the significant effect of IL-10 on various types of immune cells.

IL-10 also simultaneously encourages Tyegs and acts as an anti-inflammatory and stimulates
macrophage polarization.[178] In addition, IL-10 has shown immunostimulatory effects on
various cell types (e.g. T and B cells, and mast cells) and drives immunosuppressive role

on a broad range of monocytes/macrophages.l1791 Moreover, IL-10 inhibits the synthesis of
various cytokines (e.g. IL-1, IL-2, IL-3, IL-6, IL-8, IL-12, TNF, and IFN) and downregulates
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CD86 expression, resulting in inhibition of antigen presentation.[18] Based on these durable
immunoregulatory properties of IL-10, recent studies have showed its suppressor activity

in controlling immune responses. Therefore, recently IL-10 has been proposed for clinical
applications alone or in the combination with other types of biological macromolecules to
modulate immune responses.[181] In addition to IL-10, other cytokines, such as IL-4, have
also been investigated to develop immunomodulation therapies. It has been shown that IL-4
stimulates pro-inflammatory to pro-reparative polarization and promotes anti-inflammatory
cell proliferation.[182] Kumar et a/[183] have developed a self-assembling peptide/heparin
(SAP/Hep) hydrogel that provide a biphasic pattern of cytokine release of both IL-4

and monocyte chemotactic protein (MCP-1) (Figure 10A(i)). MCP-1 is a chemokine that
releases from activate monocytes and plays an important role for pro-inflammatory stimuli
by producing ROS/reactive nitrogen species (RNS). In this study, the active interactions
between the fibrous hydrogel and macrophages (Figure 10A(ii)), and the biphasic pattern
of cytokines resulted in activation of THP-1 monocytes and macrophages and enhanced
anti-inflammatory phenotype polarization.

Furthermore, /n situ gelation of hydrogel provides capability to preserve cytokines, which
was released upon different cellular immune responses. In addition to the above mentioned
clinically acceptable cytokines, other potent cytokines, such as IL-1f and stromal cell
derived factor-la (SDF-1a.), are still under investigation for the chronic wound treatment.
For instance, IL-1p is a segment of a pro-inflammatory positive response circle, which
withstands a persistent pro-inflammatory wound macrophage phenotype, contributing to the
healing of diabetic wounds. A recent study showed a substantial enhancement in wound
closure in a diabetic mice model by using an antibody that hinders 1L-1p.[184]

6.4.2. Controlled release of antibodies—The main goal towards the controlled
release of antibodies is to interfere with TNF-c.. It is well-demonstrated that in

diabetic diseases having high glucose environment supports pro-inflammatory phenotype
macrophages. Pro-inflammatory phenotype produces noticeable amount of TNF-a which is
harmful for keratinocyte migration.[185] Therefore, neutralization of TNF-a at the injured
site can considerably stimulate the chronic wound healing by reducing the inflammatory cell
infiltration and suppressing pro-inflammatory macrophage activation.[186] A detailed study
in a mouse model showed excessive inflammation upon anti-TNF-a antibody injection,
which altered the pro-inflammatory to anti-inflammatory phenotype balance and switched
the macrophage phenotype to anti-inflammatory phenotype.[1871 In this regards, different
healing formulations has been developed and are commercially available to prohibit the
TNF-a release, including infliximab, and golimumab which have been reviewed elsewhere.
[188] However, anti-TNF-a neutralizing antibody injection may also have harmful side
effects. According to our knowledge, limited studies have been focused on the controlled
release of anti-TNF-a..[189] Moreover, such anti-TNF-a controlled release systems were
commonly studied in the environment of inflammatory diseases and were not assessed in
modulating macrophage pro-inflammatory / anti-reparative polarization balance. In a recent
study, a self-assembled KLD2R peptide/heparin hydrogel was developed for co-delivery

of anti-TNF-a and Hepatocyte growth factor (HGF) with desirable release kinetics for

the treatment of Ischemia-reperfusion (I/R)-induced organ injury (Figure 10B(i)).[19] This
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biomaterial was designed to accomplish fast release of anti-TNF-a along with slow release
of HGF. The designed nanoscale delivery platform successfully promoted the tissue repair
via directing inflammation in mice with renal I/R (Figure 10B(ii)). In another study,

Kaplan et a/[18%] have synthesized low molecular weight glycosylnucleoside-lipid (GNL)
amphiphiles nanofibers (Figure 10C(i)) that showed excellent shear-thinning properties.

By using the mechanical shear stimulation, engineered hydrogels control the release of
efficient role of anti-TNF-a on the immune cell behavior was not investigated in detail.
Although significant efforts have been made in the recent year toward the development of
antibody delivery systems for immunomodulation, there is still need of further improvement
and study for the clinical applications.

6.4.3. Controlled release of anti-inflammatory molecules—In addition to
numerous biological components, several immunomodulatory molecules based on small
molecules including resolvin D1, lipoxin A4 (pro-resolution lipid mediators),[191] catechol,
[192] and Res!193] have been reported for wound healing. These molecules affect

various stages of wound healing process including the inflammatory reactions via anti-
inflammatory phenotype polarization, enhancement in the antigen-specific CD4*T cells
and downregulation of the IL-1. For instance, in a study, catechol, a crucial molecule
which is responsible for mussel adhesion, was used to develop an IPN hydrogels. In

this case, along with the self-covalent crosslinking between chitosan and oxidized HA,
hydrogel material was further secondarily crosslinked with Fe*3 ions (Figure 11A(i)).[194]
In addition to the strong adhesion to the wet tissues (Figure 11A(ii)), the engineered hybrid
hydrogel also down-regulated the pro-inflammatory cytokine (e.g. IL-1p) release (Figure
11A(iii)). Moreover, /in vivo experiments showed fast vascularization upon application of
the IPN hydrogels.[194] Combination of IPN hydrogels with growth factors was also used
to control the immune responses. For example, co-delivery of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and BDC peptide using a pore-forming injectable gel
was investigated by Verbeke et a/[108] BDC peptide is a peptide antigen mimotope which
can be detected by T cells in a mouse model of type 1 diabetes.[1%] In this study, an
alginate-based hydrogel was used for the encapsulation of GM-CSF conjugated AuNPs
and peptide-encapsulated PLGA (Figure 11B(i)). Subcutaneous administration of the hybrid
hydrogel resulted in a concentrated antigen-specific T cell expression in the lymph nodes.
Consequently, antigen-specific CD4* T cells enhanced the cognate antigen accumulation
(Figure 11B(ii)) and expressed markers of Tyeqs leading to a decrease in the acceleration of
disease progression in NOD mice.[108] However, co-delivery of various agents with different
hydrophobic and hydrophilic properties is not feasible by using a single hydrogel network.

To overcome the issues of co-delivery of both hydrophilic and hydrophobic molecules, a
dual affinity hydrogel was developed using PEGDA, which gain the growth factor affinity
of a heparin derivative (Hep~™) and lipid chaperone activity of albumin (Figure 11C(i)).[19€]
Two bioactive molecules, SDF-1a and sphingosine-1-phosphate receptor 3 (S1PR3), were
effectively encapsulated and released from the functionalized PEGDA hydrogels, while
preserving their functionality. Injection of the hydrogel into a skin wound injury exhibited
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accelerated macrophage polarization and neovascularization, which promoted rapid tissue
repair (Figure 11C(ii)).

6.4.4. Controlled release of Antimicrobial peptides—Antimicrobial peptides
(AMPs) are another group of molecules which could easily modulate to immune system.
AMPs are natural or synthetic polypeptide molecules with amphipathic structure.[197] These
molecules are naturally constructed by various microorganisms such as bacteria, insects and
mammals.[198]

There are numerous kinds of AMPs that can be categorized in four main subdivisions,
depending on their structural assortment: a-helix, B-sheet, extended, and loop.[19%] Due
to the rise of antibiotic-resistant infection agents, AMPs have been loaded in different
biomaterials to be used as wound dressings, and reviewed recently.[290] While the
important aspect of using AMPs is related to their ability to control the microbial
proliferation and colonization of pathogens, they also assist in both controlling the
immune responses and regeneration of the wounds. Mechanistically, AMPs reveal anti-
infective properties and manipulate various immune cell functions. These types of
peptides are named as host defense peptides (HDPs) and contain positively charged and
hydrophobic residues. Immunomodulatory activity of these peptides is at the level of innate
immunity and, hereafter, they are referred to innate defense regulator (IDR) peptides.[20]
The immunomodulatory properties of IDR peptides consist of activation of leukocyte,
differentiation of macrophage and leukocyte, modulation of ROS expression, decrease the

level of pro-inflammatory cytokines, and finally increase in the angiogenesis and wound
healing.[197. 202]

Among various others, recently, AMPs consisting of L12 peptides[293] and LL-37204] were
encapsulated in hydrogels for immunomodulation. Generally, these bioactive molecules,
beside their significant antimicrobial activity, interact with TLRs, hinder TLR signaling
pathways, inhibit TNF-a release from macrophage, and finally accelerate wound healing.
[205] For instance, Yang et a/[204] have developed LL-37 encapsulated chitosan hydrogels
that showed controlled release of LL-37 in addition to the significant antibacterial activity
against the growth of Staphylococcus aureus. LL-37 encapsulated chitosan hydrogel
hindered the TNF-a release from macrophage, improved the newly formed capillary
formation, and promoted the expression of key macromolecules in the angiogenesis

process, consisting of hypoxia inducible factor-1a (HIF-1a) and VEGF-A. Having such
interesting properties, as-prepared LL-37 encapsulated chitosan hydrogel was suggested as a
promising therapeutic component to decrease the pressure ulcers area in a mice model.[204]
Besides such considerable progress towards the application of AMPs for immunomodulation
strategies, certain limitations including high cost of production, toxicity, and low stability /n
vivo and their unidentified mechanisms of action raise significant concerns, which require
more investigation in the future.

6.5. Immunomodulation approaches based on gene delivery

Gene delivery is known to be a multi-purpose alternative strategy, specifically for the direct
delivery of immunomodulatory factors in the wound area. The main goal of gene delivery
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mediated immunomodulation strategy is to modulate the macrophage phenotype in order

to increase the IL-10 and IL-4 expression, reduce the pro-inflammatory cytokine secretion,
and increase the recruitment of Tyegs to hinder the inflammation.[2%8] Till today, most of the
platforms based on controlled release of nucleic acids have been designed for the treatment
of various cancer diseases.[207] Only limited studies have focused to modulate inflammation
that support wound healing.

In general, vectors for gene delivery including DNA and RNA are lipids, proteins or
biomaterials that effectively overcome the /n vivo barriers to transfer the gene efficiently.
[208] RNA delivery approaches are often based on their internalization into dividing cells.
Meanwhile, macrophages secrete various types of degradative enzymes. Therefore, the
carriage vehicles, which effectively target the macrophages, should protect the RNA against
enzymatic degradation of macrophages. During the past few years, delivery of siRNA and
miRNAs has obtained great attention for reducing the expression of a target gene.[209]
Mostly, siRNA and miRNAs are noncoding RNAs with crucial functions in the management
of various types of genes. They employ gene silencing effects at the post-transcriptional
level by directing mRNA.[210]

SiRNA is a short molecule (~21-25 nucleotides length encoding) which can especially silent
the projected genes via knockdown of mMRNA target. sSiRNAs have been studied against
different receptors in chronic wound healing including TGF-p1, Prolyl hydroxylase domain
protein 2 (PHD2), MMP9, and connective TGF (CTGF).[211] For instance, expression of
CTGF was reported for the siRNA encapsulated skin sutures applied in a 3™ degree

burn stimulated scar animal model.[211¢] Generally, due to the anionic nature of SIRNA,

the cationic complexes are often applied as the carriers for their controlled release in

the damaged area (Table 3). Recently, Kim er a/[212] have developed a matrix for MMP-
responsive release of sSiRNA. They applied a polyethyleneimine hydrogel conjugated to

a polycaprolactone (PCL)-PEG matrix using a MMP-cleavable linker, while sSiRNA was
electrostatically loaded in it (Figure 12A(i)). In this study, siRNA-incorporated construct
remarkably improved MMP-2 gene-silencing properties of siRNA and accelerated the
wound remodeling at the injured site (Figure 12A(ii)). In addition, the recovery rate

of diabetic ulcer wound was significantly enhanced. In another study, a layer by layer
(LBL) technology was applied for the controlled release of siRNA from the coating on a
commercial nylon bandage (Figure 12B(i)).[211¢] In this study, the authors aimed to locally
knockdown the MMP-9 expression in the proteolytic wound using controlled release of
siRNA that enhanced the ECM accumulation. Chemically, this immunomodulatory coating
(Figure 12B(i)) was made of poly(p-aminoester)2 (Poly2) and dextran sulfate organized in
a hierarchical model. On the top of this coating (referred as X), a LBL film (referred as Y),
accumulated from chitosan and siRNA, was placed for controlled release of siRNA ranging
from hours to weeks. in vivo studies in a genetically diabetic mouse model (Figure 12B(ii))
revealed that siMMP-9 incorporated bandages significantly improved re-epithelialization as
compared to control. In addition, the wounds treated with MMP-9 siRNA revealed more
than five times of collagen deposition as compared to the control (Figure 12B(iii)).

Meanwhile, miRNAs are short molecules (22-nucleotides length noncoding RNASs) which
have been used as a crucial gene regulator. miRNAs can bind to 3’ untranslated region
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of targeted MRNA, leading to translational suppression or degradation of the same.[213]
Compared to siRNA which is highly specific with unique mMRNA target, miRNAs have
several targets.[210] Therefore, miRNAs have obtained substantial attention for the treatment
of various diseases in particular wound healing.[224] To date, numerous miRNAs have been
identified for controlling various steps of wound healing process and reviewed recently.
[215] For example, miR-21 promotes fibroblast migration, differentiation, and contraction
by moderating the TGF- signaling, which often decreased in diabetic wounds.[20%] |n
addition, miR-21 acts as a moderator of pro-inflammatory / pro-reparative phenotype and
modulates the switch from pro-inflammatory to anti-inflammatory states [216], miR-132
also supports the alteration from inflammatory to proliferation phase of wound healing

by declining chemokine secretion and suppressing the NF-jB pathway, so diminishing
leukocytes recruitment.[217] Furthermore, miR-223 acts as a controller for inflammatory
responses that motivates the polarization of macrophages to a healing phenotypel218],
Moreover, the expression of miR-223 gets enhanced during the differentiation of
monocytesl?1%] and granulocytes [2201 while decreases during the differentiation of
macrophages.[221]

Despite the pivotal role of miRNA in regulating chronic wounds, gene therapy approach
has not been broadly investigated due to the absence of ideal carriage systems. This could
be also related to the specific properties of miRNAs including fast degradation rate using
RNases, their negative charge, and a limited half-life (10 min in plasma).[222] In a recent
study, our group developed a GelMA-based adhesive hydrogel comprising of miR-223

5p mimic (miR-223*) encapsulated HA nanoparticles in order to modulate macrophages’
polarization in vitroand in vivo (Figure 13A(i)).[74P] While inclusion of nanoparticles

did not change the adhesive strength of the hydrogels (Figure 13A(ii)), upregulation of
miR-223* in macrophages improved the anti-inflammatory gene expression and reduced
the proinflammatory markers (Figure 13A(iii)). /n vivo studies also revealed that controlled
release of miR-223* significantly promoted the vascularization at injury site. Meanwhile,
Li et al. [223] have also evaluated the local release of miR-132 in a wound of leptin receptor-
deficient diabetic mice (Figure 13B(i)). In this study, local release of miR-132 accelerated
the wound closure, which was accompanied by enhanced proliferation of keratinocytes at the
wound edge (Figure 13B(ii)).[223] This group also applied a liposome-formulated miR-132
in the combination with a pluronic F-127 hydrogel on a skin wound model and showed

a significant increase in re-epithelialization upon application of the biomaterial (Figure
13B(iii)). Overall, both miRNAs and siRNAs have revealed promising potential to control
the immune system and promote the wound healing process, while none have reached
clinical trials yet. Therefore, further advances in drug delivery techniques are necessary for
their usage as therapeutics in the clinic.

7. Conclusions and Future Perspective

Wound healing is a complex process considered by organization of adjusting molecules,
cells, signaling pathways and finally, matrix synthesis. Slow rate of healing in chronic
wounds, such as diabetic and trauma wounds, is one of the serious problems, threatening the
life quality of millions of people around the world. To overcome this challenge, extensive
research on engineering functionalized hydrogels, incorporated with different types of
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bioactive molecules including growth factors or cytokines, has resulted in the development
of smart wound dressings. Recently, the application of smart hydrogel-based biomaterials
for the management of a few types of autoimmune diseases has been reviewed[dl. Ongoing
improvement in the bioengineering of skin, by using cutting-edge tissue engineering
strategies and knowledge of molecular signaling pathways, has made further advancement in
management of wound healing.

Recent findings have increasingly shown a great potential of directing the immune system
for improved chronic wound healing. In this regard, various strategies are presented for the
spatiotemporal control over immune responses. The success of immunoregulatory constructs
spurs the development of novel ways for scarless tissue regeneration. This review discussed
the design of advanced hydrogels with controlled characteristics for modulating immune
responses and promoting chronic wound healing. Studies have shown that the hydrogel
properties can regulate either innate or adaptive immune cell responses in various stages of
wound healing. Ongoing research has been focused on the new hydrogel synthesis methods
to modulate the adaptive immune responses. Therefore, investigating the interactions
between immune cells and various types of natural and synthetic hydrogels may afford
critical mechanistic insight. However, clinical translation of these structures requires more
analysis of /in vivo responses.

Moreover, hydrogels can be designed for immunomodulatory therapy of chronic wounds
via delivery of bioactive molecules, including antimicrobial molecules, immunomodulatory
components, growth factors and gene as well as cell delivery (Figure 1). Various types

of natural and synthetic hydrogels have been served as a delivery system by protecting
bioactive molecules from protease degradation. However, control over the release of
bioactive molecules to tailor immunotherapy is one of the main challenges. This challenge
can be addressed via designing new types of stimuli-responsive hydrogels and employment
of numerous strategies to engineer micro- and nanoscale platforms for the treatment of
chronic wounds.[9€: 101, 2080, 224] For example, a GelMA-based MN patch has recently
been applied for local and controlled delivery of plasmid DNA (pDNA). In this research,
intracellular delivery of the nucleic acid cargo was provided using poly(f-amino ester)
(PBAE) nanoparticles.[2080] |n addition, a dissolvable poly-y-glutamate (-y-PGA) MN
patch with immunomodulatory effects has recently been developed. The patch provided
the controlled release of y-PGA into the DC-rich dermis to interact with DCs for
immunomodulatory effects. In this study, immune responses were modulated via changing
the molecular-weight of y-PGA.[225] In addition, a detachable MN patch based on GelMA
was developed for MSCs delivery.[226] Such innovative cell delivery technology revealed
great promise for improved treatment of skin wounds. Meanwhile, simultaneous and/or
gradient delivery of two or more immunomodulatory agents using MN patches is another
interesting direction for the future studies on chronic skin wound healing. Currently, this
strategy has been applied for cancer immunotherapy(224e. 224il and its application for skin
regeneration has not been investigated yet.

Hydrogels have also been combined with other advanced manufacturing techniques such
as 3D printing technology for immunomodulatory purpose and/or skin regeneration.[227]
Moreover, designing smart and flexible wound dressings, interfacing biological tissues with
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flexible electronics, is another direction which may significantly affect the chronic wounds
treatment.[87. 228] |n this regard, hydrogel based bioelectronics which can simultaneously
monitor wound status in real time and provide controlled release of bioactive molecule will
interesting. Thus, developing such stimuli-responsive hydrogels has become the center of
the growing field of smart drug systems. [87: 2291 For instance, a conductive hydrogel made
of polydopamine functionalized silver nanoparticles, polyaniline, and PVA with tunable
mechanical and electrochemical properties, has recently been developed for epidermal
sensors and diabetic foot wound dressing.[22%9] However, lack of knowledge on the current
hydrogel based bioelectronics that can control the release of immunomodulatory agents for
chronic skin wound healing, is the main challenge of these promising smart integrations.
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Figure 1.

Schematic representation of various hydrogel-based immunomodulation strategies
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Figure 2. Schematic representation of macrophage polarization pathways.
Mature macrophages originated from blood monocytes are specific for wound healing.

Two possible polarization states of macrophages are pro-inflammatory and pro-reparative
phenotypes. Pro-inflammatory macrophages are defined based on the expression of various
pro-inflammatory cytokines. In the reaction of interleukin (IL)-4 and —-13, anti-inflammatory
macrophages get activated, leading to the production of I1L-10 and transforming

growth factor (TGF-B). pro-inflammatory / pro-reparative phenotype polarization process
depends on the physiological environment. Based on various stimulation such as using
glucocorticoids, Lipopolysaccharides (LPS) and immune complexes, different kind of pro-
reparative phenotype macrophages (M2a, M2b and M2c) are determined.
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Figure 3. Hydrogels designed for the treatment of chronic wounds.
A) Synthesis of various types of hydrogels through chemical and physicals crosslinking

mechanism. B) A hydrogel-based smart bandage for monitoring and healing of infected
wounds: (i) the schematic of the smart bandage, made of pH sensors and heater, to

activate thermo-responsive carriers compromising of antibiotics. The setup was also
coupled with an electronic element to record the signals; (ii) the antibiotic encapsulated
microparticles loaded in alginate matrix. Reproduced with permission from Ref.[87]. C) A
nanocomposite hydrogel for chronic wound healing; the schematic representing the process
of CuS/mSiO,-3-(trimethoxysilyl)propyl methacrylate(MPS)/ poly(N-isopropylacrylamide)
(PNIPAM) hydrogel synthesis. Reproduced with permission from ref.[9],
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Figure 4. Bioactive and interactive dressings for the treatment of chronic wounds:
A) An sprayable adhesive and elastic antimicrobial hydrogel for the chronic wound healing:

(i) schematic illustration of the methacryloyl substituted recombinant human tropoelastin
(MeTro)-gelatin methacryloyl (GelMA)-antimicrobial peptides (AMP) synthesis; (ii) the
adhesive hydrogel was formed after spraying the pre-polymer solution and short visible light
exposure; and (iii) Colony-forming unit (CFU) counting evaluation of MeTro/GelMA-AMP
hydrogels compromising of various AMP contents (0, 0.1, 0.3 and 3 wt%) confirming the
significant antibacterial activity of the adhesive hydrogel. Reproduced with permission from
Ref.[91]. B) A peptide-designed nanolayer developed to manage diabetic wound ulcers: (i)
A schematic showing QHREDGS peptide integrated into silk nanosheets. Polyvinyl alcohol
(PVA) sacrificial layer was also applied which could be removed by facile water dissolution;
ii) highly transparent bioactive adhesive sheet with sacrificial PVA supporting film; (iii)

in vivo evaluation of diabetic wound treatment in db/db mice (a-SMA staining) on day

14. Reproduced with permission from Ref.[92]. C) A self-healable hydrogel for sequential
release of antibacterial component and growth factors: (i) the preparation of the injectable
and self-healing basic Fibroblast growth factor (0FGF)@ poly(lactic-co-glycolic acid)
(PLGA)/chlorhexidine acetate(CHA)/hydrogel based on the reaction of aminated gelatin
(NGel), oxidized dextran (ODex) and adipic acid dihydrazide (ADH); (ii) the synthesis of
bFGF@PLGA microspheres; (iii) self-healing mechanism of NGel-ODex-ADH hydrogels;
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and (iv) sequential release of various agents from bFGF@PLGA/CHA/hydrogels, after
injection in wound sites. Reproduced with permission from Ref.[93],

Adv Mater. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kharaziha et al.

Page 45

““ ‘.llllllllllllll.lllllllllll'lll.llIlllllllllllllllllllll.lllll.llllllllllllllll...
i
>

(i) Flexible heater Controller and (j /)
power source

.

SasssssssEEEEsNE NSRS REREERENERnnnnnn?

P R L

\'J
o
iy
'Eg 60
¢ 40
E H
E§20 -0-37C —-25C
500 jim °§ 0 ¥
20 40 60 80
Time (h) K

\d
M L L L L L LR L L] ssssnnnnnnnnnnnnnnns®
L L L LX) SEssssssssnEnsnnnN,,
-

) (ii)

s

.

Microneedle
L NN, X
';f“ﬁ%{%dr

i

% Wound Closure

L R R L O
"sssssssssssssmssmsssmssnmmn®

Jmm, 7 13 15 19
Day 2

<
SN SN NSNS NSNS SN ESEEESSSSEESEEsssssmsssssmmns®

.‘

A

Figure 5. Smart hydrogel-based skin patches for the management of chronic wounds:
(A) Hydrogel-based smart bandage for monitoring and management of infection in chronic

wounds: (i) Schematic representation of an engineered smart bandage; (ii) a representative
image of the designed heater on the flexible substrate and the encapsulated thermo-
responsive poly(N-isopropylacrylamide) (PNIPAM) microparticles with dextran; (iii) an
optical image of the integrated wound dressing system; (iv) the ex vivo application of the
smart patch over the human skin; (v) the release of dextran from the PNIPAM particles at
various temperatures. Reproduced with permission from Ref.[101, (B) A microneedle (MN)-
based smart bandage for therapeutic delivery: (i) representation of various components of
the bandage and its connection with the skin. Integrated wearable bandage connected to the
controlling module to communicate with a smartphone; (ii) three-dimensional (3D)-printed
MNs and its microscopic image; and (iii) Haemotoxylin and Eosin (H&E) staining for the
evaluation of the neotissue in two groups. Noticeable wound closure (95%) was detected in
contact with Vascular endothelial growth factor (VEGF)-released MNs group. Reproduced
with permission from Ref.[101],
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Figure 6. The immunomodulatory potential of hydrogels for chronic wound treatment:
A) Pro-inflammatory and anti-inflammatory responses of low-molecular weight (MW)

hyaluronic acid (HA) and high-MW HA, respectively. While low-MW HA is a ligand of
Toll-like receptor (TLR) signaling, high-MW HA negatively modulate pro-inflammatory
TLR signaling at various steps. B) Photosensitive nanocomposite hydrogel based on

HA for macrophage polarization: (i) Schematic for HA-based hydrogel fabrication

using acrylated HA macromer (HA-AC) and alkoxylphenacyl-based polycarbonate (APP)
nanocarrier encapsulated with Arg-Gly-Asp (RGD) peptide. After ultraviolet (UV) exposure,
RGD covalently conjugated onto HA hydrogel to stimulate avp3 integrin macrophage
expressions; (ii) conjugation kinetics of RGD peptide to HA-AC via various UV exposure
times; and (iii) quantified avp3 integrin expression in nanocomposite hydrogel with
increasing UV exposure time. Reproduced with permission from Ref.[120]. C) Controlled
macrophage polarization in contact with GelMA and poly(ethylene glycol) diacrylate
(PEGDA): proposed mechanism in which GeIMA molecules could manage THP-1 cells into
a pro-inflammatory or anti-inflammatory phenotypes. Reproduced with permission from
Ref.[115]. D) Immunomodulatory properties of fibrin and fibrinogen hydrogel: (i) Schematic
of experimental conditions evaluating the effect of fibrin and fibrinogen or mixture of these
on macrophage activation, (ii) Tumor necrosis factor-a (TNF-a) and I1L-10 secretion by
macrophages which were stimulated using Lipopolysaccharides (LPS) and cytokine (I1L-4/
IL-13) and cultured on tissue culture plate (TCP, control) or 2 mg/ml fibrin gels, with and
without 2 mg/ml fibrinogen (*p < 0.05). Reproduced with permission from Ref.[124],
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Figure 7. Immunomodulation strategies based on hydrogel chemistry for chronic wound
treatment:

A) In situforming silk hydrogel for the treatment of a full-thickness burn wound:

(i) Schematic showing the formation of silk hydrogel for wound healing; (ii)
immunohistochemistry (IHC) of collagen type | in the wounds, representing scattering of
collagen fibers in the regenerated tissues treated with SF and Col hydrogels. Reproduced
with permission from Ref.[127]. B) Fabrication of immunomodulatory nanocomposite
hydrogels: (i) Schematic showing the process of CS-MQD hydrogel synthesis; (ii)
photographs presenting the self-healing of chitosan (CS)-MQD hydrogels. Reproduced
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with permission from Ref.[134]. C) Silver ions crosslinked chitosan hydrogel, loaded

with Fibroblast growth factor (bDFGF@CS-Ag) hydrogel for wound treatment: (i)
Schematic showing the microscopic healing progression after bFGF@CS-Ag injection; (ii)
representative micrographs of the control, bFGF, CS-Ag and bFGF@CS-Ag treated groups
on day 7. Reproduced with permission from Ref.[135],
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Figure 8. Immunomodulation strategies based on surface properties of hydrogels for chronic
wound treatment:

A) Role of surface topography of various gelatin methacryloyl (GeIMA) hydrogels on the
immune cell behavior: (i) representative phase contrast images of macrophages on various
patterned GelMA hydrogel and tissue culture plate (TCP) (G: microgrooves, P: micropillars
and U: unpatterned) after 3 days (Scale bar=100 pum); (ii) cytokine secretion by macrophages
on micropatterned GelMA,; and (iii) heatmap of top 10 considerably changed genes from

the microarray data. Reproduced with permission from Ref.[160]. B) The foreign body
responses to polyethylene glycol (PEG) hydrogels with different mechanical stiffness and
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zwitterionic property: (i) A schematic showing the synthesis of zwitterionic hydrogel based
on PEG diacrylate (PEGDA) and zwitterionic 2-methacryloxyloxethyl phosphorycholine
(PC) group; (ii) the number of macrophages attached on the hydrogels; and release of (iii)
Interleukin (IL)-10 and (iv) Tumor necrosis factor-a (TNF-a) from macrophages cultured
on hydrogels with various stimulation factors (NS: no stimulation, LPS/IFN-y: 1ng/mL
Lipopolysaccharides (LPS) and IFN--y, IL4/IL13: 20 ng/mL 1L4 and 1L13, LPS/IL4/IL13:
0.5ng/mL LPS and 20ng/mL 1L4 and I1L13). Reproduced with permission from Ref.[162],

Adv Mater. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kharaziha et al.

\i~ @ Ativated‘: SRS
I:mmrln .‘ VYV

-~ Multi-acrylate, Thiolated H {ii) Integri
) HB-PEGDA F-Actin
Vinyt Non-muscle myosin Il
Asc-

A _.“.) ................................................................................................................ g :
s B [0} (1) CycdNF-hydrogel |
w‘w A Shisl Bae ) 4-arm PEG-MAL [ = }g‘?‘ w

" L S| :(u

Neterminal IFN-y

R PRI, g, SR,

T/ e B
: " L °=(c“‘ : e ®

" EPL \ <CHEN-
FHE@exo @ = fecmccceeaaa-

OHA

: 3

Y\/v % . i
3 Cysteine-madified

EPL R :

IFN-y-modified
PEG-MAL

wmmm  Adhesive igand
i inmscs .

: : Protease-degradable 0
: |— >

cross-inker

(i)

Control

alpha-actinin

"4 Autoinhibited
F~vinculin

4 Insitu ln 4= 4% .
golalloﬂ ' : : : : 1 :. 5 : Cell membrane

Figure 9. Immunomodulation strategies based on stem cell delivery using hydrogels for chronic
wound treatment:

A) Development of an injectable and thermal-responsive hydrogel based on Schiff based
interaction between Poly-e-L-lysine (EPL) and oxidative HA (OHA): (i) Schematic
representing the synthesis process of the hybrid hydrogel; (ii) photographs showing the
injectability of the hydrogel via the catheter; (iii) collagen type | expression in wounds
preserved with adipose-derived mesenchymal stem cells exosomes (AMSCs-exo) loaded
hybrid hydrogel (FHE@exo0) compared to control. Reproduced with permission from Ref.
[170], B) Tethering of Interferon (IFN)—y (cys—IFN—y) onto the 4-armed polyethylene
glycol macromere (PEG-4MAL) hydrogel as a carrier for human mesenchymal stem cells
(hMSCs) to control immunomodulatory functions: (i) Schematic representation of tethering
of cys—IFN-y onto PEG-4MAL hydrogels. Cytokine functionalized with adhesive ligands,
hMSC, and degradable crosslinker; (ii) encapsulation of hMSCs in cys—IFN—y modified
hydrogels promoted colonic wound treatment in an immunocompetent mouse. Reproduced
with permission from Ref.[172], C) HA based hydrogel for delivering adipose stem cells
(ASCs) to promote regeneration of burn injury: (i) Schematic illustration of the ASCs loaded
in the hydrogel made of hyper-branched poly(ethylene glycol) diacrylate (HB-PEGDA),
thiolated HA (HA-SH) and RGD peptides; ii) schematic representing the role of RGD on
the cellular function in the hydrogel environment; (iii) Haemotoxylin and Eosin (H&E)
stained tissues after the treatment with ASC loaded PEG-HA-RGD hydrogel, showing its
effective role on angiogenesis and re-epithelialization (scale bars ~100 um). Reproduced
with permission from Ref.[173],
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Figure 10. Immunomodulation strategies based on release of cytokines and antibody
components.

A) Synthesis of a multi-domain peptide for immunomodulation: (i) Engineering and (ii)
immunologic assessment of multi-domain peptides. Reproduced with permission from
Ref. [183]. B) Development of immunomodulatory hydrogel based on KLD2R/heparin
(Hep) -yhydrogel for dual-drug delivery of anti- Tumor necrosis factor-a.(anti-TNF-a) and
Hepatocyte growth factor (HGF): (i) Schematic illustration of hydrogel for co-delivery

of KLD2R/Hep. The hydrogel was formed based on the electrostatic interaction between
the cationic KLD2R peptide and anionic Hep. Heparin also showed great affinity to

HGF; and (ii) representative images of CD68 staining, with and without release of
anti-TNF-a and HGF. Reproduced with permission from Ref.[1%]. C) Low molecular
weight glycosylnucleoside-lipid (GNL) amphiphiles for sustained release of TNF-a.: (i)
transmission electron microcopy (TEM) image of oleoylamide GNL nanofibrous structure,
(ii) schematic of the mechanical shear stimulation for controlled release of anti-TNFa.
The captured macromolecules (“Y”) diffused out into the water because of GNL hydrogel
formation (blue lines); and (iii) the anti-human TNF-a 1gG release from GNL which gets
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enhanced after mechanical shear stimulation using 10 Pa shear stress. Reproduced with
permission from Ref.[1890],
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Figure 11. Immunomodulation strategies based on the release of inflammatory components:
A) Catechol based hydrogels for chronic wound healing: (i) Scheme of the interpenetrating

network (IPN) formation based on chitosan (Ch) and oxidized HA (HA0x), crosslinked
using terpolymer (T) and metal ion (Fe3*) ligand complexation of the catechol groups; (ii)
IPN hydrogel was attached to the porcine skin for the lap shear test; (iii) Interleukin (IL)-1p
expression of the H,0, treated (positive control), hydrogel treated, and non-treated (negative
control) samples measured using ELISA kit ((*p < 0.05) and (#p < 0.05)). Reproduced

with permission from Ref.[1%4]. B) Development of immunomodulatory hydrogel based

on alginate: (i) schematic representing of a matrix metalloproteinases (MMPs)-cleavable
BDC peptide conjugated alginate for controlled release of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and BDC peptide; and (ii) delivery of peptide-loaded alginate
led to peptide presentation of tetramer+ CD4+T cells. Proliferation of T cells after
interaction with BDC peptide or BDC peptide-loaded alginate, following co-culture with
bone marrow-derived dendritic cells (BMDCs). Reproduced with permission from Ref.[108],
C) Development of immunomodulatory hydrogel based on poly(ethylene glycol) (PEG): (i)
schematic illustration of the synthesis process of Hep™N-PEGDA hydrogel for the release of
SDF-1a and FTY720; and (ii) confocal images of the hydrogel implant, showing that tissue
around stromal cell derived factor-1a (SDF-1a) hydrogel included rounded CX3CR1-GFP+
cells neighboring with the vasculature, while tissue around the SDF-1a + FTY720 hydrogel
revealed an elongated morphology. Reproduced with permission from Ref.[19],
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Figure 12. Immunomodulation strategies based on Small interfering RNA (siRNA) delivery.
A) siRNA-decorated nanofibrous meshes for treatment of diabetic ulcers: (i) Formation of

the matrix metalloproteinases (MMPs)-responsive nanofibrous meshes; (ii) the engineered
strategy for the treatment of diabetic ulcers using the siRNA-incorporated nanofibrous
membrane. Reproduced with permission from Ref.[212]. B) A layer-by-layer (LBL) wound
dressing for diabetic wound healing: (i) A schematic representation of the LbL coating

on a nylon bandage for the sustained release of siRNA. The first (X) LBL layer was

a degradable coating, the second (Y) layer comprised the siRNA; (ii) schematic of the
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bandages applied to the full-thickness wounds on the mice: (1) a circle wound was removed
from the mouse back, (2) The designed bandage was placed on the wound site and (3) the
bandage was preserved using an adhesive bandage; (iii) the collagen stained images via
crossed-polarizers. While collagen type | was the large orange-red fibers, collagen type was
the thin green fibers. Reproduced with permission from Ref.[211c],
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Figure 13. Immunomodulation strategies based on microRNA (miRNA) delivery.
A) An adhesive gelatin methacryloyl (GeIMA) hydrogel encapsulated with miRNA-loaded

nanoparticles (GelIMA/NP/miR-223*) for local immunomodulation: (i) A Schematic
illustration of the GelMA/NP/miR-223* synthesis as an adhesive hydrogel; (ii) adhesive
properties of GelMA/NP/miR-223*; and (iii) quantitative polymerase chain reaction (QPCR)
analysis of anti-inflammatory results of miR-223* transfection in J774A.1 macrophages,
after incubation with GelMA/NP, before and after miR-223* encapsulation. Reproduced
with permission from Ref.[74P]. B) miRNA-132 loaded hydrogel for the chronic wound
healing: (i) a wound edge biopsy was obtained from day 7 of diabetic foot ulcer (DFU);

(ii) representative images of Haemotoxylin and Eosin (H&E)-stained wound tissues. Dashed
lines show the new epithelial tongue; (iii) immunostaining of Ki-67 on day 5. Reproduced
with permission from Ref. [223],
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Table 1.

Various types of commercially available wound dressings [230]

Type of wound Trade name Composition
dressings
Hydrocolloides Debrisan Dextran
Sorbex Cellulose sheets
Granuflex Sodium Carboxymethy! cellulose, gelatin
Comfeel Alginate
Hydrogels TegaGel Alginic acid
Intrasite Carboxymethyl cellulose polymer and propylene glycol
Nu-gel Alginate
Integra Collagen, glycosaminoglycan (GAG), and a protective silicone membrane
Hyalomatrix Hyaluronic acid
SilvaKollagen Hydrolyzed collagen gel filler with silver oxide
ScarX Nefopam incorporated hydrogel
Prevascar IL-10 incorporated hydrogel
Polymeric foam/ Semi- Flexzan A sterile, ultra-thin, highly conformable, semi-occlusive polyurethane foam
permeable film and Biopatch A hydrophilic polyurethane absorptive foam with Chlorhexidine Gluconate
foam dressings Biatain Conformable polyurethane foam dressing with a semi-permeable, water- and bacteria
Opsite proof top film and a soft silicone adhesive.
Lyofoam Poly-urethane or silicone center with a semi- occlusive outer layer
DermaBlue Polyurethane Foam Sterile Dressing
GEMCORE360° Polyurethane/polyether foam consisting of methylene blue and silver sodium zirconium
phosphate
Antimicrobial dressing consisting of a high-performance foam impregnated with
polyhexamethylene biguanide
Alginate dressing Sorbsan Calcium salt of alginic acid, prepared as a textile fibrer
Kaltostat 80% calcium alginate/20% sodium alginate dressing
Algisite Calcium-alginate dressing which forms a soft, gel
Tissue engineered skin Apligraf FDA approved skin equivalent substitute consists of keratinocytes and fibroblast-seeded
substitutes Alloderm collagen for venous ulcers
Biobrane Normal human fibroblasts with all cellular materials removed
Hyalograft. A silicone membrane bonded to a nylon mesh to which peptides from dermal collagen
have been bonded to nylon membrane
Hyaluronan based scaffolds
Medicated dressings DebridaceT Ointment contains papain and urea
Fibrous membrane Aquacel® Non-woven sodium carboxymethyl cellulose hydrofibre integrated with ionic silver.

Tegaderm™Nanofiber

Poly e-caprolactone (PCL)/gelatin electrospun onto a polyurethane dressing

Adv Mater. Author manuscript; available in PMC 2022 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kharaziha et al.

Table 2.

Page 59

Various types of bioactive components used to form bioactive hydrogels for wound healing applications

Components Role Reference
Ceramic based  Bioactive glass Improve vascularization via stimulatory effects on gap junction communication [231]
NPs between HUVECSs and upregulated connexin43 expression. Prompt expression of
VEGF and FGF in HUVECs
Titanium oxide Improve antibacterial property through ROS generation. Improve mechanical and [232]
swelling properties along with hydrophilic characteristics. Accelerate healing of
open excision wounds type
Zinc oxide Improve antibacterial property, antineoplastic, promote keratinocyte motility, [64a, 233]
angiogenesis and wound healing
Copper oxide Improve antibacterial property, increase gene and in situ up-regulation of [234]

proangiogenic factors. Increase blood vessel formation. Enhance wound closure

Laponite Improve antibacterial and hemostatic properties. Ability to encapsulate various [64e, 74a, 208D]
types of drug like molecules
Carbon-based CNTs Effective bactericidal activity against bacteria, cause RNA efflux, and disrupt cell [208b, 235]
NPs membranes of bacteria
Carbon quantum dots Intrinsic peroxidase-like activity. pH sensitivity. Antibacterial activity [236]
Graphene Antimicrobial activity against microbes such as E. coli., S. aureus, P. aeruginosa [237]
and Candiida albicans. Stimulate collagen synthesis.
Nanodiamonds Sustained release of the angiogenic growth factor. Improve mechanical properties [238]
of hydrogel,
Metallic NPs Au Antimicrobial and antioxidant activity. Stimulate high expression of pro- [239]
angiogenic agents. Stability against enzymatic degradation of collagen
Silver Avoid contamination and colonization. Anti-inflammatory and angiogenesis for [135, 240]
wound treatment. Decrease secretion of VEGF and pro-inflammatory cytokines
Gallium Antimicrobial activity. Increase capability to enhance thrombus generation [241]
Polymeric NPs  Chitosan Assist blood coagulation by attaching to red blood cells. Promote inflammatory [242]
cell functions.
Lignin Inherent antimicrobial and antioxidant capabilities [243]
PLGA Control the release of various therapeutic agents [93]
Composite Mesoporous silica/ Antibacterial activity. Promote new tissue formation [90]
NPs Cus
Ag/graphene Excellent antibacterial abilities. Accelerate the healing rate of artificial wounds [244]
Ag/chitosan NPs Improve antibacterial activity. /7 vitro antioxidant activities and hemolytic [245]
behaviour. Enhance wound healing, Prevent the oxidative damage. Enhanced the
wound re-epithelialization.
Melaleuca alternifolia,  Improve antimicrobial properties, non-toxic to fibroblasts, antiviral, antioxidant, [246]
Essential Oils  Hypericum perforatum  anti-inflammatory, anti-allergy
Honey Inhibit microbial biofilm growth, granulation and angiogenesis stimulation, [247]
reduced inflammation, improve wound epithelialization
Peptides Antibacterial ability, anti-endotoxin, wound healing. [91-92, 201, 248]
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Various immunomodulation strategies based on the controlled release of biological molecules from hydrogels

for the treatment of chronic wounds

Biological Type Composition Results Reference
molecules
Cytokines IL-10 Dextrin nanogel Slow release of 1L-10 reduced TNF-a synthesis [1814]
and down-regulated class 11 major histocompatibility
complex molecules expression on macrophages
IL-10 Collagen-silica Decreased TNF-a and IL-1p gene expression [181d]
hydrogel including PEI- confirmed successful inhibition of inflammation.
DNA complexes
IL-10 Nanocomposite hydrogel ~ Controlled release of IL-10 resulted in downregulation ~ [181¢]
based on plasmid DNA- of TNF-a expression
PEI-SiNP, collagen
IL-2 An injectable hydrogel Sustained release of I1L-2 in a two-week period [249]
based on collagen, HA, decreased CD4* and CD8* T cells and increased
and heparin FOXP3+ Tyeq in lymph nodes of mice. Increase
immune tolerance in autoimmune diabetes
SDF-1a liposomes Improve the granulation tissue formation and [250]
accelerate diabetic wound healing
SDF-1a liposome/GelMA Effectively induce MSC migration. Controlled release  [251]
of SDF-1a modulated intracellular cell signaling
pathways in MSCs.
IL-4 and MCP-1 Nanofibrous peptide Controlled release of IL-4 and MCP-1 led to [183]
hydrogel spatiotemporal activation of THP-1 macrophages and
improvement of proresolution M2
Antibody anti-TNF-a antibody Chitosan Slow release of anti-TNF-a antibody accelerated [1892]
chronic wound treatment
anti-TNF-a antibody Shear-thinned glycosyl-  Release of entrapped anti-TNF-a accelerated [1890]
nucleoside-lipid autoimmune disease treatment
amphiphiles
anti-TNF-a antibody HA hydrogel Controlled release of anti-TNF-a antibody reduced [189¢]
inflammation in burns.
Anti- Resolvin D1 Chitosan Release of resolvin D1 decreased M1 cells and [101]
inflammatory increased in M2 cells. Decrease pro-inflammatory
factor cytokines expression leading to less inflammatory
cells in implant sites.
Catechol Chitosan and oxidized Support hBMSCs against oxidative stress damages [194]
HA induced by ROS
GM-CSF + BDC Alginate-Au NPs Induce T, response via delivering peptide antigen to  [108]
peptide hydrogel dendritic cells (DCs). The hydrogel was proposed for
the treatment of autoimmune diseases such as type 1
diabetes mouse model.
Peptides L-12 peptides Crosslinked polyanionic  Significant antimicrobial properties against S. aureus [203]
DNA nanostructure infections and noticeable anti-inflammatory response
to accelerate the healing rates
LL-37 peptides Chitosan Significant antibacterial properties. Inhibit TNF-a [204]
release from macrophage, improve the density of
newly-formed capillary with naked LL-37 and
promote the expression of key macromolecules in the
angiogenesis process.
Pep4, PepdM HA hydrogel No need for whole elastase inhibition in normal [252]
wound healing process
Gene PDRN 2 An assembling nanofiber  Improve the new vessel formation and treatment of [253]

gel

diabetic foot ulcers in a mouse model.
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Biological Type Composition Results Reference
molecules
SiRNA LPEI hydrogel Responsible for a high concentration of MMPs in [212]
diabetic ulcers leading to accelerated remodeling at
injured site.
SIRNA Star-shaped hydrogel Controlled release of siRNA reduced the expression of  [254]
MMP-9 and accelerated diabetic wound healing.
SiRNA CD-(D3)7 a star-shaped Control the siRNA release from hydrogel leading to [255]
hydrogel decreased expression of MMP-9 to accelerate diabetic
wound healing.
SiRNA A pH-sensitive nanogel Local release of siRNA induced gene knockdown [2092]
miR-29b Collagen Regulate ECM remodeling and wound contraction in [256]
vivo
Cell + miRNA delivery  Supramolecular hydrogel ~ Control miRNA release [257]
miRNA-132 Neutral lipid emulsion Improve re-epithelialization in damaged tissue [223]
mixed with pluronic
F-127 gel
miR-223* GelMA- HA Improve the expression of anti-inflammatory gene [74b]
nanoparticles Arg-1 and decrease the proinflammatory markers
miR-302a and Light-activatable A sequentially release of miRNAs, using a NIR laser. [258]
miR-155 miRNA-loaded Regulation of gene expression.
plasmonic gold
nanocarriers
Cytokine + TGF-pland IL-10 Functionalized PEG Control dendritic cell maturation via reduced [181b]
growth factor expression of IL-12 and MHCII.
Cytokine +drug IL-4, Dexamethasone Self-assembled and Successful anti-inflammatory macrophage [259]
injectable hydrogel polarization. Appropriate for the treatment of type 1
diabetes
Antibody anti-TNF-a and HGF Self-assembling peptide/  Effectively improve the tissue repairing process [190]
+growth factor heparin hydrogel
Anti- FTY720+SDF-1a Hep’N-functionaIized Increase the recruitment of anti-inflammatory [196]

inflammatory
factor+ cytokine

PEG-DA hydrogel

monocytes, improve early accumulation of the
differentiated wound healing CD206+ macrophages,
promote the vascularization.

a ., . . - . .
: A linear DNA sequence from human placenta, which can efficiently stimulate the adenosine A2A receptor
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