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Chronic wounds have become one of the most important issues for healthcare systems and are a leading cause of
death worldwide. Wound dressings are necessary to facilitate wound treatment. Engineering wound dressings
may substantially reduce healing time, reduce the risk of recurrent infections, and reduce the disability and costs

;?; (:ljzg:rll ineerin associated. In the path of engineering of an ideal wound dressing, hydrogels have played a leading role.
3D culturi & Hydrogels are 3D hydrophilic polymeric structures that can provide a protective barrier, mimic the native

extracellular matrix (ECM), and provide a humid environment. Due to their advantages, hydrogels (with
different architectural, physical, mechanical, and biological properties) have been extensively explored as wound
dressing platforms. Here we describe recent studies on hydrogels for wound healing applications with a strong
focus on the interplay between the fabrication method used and the architectural, mechanical, and biological
performance achieved. Moreover, we review different categories of additives which can enhance wound
regeneration using 3D hydrogel dressings. Hydrogel engineering for wound healing applications promises the
generation of smart solutions to solve this pressing problem, enabling key functionalities such as bacterial growth
inhibition, enhanced re-epithelialization, vascularization, improved recovery of the tissue functionality, and
overall, accelerated and effective wound healing.

Although recent therapeutic interventions, including skin substitutes,
have improved skin healing in the clinic, they are still very perfectible
and have not fully shown the ability to effectively restore normal skin

1. Introduction

The skin is the biggest organ in the body, and its major role is to

protect the body from external elements. A wound is known as an injury
or disintegration of skin tissue, which could happen due to different
causes, including thermal injury, trauma, and chronic ulcerations
derived from diabetes mellitus, pressure, and venous stasis [1]. Chronic
wounds are becoming increasingly common. Venous ulcers, whether
active or healed, affect 1% of the population in the United States [2].
Pressure ulcers will affect 0.75% of the population. Every year, one
million of the 30 million + diabetic individuals in the United States will
develop a foot ulcer, and another 6 to 7 million will develop ulcers over
their lifetimes [2], many requiring amputations. Another 3 million
people in the United States suffer from pressure and leg ulcers, including
venous ulcers, with yearly treatment expenditures of up to $8 billion [1].

Peer review under responsibility of KeAi Communications Co., Ltd.

structure and function. Despite the advances in wound healing, the ul-
timate purpose would be to engineer tissues that could provide appro-
priate biological and structural features to effectively regenerate the
wounded area [1,3]. In this regard, it is critical to investigate the nature
of wound healing and its underlying mechanisms in order to follow and
mimic them as closely as possible.

Inflammation, proliferation, and remodeling are three major phases
of wound healing that overlap significantly. Clot development is the
initial tissue response to a wound to prevent bleeding. At the same time,
inflammatory cytokines that control blood flow to the wound bed are
released, and lymphocytes and macrophages are recruited to fight
infection. Subsequent to the primary inflammatory response, the
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proliferation phase takes place with angiogenesis, fibroblast prolifera-
tion, and collagen deposition [4]. Later, granulation tissue, a tissue with
a high content of cells and blood capillaries, is formed. Ultimately,
during remodeling, the proliferation and migration of keratinocytes are
induced by myofibroblasts and factors such as TGF-f, to replace gran-
ulation tissue with scar tissue and to reconstruct the epidermal structure.
A chronic wound can occur if any of these healing processes is continued
for an extended period.

Chronic wounds are frequently linked to basic medical disorders that
impede wound healing (Fig. 1). Subsequently, these abnormalities may
be associated with a loss of tissue viability, suboptimal local tissue
permeability, and an elevated and sustained inflammatory response [4].
One of the key differences between acute and chronic wounds is that the
ordered phases associated with acute wound healing are not identical to
the asynchrony of the healing process occurring in chronic human
wounds [5]. Within the chronic wound, several phases of the wound
repair process may be occurring simultaneously or out of sequence [5].
Nonhealing wounds are plagued by bacterial and, in rare circumstances,
fungal colonization or infection [5]. These features include a lack of
epithelium and its barrier capabilities, continuous wound exudation
caused by bacterial products and inflammation, inadequate blood flow,
and hypoxia [6]. Growth factor imbalances have been linked to the
inadequate healing response seen in chronic wounds [7]. Another
problem is that all chronic wounds have reduced angiogenesis, which
exacerbates the tissue damage already caused by persistent hypoxia and
poor nutrient supply [6]. For instance, impaired angiogenesis in di-
abetics leads to inadequate blood vessel creation and a reduced entry of
inflammatory cells and their growth factors [8]. Experimental diabetic
wound models have shown lower levels of growth factors, such FGF-2
and PDGF, which are crucial for wound healing [9-11]. Topical injec-
tion of high concentrations of glucose into wounds in rat models was
demonstrated to impede the normal angiogenic process, demonstrating
that high glucose levels had a direct and negative impact on angiogen-
esis [12]. In addition, increased protease activity has the potential to
damage granulation tissue and degrade growth factors.

An imperative requirement for a wound dressing is protecting the
wound bed while also stimulating skin regeneration to speed up wound
healing. Many issues must be considered when selecting a wound
dressing product for a wounded individual, including the condition of
the existing wound, the frequency of dressing replacement, the expense
of treatment, and the need for other supplies (such as antibiotics and
sedatives) [13]. An ideal construct for wound healing applications must
be biocompatible, non-sensitizing, and display suitable physiochemical
properties (i.e., appropriate viscosity and/or mechanical properties). An
ideal wound dressing should be able to absorb the tissue fluid that has
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been secreted (exuded) and exchange gases in a timely manner. It must
also protect the wound from bacterial infection and preserve a humid
environment in interaction with the wound bed to allow the cells to
adhere and proliferate appropriately, aiding wound healing. The rate
and extent of biodegradation is another issue that should be considered
in fabricating wound dressings. Ideally, the wound dressing should
progressively free up space for newly formed ECM and proliferated cells.
In a parallel fashion, the degradation products must be metabolically
eliminated from the body to prevent inflammation [14]. An additional
consideration for wound dressings should be the minimization of
discomfort upon removal [15,16]. For example, conventional wound
dressings, such as gauze, may solidify into a clot-gauze composite that
sticks to the wound bed, causing further pain and bleeding [15,17,18].
An ideal wound dressing should not cause secondary damage during its
removal [15,16].

Hydrogels have shown great promise in various applications in the
fields of tissue engineering and wound dressings [19]. Hydrogels are
hydrophilic three-dimensional polymeric network structures that can
hold a considerable amount of water in their networks while main-
taining their structure. Hydrogels can be biocompatible and undergo
biodegradation, while also exhibiting desirable properties, such as
similar elasticity to native tissue, providing a humid environment, the
ability to absorb wound exudates, presenting a porous structure suitable
for gas exchange, playing a key role as a barrier to bacterial infections,
and providing a suitable environment for improving cellular functions,
such as migration and proliferation [20]. Further, hydrogels should
hydrate wounds to provide a moist environment and facilitate wound
scab removal via autolysis [16]. Due to the weak adhesion of hydrogels,
they do not attach to the wound bed and can be removed without pain or
without damaging the newly formed tissue [16,18].

Moreover, hydrogels could be incorporated with different additives
to tailor their structural and biological properties. Several bioactive
components, such as anti-biotics and anti-inflammatory molecules, and
living cells, could be easily encapsulated into hydrogels to promote
wound healing. Hydrogels can also be injected into the defect site, which
can be helpful to fill wounds with irregular geometry and provide
adhesiveness to the wound bed [21]. All these features make hydrogels a
great platform for wound healing and skin regeneration. However,
several issues related to their structure, mechanical stability, and bio-
logical characteristics limits hydrogels to be a standard wound treat-
ment in the clinic. In the last decade, many researchers have shown the
great wound healing and skin regeneration potential of 3D hydrogel
constructs with different polymer precursors, crosslinkers, bio-
molecules, nanoparticles, and living cells [22-24].

In this review, we will highlight a selection of recently published
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Fig. 1. Differences between normal and chronic wounds. Created with BioRender.com
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papers that illustrate the design, characterization, and evaluation of
hydrogels for wound-healing applications. Excellent reviews have been
written on this topic [13,18,20,25]. Our aim was to provide a fresh and
relevant perspective; therefore, the focus of our discussion is on the
engineering of hydrogel constructs that, through the fabrication process
and the incorporation of additives, provide enhanced functionalities for
wound-healing applications. Arguably, the fabrication process is not the
major determinant of the hydrogel structure. However, we firmly
believe that the fabrication method, as well as the set of additives used
during fabrication to impart or enhance particular properties of a wound
dressing, are fundamental to the design/customization of ideal me-
chanical and biological performance of wound dressings.

Firstly, we will discuss the desired structural characteristics of 3D
hydrogel wound dressing and the results of the corresponding papers
based on the method of fabrication. Later, we will comprehensively
review the biological engineering of 3D hydrogels via bioactive com-
ponents that have been used efficiently to promote wound healing.

2. Engineering the architecture and structure through
fabrication

The structure and architecture of the hydrogel constructs for wound
healing applications should favor the creation of an environment that
fosters proper regeneration (Fig. 2A). A 3D structure seems to be very
beneficial, acting as a framework for regeneration and healing pro-
cesses. Mechanical strength should match the native tissue to provide a
bio-mimicked environment for cell attachment, spreading, and

Bioactive Materials 24 (2023) 197-235

proliferation [26]. For cell function, morphological characteristics and
porosity are also essential to be helpful not only to mimic the
morphology of ECM compounds but also to have suitable porosities and
pore sizes for cell infiltration and enhanced nutrient transport. De-
gradability is also an important principle for any tissue engineering
application, permitting native tissue to be generated as the scaffold
degrades. Water retention capability is another factor which is crucial
specifically for wound dressings. Cells need a humid environment to
display their normal behavior, such as attachment and proliferation, to
restore the damaged area. Despite their water-retaining properties,
wound dressings should absorb excessive wound exudates that could
otherwise provide an environment for microorganisms, such as bacteria,
to thrive [27].

A wide range of hydrogels have been investigated for wound healing
applications, exhibiting different ranges of mechanical properties.
Hydrogels could be categorized into three classes: natural, synthetic,
and semi-synthetic polymers. Aside from the chemical nature of each
polymer and its concentration, the fabrication method and crosslinking
method may also influence structural properties. Thus, hydrogels could
exhibit a wide spectrum of properties, including various morphological,
mechanical, rheological, degradation, and water retention features.
Furthermore, according to the application, different additives can be
incorporated into hydrogel 3D structures, which can alter and adjust the
structural characteristics of the 3D hydrogels.

A deep wound is a highly complex and dynamic environment in
which many stimuli occur sequentially or simultaneously, both from the
host cells (e.g., inflammatory or healing responses) and the environment
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(e.g., infection, dehydration). Therefore, stimuli-responsive hydrogels
have a wide spectrum of applications and advantages in wound healing.

In this section, we will review representative studies in which
hydrogels have been structurally engineered for wound healing appli-
cations. We have categorized studies based on the method of fabrication
(Fig. 2B) and elaborated on their structural characteristics.

2.1. Casting/molding

The simplest and cheapest method to fabricate a hydrogel for wound
dressing application is casting. This method is based on molding the
polymeric solution and inducing the solidification by different possible
mechanisms. This gelation could take place through different cross-
linking routes, including chemical or physical. The wound bed itself can
be considered as the mold for injectable hydrogels capable of being
crosslinked in situ. Thus, in the following discussion, we subdivide the
molding of hydrogels used for wound healing into two categories. First,
we describe applications in which the wound healing construct is
fabricated and then applied to the wound site (i.e., casting outside the
wound). Then, we discuss reports in which the wound dressing hydro-
gels are directly cast into the wound site (i.e., in situ molding).

2.1.1. Casting outside the wound

The most obvious advantage of casting is its ease of use in creating
structures that will later be applied to deep wounds. The process of
fabrication can be entirely and carefully controlled in the lab or
manufacturing facility. This can lead to the integrated use of sophisti-
cated resources to tune the performance of the hydrogel construct. In
this category of wound dressings, hydrogel precursor solutions, either
cell-laden or not, will be placed in the molds and then solidified by a
specific crosslinking mechanism. In particular, photo-crosslinkable
hydrogels, hydrogels that can be crosslinked by light stimulus (e.g., ul-
traviolet [UV] light or visible light), are extensively used in wound
healing due to their numerous advantages. Additional crosslinking
mechanisms of hydrogels for wound healing and different tissue engi-
neering applications have been discussed in several review papers [13,
20,28,29].

Among photo-crosslinkable hydrogels, gelatin methacryloyl
(GelMA) is the most extensively used. GelMA [30] is a gelatin derivative,
very attractive to researchers due to its high affinity for native
mammalian ECM and ease of crosslinking. GelMA contains a high
amount of methacrylamide groups and a minority of methacrylate
groups which could be crosslinked through radical polymerization, in
the presence of photo-initiator upon UV exposure [30]. Based on its
wavelength and exposure time, UV light could be hazardous for living
cells and the skin. Despite the investigations which have shown the
safety of UV lights with particular wave length and specifications [31],
the long-term clinical side effects are still not evident. Moreover, pa-
tients might not tend to expose UV to their skin. Thus, molding hydro-
gels could be an ideal choice to manipulate characteristics of
photo-crosslinkable hydrogel wound dressings, without direct expo-
sure of risky irradiations to living tissue. Many examples of use of
photo-crosslinked hydrogels used for casting wound healing dressings
can be found in recent literature. We have chosen only a few of them to
illustrate some representative characteristics of the casting of
photo-sensitive hydrogels for wound healing.

Zhao et al., investigated a GeIMA hydrogel (75% of methacrylation)
with adjustable mechanical and degradation features based on different
concentrations (5%-20%), for wound healing (Fig. 3A). Mechanical
analyses were performed after injecting the polymer in a PDMS mold
and UV crosslinking. The compressive and elastic moduli were 3 kPa and
5 kPa, respectively, for 5% GelMA. The compressive and elastic moduli
were significantly enhanced by increasing the concentration of GelMA
to 20%, and reached ~110 kPa and ~200 kPa, respectively. This
observation was expected due to a higher degree of crosslinking by
increasing the concentration of GelMA. Reaching these high values of
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moduli is relevant in the context of wound healing applications;
compressive moduli in the range of 100 kPa are advantageous for ker-
atinocyte growth [32]. The high elastic moduli and tensile strength of
20% GelMA hydrogels are also sufficient to withstand stretching and
bending forces applied throughout wound healing [33]. The authors
also observed that cell adhesion and proliferation were significantly
higher in 20% GelMA hydrogels than in softer GelMA hydrogels.
Furthermore, immortalized human keratinocytes grown on 20% GelMA
were able to differentiate and stratify after being lifted to the air-liquid
interface [34]. Skin tissue is the exterior layer of the body that is exposed
to a vast range of mechanical stresses, including compression, tension,
shear, torsion, and bending. Different studies with different testing
methods have reported a wide range of elastic moduli for human skin,
ranging from 0.001 to 57 MPa [35]. Mimicking this range of values is
ideal for wound dressings not only to induce appropriate skin cell
behavior but also to tolerate the external stresses. An increase in GelMA
concentration (and therefore crosslinking densities), also decreased
degradability. Degradation tests using collagenase showed complete
degradation of 5% GelMA in less than 72 h. However, this degradation
happened for 20% GelMA after 8 weeks, which is desirable for long-term
wound healing and prevention of secondary bacterial infection [34].

Arguably, due to the simplicity of the casting method, the re-
searchers can focus on other aspects of the engineering, such as
designing more sophisticated chemistry. Methods such as 3D printing
and in situ application of polymeric solutions restrict scientists to using a
limited number of components which exhibit desired characteristics
compatible with these methods (such as being shear thinning and having
good fidelity after injection and printing). Therefore, using a wider
range of materials and reagents is one of the main advantages of pre-
paring hydrogels by casting. [llustratively, heparin, as a natural highly
sulfated glycosaminoglycan which is capable of binding to growth fac-
tors, has been used as a photo-crosslinkable wound dressing hydrogel
[36]. One study reported the use of a thiol-ene reaction to connect
thiolated heparin (Hep-SH) to polyethylene glycol diacrylate (PEG-DA)
to create a heparin-based hydrogel sheet using UV irradiation [36].
Heparin-based and pristine PEG hydrogel sheets were characterized
after lyophilization and rehydration in phosphate-buffered saline (PBS)
[36]. The swelling capacities of both hydrogels were similar, suggesting
equal degrees of chemical crosslinking. However, when compared to
heparin gel sheets, it took longer for PEG gel sheets to equilibrate. This
result suggests that heparin-based hydrogel is capable of quicker ab-
sorption of exudate from the wound bed and is appropriate for use as a
wound dressing. The storage modulus (G') of both samples was in the
same range before swelling (i.e., nearly 14 kPa), comparable to that of
human skin, demonstrating a desirable mechanical property as a wound
dressing [37,38]. The water vapor transmission rate (WVTR) of the
heparin-based hydrogel and the PEG hydrogel, were 1010 + 100 and
1080 + 50 g/m?/day, respectively. These values are in the appropriate
range to absorb enough extrude and prevent wound dehydration
(2000-2500 g/m?/day) [39]. Interestingly, while both hydrogels
exhibited a similar swelling ratio, they greatly differed in their capacity
to release proteins. Human epidermal growth factor (hEGF) embedded
in hydrogels showed a gradual release over 21 days for heparin-based
hydrogels, while a complete release in 5 days was observed for PEG
hydrogels. This result was attributed to the interaction of a
heparin-based hydrogel sheets with hEGF, which finally improved
wound healing in vivo as compared to the PEG hydrogel [36]. Goh et al.
also performed in vivo wound healing experiments in mice, and the re-
sults showed that hEGF loaded heparin-based hydrogel sheets improved
wound closure as compared to PEG-based hydrogel sheets, which was
evident from day 7 after injury. Such wounds achieved up to 90%
closure in two weeks, whereas other treatments only achieved 50%—
60%. These results were attributed to the slower hEGF release from the
heparin hydrogel, which protects it from proteases and allows contin-
uous stimulation for the proliferation and differentiation of keratino-
cytes and other cells [36].
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Fig. 3. Casted hydrogels for wound healing applications (A) Casted gelatin methacryloyl (GelMA) (i) Schematic formation of GeIMA hydrogel network. (ii) Injection
of 20% GelMA solution into the molds with different shapes to form hydrogels upon UV exposure. Cell viability (ii), proliferation (iii), and number of cells cultured on
surfaces with different GelMA concentrations. (v) Hematoxylin and eosin (H&E) stained sections of reconstructed epidermis on GelMA (top) and control collagen
(bottom) scaffolds after 6 weeks of culture at air-liquid interface (ALI). Reprinted and adapted with permission from Zhao et al., 2015 [34]. (B) Self-healing hydrogel
(i) Micrographs of hydrogel self-healing at 0, 10, and 30 s after the hydrogel cut. (ii) Images of wounds treated with hyaluronic acid (HA) chains were modified with
pendant bisphosphonate (BP) ligand, incorporated with silver (Ag™) ions (HA-Bp Ag™) or untreated at different time points. (iii) Percentage of remaining wound size
relative to day 0, asterisks show statistical differences between treatment and control. (iv) Schematics of HA-Bp Ag * hydrogel filling the wound without the need for
premolding. Reprinted and adapted with permission from Shi et al., 2018 [50]. (C) Silk fibroin (SF) and collagen hydrogels (i) Schematic of in situ formation of SF
blend hydrogel at 37 °C in wound bed. (ii) Images of wounds implanted with SF, collagen (Col) or left untreated (Unt) on excised third-degree burn wounds showing
the healing process through time. (iii) Masson’s trichrome (MT) staining of full wound biopsy sections at 4x magnification. (iv) Percentage of original wound area
calculated at different time points using ImageJ. Reprinted and adapted with permission from Chouhan et al., 2018 [51]. (D) Benzaldehyde-terminated polyethylene
glycol (BAPEG) and dodecyl-modified chitosan (DCS) hydrogels. (i) BAPEG/DCS hybrid hydrogels in blue and red, were cut into two parts, one piece of each was
coupled together and they were kept in integral blended disks for 20 min, and the integrated healed hydrogel disks were maintained for 2 h in PBS. (ii) Images of skin
wounds treated with PBS, CS/BAPEG, DCS/BAPEG, and vascular endothelial growth factor (VEGF)-loaded DCS/BAPEG. (iii) H&E staining of the wounds at day 7
Eost—injury. Mean wound area (iv) and quantification of granulation tissue thickness (v). Reprinted and adapted with permission from Chen et al., 2018 [56].

Engineers can easily combine hydrogels with solid materials like (G”) for different ratios of Fe>* —EDTA complexes (4:1, 5:1, and 6:1),
mats and gauze by casting them together. This enables the fabrication of indicating self-standing hydrogel formation [42]. At day 7, mass spec-
hybrid structures that can be used for various purposes, such as rein- trometry (MS) spectra revealed degradation of the hydrogels by the
forcing the wound dressing, improving functionality, etc. In a study by bacteria secreted HAase, which is required to release Fe>'. Atomic ab-
Anjum et al., a wound dressing was fabricated by coating a cotton fabric sorption spectroscopy showed that Fe>" in the HA-Fe-EDTA hydrogel
with a blend of chitosan (CS), PEG, and polyvinyl pyrrolidone (PVP) gradually lowers with increasing treatment time in vivo, indicating the
[40] and freeze drying. The authors observed that the pores of the efficient release of Fe>" from the hydrogel to the infection environment,
CS/PEG/PVP-coated cotton fabric (CPPC) were more spherical than the which is consistent with MS data. Continuously produced Fe3* can kill
elongated porous structures in the samples without PVP. This observa- bacteria, inhibiting infection and reducing infection-related micro-
tion could be related to the phase separation that limited interaction bial/skin metabolites. Complete wound closure was achieved in a 10 day
between chitosan and PEG, which could be changed upon the addition of period whilst also avoiding infection by Escherichia coli (E. coli) and
PVP that may have enabled a stronger hydrogen bonding with chitosan Staphylococcus aureus (S. aureus) [42].

[41]. In addition, adding PVP (50%) decreased porosity (from 68% to Adding nanoparticles is one of the most common strategies not only
58%) and increased water absorption as the swelling rate improved from to improve structural properties but also to enhance the bioactivity of

~400%-1210%. The WVTR of cotton fibers coated with CS, CS/PEG, hydrogels in tissue engineering. Casting as a simple method of fabrica-
and CS/PEG/PVP blends was measured ~2600, ~3380, and ~2230 tion enables researchers to easily fabricate hydrogel composites con-

g/m?/day, respectively. Moreover, the air permeability of the samples taining micro/nano particles. Producing homogenous suspensions of
was also altered by adding PVP, from ~8.65 cc/cm?/sec for the CS/PEG nanoparticles for casting may post a challenge. However, including
coating to 5 cc/cm?/sec for 50% PVP. These experiments also showed particles in pregel solutions for in situ injection and 3D printing methods
that PVP could significantly increase the tensile strength of the com- may be even more challenging. Nanoparticles may disturb the rheology
posite. The tensile strength of CS/PEG/PVP blends (i.e., 16 MPa) was an of the suspension and make them more difficult to design/implement in
order of magnitude higher than the tensile strength of CS/PEG-coated in situ injection applications. For instance, not all the combinations of
cotton fabric (i.e., 1.6 MPa). The CPPC composite showed an initial micro/nano particles with polymeric solutions are injectable and
burst release over 8 h and then a more gradual release of 60%-78% of printable. Moreover, including additives might impede the crosslinking
Tetracycline (TC) by 48 h. These results suggest the potential of this mechanism, which needs to take place instantly after injection or
fabrication strategy for the early-stage antibacterial treatment of printing. An illustrative example of the fabrication of nano-particulated
wounds. In vivo wound healing studies carried out in Wistar rats hydrogels for wound healing and fabricated by casting methods follows.
demonstrated that CPPC-TC-based wound dressings promoted faster and Gan et al. fabricated a plant derived hydrogel consisting of lignin-coated
better wound healing (with 76% and 98% wound contraction by days 4 Ag nanoparticles (NPs), and an interpenetrating network of pectin into
and 12, respectively) than the control (which only achieved 20% and the poly-acrylic acid (PAA) [43]. The NPs-P-PAA hydrogel exhibited
66% wound contraction on the same days). In addition, the amount of resilience and stretchability up to 26 times its preliminary length,
scar tissue was lower with CPPC-TC wound dressings (only 0.33%) than demonstrated by load-unload tensile stress—strain curves. Compression
in the control group (10.67%) [40]. analysis also indicated complete deformation and complete recovery

Self-healing hydrogels have been an interesting class of materials for after 2 min. Typical tensile stress—strain curves showed maximum ten-

biomedical applications. These hydrogels have the ability to repair their sile strain of 2660% for the highest mass of NPs (0.03 gr), compared to
repeated structural defects and restore their original function through 860% and 380% for P-PAA and PAA, respectively. The 0.03 NPs-P-PAA

reversible interactions, such as hydrogen bonds, charge interactions, hydrogel also showed the highest strength and ductility (300 MPa%).
host—guest interactions, and coordination bonds [42]. For example, Moreover, the fracture energy of 0.03NPs sample was measured at 5500
Tian et al. developed a self-healing hydrogel made of hyaluronic acid Jm~2 which is much higher compared to the amount for human skin,
(HA) and capable of an on-demand release of antibacterial agents. HA is which is ~ 2000 Jm™2. These results are associated with the inter-
a non-sulfated glycosaminoglycan (GAG) and the main component of penetrated network and reinforcing the hydrogels by Ag-Lignin NPs,
skin ECM. The hydrogel was fabricated via reversible supramolecular which through noncovalent interactions with polymers can dissipate
interactions, providing self-healing ability using a dynamic coordinate energy, leading to an improved mechanical property. The adhesiveness
bond between the ethylene-diamine-tetra-acetic acid (EDTA)—Fe>* of the hydrogel was quantified using tensile adhesion test. Adhesion
complex and HA. In the presence of bacterial infection, the hyaluroni- strengths to porcine skin was measured for NPs-P-(poly acrylamide)

dase (HAase) secreted by the microorganisms degrades HA, leading to PAM, NPs-P-P poly (acrylic acid-co acrylamide) (AA-co-AM) and
the local release of Fe>* which consequently kills bacteria (via reduction NPs-P-PAA hydrogels 12 kPa, 15 kPa, and 25 kPa, respectively. These

to Fe™ and reaction with H,05 to form a hydroxyl radical). The authors findings indicated that carboxyl groups of PAA and catechol groups of
conducted an extensive characterization of this active system. Rheo- Ag-Lignin NPs could enhance the adhesiveness of the hydrogel. In vivo
logical analysis showed higher storage modulus (G') than loss modulus performance was better for the NPs-P-PAA hydrogel as compared to the
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control and the P-PAA hydrogel in a wound healing assay. The
NPs-P-PAA hydrogel treated wounds reached a healing ratio of 90%,
whereas the control group and the P-PAA hydrogel only reached 59%
and 78%, respectively. The authors also evaluated the quality of the
regenerated tissue by hematoxylin and eosin (H&E) staining, which
showed collagen fibers in the NPs-P-PAA hydrogel-treated sample,
whereas there were still many granulation tissues in the controls [43].

Casting is the easiest and simplest way to fabricate wound dressing
hydrogels; however, it normally produces an isotropic, monolithic
hydrogel construct. With this method, the structural properties, such as
pore size and mechanical properties, are usually determined by the type
and concentration of polymer, the choice of crosslinkers, the type of
additives, etc. In addition, a relatively wide variety of polymers, com-
ponents, and additives could be used in casting methods without con-
cerns such as altering the rheology and fidelity of the pregel solution/
suspension. Furthermore, during the molding process, it will be possible
to add solid compartments such as 2D sheets to make a hybrid wound
dressing. Besides, molding hydrogels before applying them to the skin
tissue prevents exposing the skin of patients to UV light and enables
scientists to even consider crosslinking mechanisms that might release
toxic byproducts. On the other hand, the main disadvantages of pre-
fabricating hydrogels by casting could be the limited geometrical
complexity that the method provides which translates in difficulties in
adapting to irregular wound beds, difficulty of handling, and poor
engraftment with the wounded area.

2.1.2. In situ molding

Compared to traditional hydrogel casting, the in situ application of
hydrogels has the important advantage of completely filling the wound
bed in three dimensions. The fluidity of injectable hydrogels allows them
to fill deep wound cavities with irregular dimensions, which cannot be
done by prefabricated hydrogels. Furthermore, when compared to pre-
fabricated hydrogels, in situ crosslinking can result in a more appropriate
integration and attachment of the wound dressing to the wound site.
However, the other side of the coin is that not all types of hydrogels are
injectable. This limits the in situ application of the hydrogels in tissue
engineering. Injectable hydrogel solutions have to exhibit non-
Newtonian characteristics of shear-thinning fluids, leading to a
decreased viscosity when exposed to shear strain [44]. This will ensure
cell survival throughout syringe-needle flow [45]. Another aspect to
consider is the gelation time of the injectable solutions. If gelation
happens very slowly, there may be significant solution and cell loss from
the injected site [44]. Thus, the application of micro/nano additives that
may impede shear-thinning properties and/or rapid sol-gel transition is
also limited in injectable systems. The crosslinking mechanism is
another important consideration. Although chemically-crosslinked
hydrogels are rather strong and stable in terms of mechanical proper-
ties, physical crosslinking is more appropriate for in situ application of
hydrogels due to safety considerations [46].

Many examples of the in situ application of hydrogel-based wound
dressings can be found in recent literature. Here we discuss some illus-
trative reports. Lazurko et al. designed a thermosensitive hydrogel
suitable for wound healing, made of different compositions of collagen
type I, poly-p-Lysine (PDL), and chondroitin sulfate [47]. Gelation time
was reported to be less than 5 min for the samples containing no
chondroitin sulfate, whereas including this polymer in the matrix
extended the gelation time up to 1 h. This result was possibly related to
alterations in the conformation of the collagen which impaired
inter-chain crosslinking. All the hydrogels (Collagen type I, Colla-
gen/PDL, Collagen/chondroitin sulfate, and Chondroitin sulfate/PDL)
denaturate at an average temperature of 50 °C, which is far from 41 °C,
the highest possible fever temperature [48]. All samples showed a water
content in the 94%-96% range, and CRYO-scanning electron micro-
scope (SEM) images of PDL-containing ones exhibited fibrous architec-
ture, indicating that the collagen and the poly-peptide formedan
interpenetrated-network-like-structure [49]. Additionally, the pore
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size of collagen and collagen/PDL hydrogels was reported to be 16 pm
and 10 pm, respectively. However, when air microbubbles were added
to the matrix during its preparation, the pore size increased in both
samples and reached up to ~30 pm-40 pm. Having this range of pore
size, collagen hydrogel could support migration of cells from mouse
microscopic skin tissue column (MSTC) up to 21 days, suggesting the
regenerative potential of this collagen-based hydrogel as a wound
healing platform. Wounds in diabetic mice closed two times faster after
treatment with the MSTC/collagen matrix than those treated with
collagen matrix alone. Meanwhile, untreated diabetic mice showed
impaired wound healing [47].

A moldable self-healing HA supramolecular hydrogel was fabricated
by dynamic metal-ligand coordination bonds (Fig. 3B) [50]. HA chains
were modified with pendant bisphosphonate (BP) ligands via
carbo-di-imide coupling and “click” reactions. Upon silver (Ag™) addi-
tion to the solution, the reversible crosslinking occurred. The precursor
concentrations used in the hydrogel were 3% (w/v) and 15 x 1073 M for
HA-BP and Ag™, respectively. Rheology analysis showed G’ of ~400 Pa
and G” of ~100 Pa confirming the hydrogel formation. Morphology of
the hydrogels after freeze drying was assessed by SEM. No fibrous ar-
chitecture was observed for these hydrogels, which could be associated
with Ag™ ion crosslinkers with low-molecular weight, which usually
cannot form fibrils with polymeric macromolecules. The HA-BP Ag™
hydrogels were tested in a rat full-thickness wound model to determine
the remaining wound rates. The remaining wound rates for treated
samples with HA-BP Ag" hydrogels were 13%, while the controls
exhibited remaining rates of 22.6%, ten days post-injury. Wounds
treated with HA-BP Ag" hydrogels also developed a thicker and more
complete epithelium (144 pm) than the control wounds (63 pm) as
observed by H&E staining on day 10 [50].

In a study by Chouhan et al., a thermosensitive silk fibroin (SF)
hydrogel capable of self-assembly was developed using a mixture of two
types of SF extracted from silkworms of Bombyx mori (BmSF) and
Antheraea assama (AaSF) (Fig. 3C) [51]. SEM micrographs of lyophilized
SF blend hydrogels showed a porous structure with an average pore size
of ~155 which is appropriate for cell penetration, vasculature forma-
tion, and wound healing application [52,53]. Water retention of the SF
blend after 12 h was measured at 75% as compared to 20% for control
collagen (Col) hydrogels. This could be attributed to the long stability of
the hydrogel due to the combined effect of hydrogen bonding and hy-
drophobic interactions connecting AaSF and BmSF proteins.
Temperature-dependent inter- and intramolecular interactions, which
caused the gelation of the SF blend, could be due to the presence of both
hydrophilic and hydrophobic sites between BmSF and AaSF. It is known
that hydrophobic f-sheet structures can be form due to the presence of
(GAGAGS) protein sequence in BmSF, upon exposure to physical forces
such as vortexing and sonication [51,54]. A rheological analysis
demonstrated a temperature/concentration-dependent gelation trend
for hydrogels as the SF blend gelled in 20 and 45 min at 37 °C and 20 °C,
respectively. Furthermore, a significant difference was observed after
gelation between G’ (336.42 Pa) and G” (11.269 Pa) of the SF blend
hydrogel (3% w/v). Viscoelastic behavior, which can lead to with-
standing shear strain, was also demonstrated for SF gels as the value of
the modulus was constant at a frequency range of 0.1-10 rad s in the
region of 0%-10% shear strain. Compression tests of SF hydrogels (3%
w/v) revealed a compressive strength of ~3 kPa and a compressive
modulus of ~7.4 kPa, suggesting mechanical properties of soft hydro-
gels. In the compression test, the SF blend reached 20% strain to break
down and in the cyclic compression of 10% exhibited recovery up to 15
loading and unloading with reversible deformation. This indicated
adequate stability for handling with minimal breakage for wound
healing. Moreover, in vitro biodegradation analysis showed a signifi-
cantly higher mass left for SF blend compared to Col gels. After 7 days,
97% and after 14 days, 85% of the initial weight was preserved for SF
gel, in comparison with 75% and 65% for Col, respectively. Stable
B-sheet networks in addition to the higher molecular weight of SF
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protein could be responsible for this higher stability [55]. This stability
was also confirmed in vivo as SF hydrogel degraded after 4 weeks upon
subcutaneous implantation in mice. In a third-degree burn wound
model, SF hydrogel showed similar wound healing behavior compared
to Col hydrogel. SF was able to firmly attach to ECM, showing compa-
rable wound closure to collagen on day seven, and detaching itself to
reveal the underneath native tissue by day 14. At this time point, only
40% of the SF-treated wounds were still open as compared to 80% in the
control group. Furthermore, small blood vessels were visible on both SF
and Col treated wounds by immunofluorescent staining on day 7. Even
when Col hydrogel showed a higher angiogenic potential than SF
hydrogels, SF blends still showed a 10-fold increment in vessel density
compared to the control group. SF hydrogel also caused a milder im-
mune response as observed by an earlier expression of CD163 (M2
macrophage marker) and a faster decrease in the expression of CD68
(inflammation marker) and TNF-a, compared to Col hydrogel and the
control group [51].

The recovery properties of self-healing hydrogels, gel-to-sol, and
then sol-to-gel transition make them very attractive for in situ applica-
tion. An injectable self-healing hydrogel composed of benzaldehyde-
terminated polyethylene glycol (BAPEG) and dodecyl-modified chito-
san (DCS) was fabricated by Chen et al. for wound healing [56]. The
hybrid hydrogels exhibited reversible self-healing enabled by a Schiff’s
base reaction between the benzaldehyde and amino groups in the
polymer composite (Fig. 3D) [56]. The rheology analysis showed that
DCS/BAPEG with 1/2 M ratios of -CHO and -NH; and solid content of
9% exhibited the highest G’ (=600 Pa) compared to samples with 1/1
and 1/4 M ratios and 13% and 5% solid content. Moreover, the gelation
kinetics of the hydrogel showed a consistent G’ until around 100% strain
and then collapsed to higher strains for G/, lower than G”, indicating
solid to fluid transition of the hydrogel. In addition, the viscosity of the
hydrogel decreased when being injected through a syringe, and then
recovered its gel state outside the syringe. Furthermore, oscillatory
strain (1% and 300%, 10 Hz frequency) applied to the hydrogel showed
that the high strain could cause the gel-to-sol transition by breaking the
hydrogel network. Thereafter, when the strain is reduced to low values,
the hydrogel can regain its normal initial shape, exhibiting the initial G’
value. This behavior can be attributed to the self-healing capability of
the hydrogel due to dynamic equilibrium between the Schiff’s base and
the amine and the aldehyde reactants, which leads to dynamic uncou-
pling and recoupling of the bonds within the hydrogel networks. The
BAPEG/DCS hybrid hydrogels were able to reach a value of 160 mmHg
in a bursting pressure test, suggesting their potential application in
vessel bleeding repair. These hydrogels also demonstrated their hemo-
static capacity in acute wounds in a severe trauma model in mice.
Finally, the BAPEG/DCS hybrid hydrogels with encapsulated vascular
endothelial growth factor (VEGF) showed better wound healing in a
S. aureus infected full-thickness skin defect than the hybrid hydrogels
without VEGF as assessed by wound area, granulation tissue thickness,
and the expression of TNF-a and IL-6 [56].

Besides extrudability and ease of in situ gelation, self-healing
hydrogels can deliver desired molecules upon injection to the wound
site. Another injectable self-healing hydrogel based on a Schiff’s base
reaction was developed by Wang et al. for wound healing application
[57]. In this study, the multifunctional polypeptide-based hydrogel
(named as FHE hydrogel) was formed through a reversible Schiff’s base
reaction between oxidative hyaluronic acid (OHA) and Poly-¢-1-lysine
(EPL). FHE hydrogel was capable of releasing loaded bioactive exosomes
(for antibacterial purposes) which were loaded through electrostatic
bonds with EPL. This pH-dependent release would occur because of the
interruption of the Schiff’s base bond upon exposure to a weak acidic
environment. A full-thickness diabetic wound model was used to assess
the healing efficiency of FHE hydrogels. The exosome-loaded FHE
hydrogels exhibited complete wound healing by day 21, whilst exo-
somes, pristine FHE hydrogels, and control groups achieved 76.3%,
64.3%, and 36.3%, respectively. Furthermore, compared to the rest of
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the treatments, exosome-loaded FHE promoted higher type I and III
collagen deposition, cytokeratin and alpha-smooth muscle actin
expression, and blood vessel formation [57].

Gao et al. designed an injectable hydrogel, responsive to near-
infrared (NIR) light and thermosensitive for drug release into the
wound bed [58]. In this study, polydopamine PDA NPs (which could
generate local hyperthermia upon exposure to NIR) were loaded with
ciprofloxacin (Cip), an antibiotic. Subsequently, the PDA NPs were
crosslinked via Schiff’s base reaction and/or Michael addition with
amine-rich glycol chitosan (GC) to form a NP-Cip/GC injectable
hydrogel (Gel-Cip). The shear thinning behavior of the hydrogels, a
relevant characteristic for in situ application, was demonstrated when,
by an increase in shear rate, the viscosity was reduced (from the range of
10° to several Pa) for both samples. Photo-thermal behavior of samples
exposed to different NIR power densities revealed an increasing trend in
accordance with laser power density. Upon NIR light irradiation using
laser densities of 1.6, 1.0, and 0.5 W/cm?, the resulting temperatures of
Gel-Cip were 78.1, 59.7, and 46.8 °C, respectively. NIR light irradiation
of 0.5 W/cm? was further analyzed and showed a remarkable release of
Cip compared to Gel-Cip without irradiation. With 3-fold NIR light
irradiation during 120 min, ~1.4 pg of Cip were released. In contrast,
only ~0.4 pg of Cip were released from Gel-Cip hydrogels without
irradiation. Gel-Cip + NIR exhibited 98.9% bactericidal efficacy in
S. aureus-infected mice, where wounds almost disappeared by day 4
(with only 6.4% of surface area unhealed). Gel-Cip + NIR treated
wounds also exhibited higher fibroblast proliferation, thicker epidermis,
and more blood vessel and hair follicle formation than the rest of the
treatments [58].

Injectable hydrogel solutions can also be used to make microgels.
Microgels or hydrogel microspheres are widely used in tissue engi-
neering for different purposes, such as encapsulating different functional
components (i.e., cells, growth factors, particles, etc.). Microgels pro-
vide a micro-domain with a high surface area-to-volume ratio, which
enables a more efficient interaction of the hydrogel with the environ-
ment [59]. Microfluidic strategies are the most widely used methods for
producing microgels due to their ease of use, high output, and ability to
carefully control monodispersity and dimension [60]. The majority of
aqueous monodisperse droplets are generated by techniques such as
T-junctions, flow focusing, and coaxial capillaries, which recruit con-
stant pressure to produce monodisperse droplets in aqueous solutions.
Droplet creation occurs as a result of the interaction between the
dispersed phase and the continuous phase in these techniques, and
pressure sources are positioned at a distance from the droplet-generating
mechanism. Active methods, on the other hand, require an external
power supply and may use piezoelectric actuators or electric field
techniques to create droplets on demand [59]. Microgels have been used
for wound-healing applications because of their specific advantages.
Chen et al. used a microfluidic electrospray approach to prepare alginate
microgels containing encapsulated copper-/zinc-niacin framework cores
for wound healing [60]. The bacterial-responsive degradability of the
alginate shells endowed the microcapsules with smart, selective, and
programmable release of calcium, copper, and zinc ions in response to
different levels of infection. The released ions could kill microorganisms,
stimulate the release of nutrients, and activate copper/zinc superoxide
dismutase (Cu/ZnSOD) to neutralize oxygen free radicals and protect
cells from damage caused by oxidative stress. An in vivo study of an
infected full-thickness skin defect model showed that microcapsules
decrease inflammation and improve angiogenesis, collagen deposition,
and phenotypic differentiation of fibroblasts [60]. Cui et al. developed
micro-gel ensembles using two different polymers and a Y-channel
microfluidic technique [61]. The micro-gel ensembles were composed of
a poly(hydroxypropyl acrylate-co-acrylic acid)-magnesium ion (poly-(-
HPA-co-AA)-Mg?*") gel and a carboxymethyl chitosan (CMCS) gel, both
of which can release and absorb hydrogen ions (H") independently at
various stages of wound healing in response to changes in the wound
microenvironment. In vitro and in vivo analyses indicated that the
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micro-gel ensembles allow for persistent wound pH modulation
throughout the four wound-healing stages. The micro-gel ensembles
keep the wound milieu at a low pH during the hemostasis and inflam-
matory stages, thereby inhibiting bacterial development. The acidic
environment also stimulates Mg?*, which causes adipocytes to prolif-
erate and migrate, building a wall to shield the wound. The micro-gel
ensembles then regulate an ideal alkaline environment for hyperplasia
and remodeling, allowing fibroblast proliferation and migration to
speed skin healing. Collagen deposition, macrophage polarization, and
blood vessel development have also been aided by micro-gel ensembles
[61].

Compared to preformed hydrogels, injectable hydrogels are easier to
handle and minimally invasive to the adjacent tissues. Their fluid nature
allows them to fill irregular and deep cavities in the wounds without
wrinkling. They can also deliver drugs and cells in a concentrated
manner to the wound bed. Moreover, by crosslinking to the tissue
interface during their in situ formation, the hydrogels can exhibit
appropriate adhesion and engraftment with the host tissue. However,
some challenges remain, particularly limitations in cell-friendly
extrudability, post-injection fidelity, quick gelation, and safe cross-
linking mechanisms that must be overcome to expand and intensify the
application of polymers and different bio-additives for in situ forming
wound dressings.

2.2. 3D printing

In tissue engineering, 3D printing has evolved to precisely fabricate
complex geometries with desired porosities and morphologies with
computer-aided design (CAD). Using CAD, it will be possible to create
structures that fully match the geometry of any type of wound. Three 3D
printing technologies have been mainly used for fabricating 3D struc-
tures for biomedical applications, including inkjet-based, extrusion-
based, and light-based printing [62]. In the inkjet-based technique, via
piezoelectric or thermal actuation, droplets of biomaterials are depos-
ited on a platform in a layer-by-layer manner to form the required
structure. Inkjet 3D printers have several advantages, such as a wide
biomaterial availability, high speed, and accuracy [63]. In
extrusion-based 3D printing, mechanical or pneumatic force is applied
to extrude biomaterials through the print-head(s). The absence of heat
during the process and a broad range of available biomaterials are the
main advantages of extrusive bioprinting [63]. In the light-based tech-
niques, by projecting a desired geometric pattern into a bed of hydrogel
precursor using light (UV, laser or visible light), 3D hydrogels can be
formed [62,64]. In tissue engineering and regenerative medicine, when
3D printing is implemented via cell-laden materials (bioinks), the
technique is called bioprinting. Besides the desired geometry and
morphology, bioprinted structures could contain co-culture of multiple
cells and growth factors based on the target tissue [65]. Extrusion-based
and ink jet-based techniques have been far more common for bioprinting
[63]. 3D printed or bioprinted hydrogels have been applied in wound
dressing application following two general types of fabrication strate-
gies, prefabrication or in situ formation.

2.2.1. Prefabricated scaffolds

3D printing enables researchers to combine geometrical precision
with different strategies to improve structural properties. This can lead
the hydrogel to be beneficial in different structural aspects for proper
wound healing and skin regeneration. In a study by Xu et al., a 3D
printed (via extrusion-based 3D printing) cellulose nanofibril (CNF)
hydrogel was fabricated. Two steps of crosslinking were implemented,
using Ca?* solution and chemical crosslinking with 1,4-butanediol di-
glycidyl ether (BDDE) [66]. Compressive tests showed an increase in
the Young’s modulus from 3.45 kPa to 7.44 kPa for CNF 1.0 wt%
hydrogels before and after secondary crosslinking. The authors observed
that NIH-3T3 fibroblast cells could spread in a 3 kPa environment; cell
spreading could be further enhanced on 10 kPa substrates [67]. The
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stress-strain curve showed excellent elasticity, which could be attrib-
uted to the Ca®*/carboxylate crosslinking combined with hydrogen
bonding [66]. The microporosity of the hydrogels was enhanced after
chemical crosslinking by 1,4-butanediol diglycidyl ether (BDDE), which
agrees with the higher rigidity of the hydrogel. Human dermal fibro-
blasts were seeded in these CNF scaffolds. Results showed good cell
survival, adhesion, and even higher proliferation in CNF scaffolds than
in 2D cell cultures [66]. Using an extrusion-based low temperature 3D
printing, Intini et al., developed a hydrogel scaffolds composed of chi-
tosan, which could support 3D skin cell colonization [68]. The thickness
of the scaffold was 2.1 mm and the distance between filaments of a
grid-shaped hydrogel scaffold was 200 pm with a precise geometry and
homogeneity of pore size (Feret diameter of ~3.5 ym and ~5 pm for the
surface and within the scaffold, respectively) [51]. Keratinocytes and
fibroblasts could properly grow within the scaffolds, filling the holes
from bottom to top to colonize all the 3D construct. Additionally, by
placing a chitosan film at the base of the 3D scaffold, the retention of the
cells inside the hydrogel was significantly increased. Tensile testing
revealed Young's modulus (YM) of the samples ~105 kPa which is
similar to the elastic modulus of skin tissue specifically in the volar
forearm region [69]. The authors assessed the performance of CNF
scafolds in vivo using an impaired wound healing model in
streptozotocin-treated rats. Wounds treated with chitosan scaffolds
exhibited a reduction of 50% of total wound area after seven days, and
epidermis formation as opposed to the control group. Furthermore, 14
days after the initial injury, the group treated with chitosan showed the
presence of hair follicles, blood vessels, sebaceous glands, and arrector
pili muscles [68].

Hydrogels must be printable to form the desired complex geometries
via 3D printing. After being extruded from the nozzle, hydrogel fila-
ments must maintain their shape. If the filaments collapse after printing,
the whole structure will be altered and may not fulfill the expected
regenerative functions of the designer [70]. For example, poor shape
fidelity may derive on the incomplete filling of the wound area. More-
over, in the case of bioinks, hydrogel solutions should provide perfor-
mance characteristics that could enable high cell survival (post-printing
viability) and normal functionality [71]. The rheological characteristics
of a hydrogel play the main role in the printability of hydrogels. How-
ever, hydrogel printability and fidelity are related to many additional
parameters such as innate features of monomer(s), their concentration
and molecular weight, the effect of additives, and the degree of gelation.
In a study by Pereira et al., a bioink was made of pectin methacrylate
(PECMA) with adjustable mechanical and rheological behavior for skin
regeneration [72]. This hydrogel bioink, which was designed for
extrusion-based bioprinting, could be crosslinked by a two-step strategy
including an ionic mechanism using CaCl, and UV exposure. The
printability of the bioink, PECMA 1.5 wt% supplemented with 0, 1, 3, 5,
and 7 mM of CaCl,, were assessed. Only solutions with 5 and 7 mM of
CaCl, were able to form stable, neat filaments extruded from the nozzle.
Moreover, the printed constructs did not collapse and showed sufficient
integrity to sustain subsequent layers. The 5 mM CaCly-containing so-
lution was selected as the optimal for further analysis due to the lower
yield stress needed to induce flow. Ma et al. designed photo-thermal
printable hydrogels composed of calcium silicate (Calsil) nanowires,
sodium alginate (SA), Pluronic F127, and 1(+)-Glutamic acid (Calsil +
SA hydrogels) [73]. Additionally, oligomeric proantho-cyanidin (OPC)
was used as the crosslinking and photo-thermal agent, which made the
rheological and mechanical properties of the hydrogels tailorable by NIR
laser irradiation. Moreover, the temperature of the Calsil + SA + OPC
hydrogels could be controlled by altering the NIR laser power density
and the concentration of OPC. Rheological assessment showed an
increased storage moduli G, (in the range of 102 for Calsil + SA+6%
OPC) after 30 min of NIR laser exposure, indicating an increase in
hydrogel stiffness. Besides, upon NIR illumination, mechanical spectra
of the samples exhibited a ‘strong gel’ character as demonstrated by
parallel G’ and G” curves, in a frequency independent manner [74]. It
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was also shown by amplitude sweeps on different OPC- containing
hydrogels that G’ and G” improved as a function of OPC concentration
and/or the NIR exposure time. The compressive mechanical strength
was also affected by the concentration of OPC and/or the exposure to
NIR. The mechanical strengths of Calsil + SA, Calsil + SA+4%OPC and
Calsil + SA+4%OPC after 30 min of NIR exposure were reported ~2.5
kPa, 4 kPa and 8 kPa, respectively [73]. The in vivo performance of these
hydrogels was assayed in 10 mm skin wounds inflicted on diabetic
C57BL/6 mice. The Calsil + SA + OPC group exhibited a higher wound
healing rate (with a relative wound area of 0.2% on day 16), than the
Calsil + SA (relative wound area of 0.9%) and the blank group (relative
wound area of 5.3%). The Calsil + SA + OPC group also developed more
vascular networks than controls and a normal collagen arrangement
with no signs of inflammation. These results were attributed to the
capability of OPC to promote cell proliferation and angiogenesis, as well
as the synergistic effect of Si ions in promoting collagen deposition and
re-epithelialization. Mixing different types of polymers can adjust
rheological behavior, leading to improved printability and fidelity. For
example, it is known that the extracellular matrix (ECM) plays a crucial
role as mechanical support and as a promoter of cell attachment and
cell-cell interactions [75]. Besides, just like in situ injection,
extrusion-based bioprinting requires hydrogels with shear thinning
properties to flow through the nozzle without compromising cellular
viability. In a study by Jorgensen et al., a cell-laden hydrogel construct
of cells supplemented with fibrinogen and decellularized human
skin-derived extracellular matrix (dsECM) was fabricated via
extrusion-based bioprinting [76]. Printability tests revealed that
fibrinogen + dsECM materials were suitable for printing applications.
Shape fidelity and filament strength were observed to be higher in
fibrinogen + dsECM than in controls [76]. The addition of dsSECM to the
fibrinogen matrix increased the structural stability of the construct after
15 days in culture. Also, a longer structural stability was observed in
cell-containing hydrogels than in cell-free ones (=400 kPa vs 200 kPa).
The shear thinning properties of fibrinogen + dsECM were also
demonstrated; viscosities of ~100 Pa s and 0.1 Pa s were determined at
low and high shear rates, respectively.

Among different types of 3D printing, digital light processing (DLP)
has recently shown great promise in fabricating complex structures with
advantages such as fast printing speed and high resolution for biomed-
ical applications. DLP-based 3D printing is based on the movement of
the platform containing polymer, being cured by light in a layer-by-layer
manner. Zhou et al.,, developed a 3D printed double-layered skin
structure using a biomimetic bioink composed of GelMA, N-(2-amino-
ethyl)-4-(4-(hydroxymethyl)-2-methoxy-5 nitrosophenoxy) butanamide
(NB) linked hyaluronic acid (HA-NB), and lithium phenyl-2,4,6- trime-
thylbenzoylphosphinate (LAP) as photo-initiator [77]. The authors re-
ported that the mechanical properties of the construct could be adjusted
by the presence of HA-NB and by the extent of the reaction between the
aldehyde groups and the amine groups of the GelMA chain induced by
UV light. Dynamic time-sweep rheology showed very similar gelation
points of ~1.384 s and 1.385 s for GelMA/HA-NB/LAP and GelMA/LAP
hydrogels, respectively, upon UV irradiation. In contrast, gelation
happened to GelMA/HA-NB without lap after ~33 s upon UV exposure.
The hydrogel was printed in two layers to mimic the epidermal layer (as
the dense upper layer) and the corium layer of natural skin (as a porous
lower layer containing micro-channels). The aim of the dense upper
layer with a thickness of 500 pm has been protection and sustainability
against external mechanical stress. On the other hand, the 1.5 mm lower
part provided microchannels for proper nutrient transfer, cell migration,
and vascularization to facilitate wound healing and skin regeneration. It
was seen that increasing the diameter of microchannels has a negative
effect on compressive strength. Hydrogels with 200 pm channels showed
strength of ~35 kPa, while samples with 300 ym and 400 pm channels
exhibited 30 kPa and 20 kPa, respectively. Moreover, 300 pm and 400
pm channels supported less cell adhesion than samples with 200 pm
channels due to a higher surface-volume ration in the later. Therefore,
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samples with 200 pm microchannels were selected for further experi-
mentation in vivo. For in vivo evaluation, Sprague-Dawley rats with
full-thickness wounds were used. The functional living skin (FLS) was
implanted into the wounds and a GelMA/HA-NB/LAP pregel was
injected and crosslinked to fill any remaining gaps. FLS-treated wounds
exhibited faster healing and advanced skin regeneration than controls,
showing follicles and sebaceous glands, as well as the lowest inflam-
matory response [77]. In another study, Yang et al. developed a bilayer
membrane scaffold (BLM) by printing poly (lactic-co-glycolic acid)
(PLGA) as the outer layer, and alginate as the lower layer for wound
healing application (Fig. 4A) [78]. Mimicking skin’s dermis and
epidermis, alginate and PLGA layers are intended to promote cell
function and conserve moisture, respectively. SEM micrographs showed
PLGA nanofibers with an average diameter of 857 nm and a microporous
alginate layer. The thickness of the layers was also calculated to be
nearly 20 pm for PLGA and 100 pm for the alginate hydrogel. In terms of
moisture retention, it was shown that alginate hydrogel lost more than
90% of the water in 24 h, while the BLM scaffold maintained its wetness
for 72 h. Consistently, the vapor transmission rate was observed to be
much lower for PLGA nanofibers than BLM scaffolds. This lower evap-
oration rate, which can preserve adequate moisture, is advantageous for
the wound bed as it can enhance the viability of epithelial cells and
promote migration and proliferation. The experiments also revealed that
by adding PLGA to the alginate hydrogel, the mechanical properties of
the constructs were enhanced (the tensile stress of ~231 kPa for alginate
hydrogels reached~ 2753 kPa; the elongation at break increased from
~139 kPa to ~304 kPa, and the YM was ~24 kPa and 531 kPa for
alginate hydrogel and BLM scaffold, respectively) [78]. Upon comparing
the performance between BLM, PLGA, alginate and untreated wounds in
Sprague-Dawley rats, the authors observed that BLM treated wounds
healed completely by day 12. However, PLGA, alginate, and untreated
wounds only achieved 71.5%, 91.2%, and 66.3% wound closure,
respectively. Also on the 12th day, BLM treated wounds showed the
highest blood vessel density and collagen deposition.

3D printing is not necessarily used to produce a final functional
construct for tissue engineering and wound healing purposes. Using 3D
printing, sacrificial structures can be made to act as molds to create
hydrogels with desired geometrical features. In a study by Wu et al., a
3D-printed silver nanoparticle (AgNP)-containing polyacrylamide
(PAM)/hydroxypropyl methylcellulose (HPMC) hydrogel was fabricated
via silver—ethylene interaction [79]. To design this superporous anti-
bacterial hydrogel, first a poly (lactic acid) (PLA) template was 3D
printed using fused deposition modeling (FDM), and then the hydrogel
precursor was cast into the template (Fig. 4B). N,
N’-methylenebisacrylamide (MBAM) monomers was used as the main
component of the precursors which can interact with Ag ions through
the silver—ethylene interaction, leading to polymerization and forming
AgNP-loaded nanocomposite hydrogels. Characterization of lyophilized
hydrogels without casting in the 3D printed template showed an average
pore diameter of 100 pm for PAM, PAM/HPMC, and AgNP-PAM/HPMC
hydrogels. However, the PAM/HPMC and AgNP-PAM/HPMC hydrogels
exhibited interconnected and open pores compared to the closed pores
of the PAM hydrogel, which indicated the importance of incorporating
HPMC into PAM to achieve open pores. SEM micrographs of 3D printed
superporous hydrogel also showed an average of 100 pm pore size.
However, the porosity of these hydrogels is enhanced by =~ 37%
compared to solid hydrogels, reaching around 91%. In addition, the
mechanical strength of the 3D-printed hydrogels remarkably decreased
(Young’s modulus of less than 0.4 MPa) compared to the control solid
hydrogels. This mechanical collapse could be related to the large pores
of the 3D printed construct, but still in the suitable range for soft tissue
engineering and wound healing application [79]. The wound healing
ability of the superporous AgNP-PAM/HPMC hydrogels was assessed in
a S. aureus infected full-thickness wound model in Sprague Dawley rats.
Results demonstrated that even when all groups’ wounds were
completely closed by day 14, the closure rate was faster with
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Fig. 4. 3D printing for wound healing application. (A) Poly (lactic-co-glycolic acid) (PLGA)/Alginate hydrogels (i) Schematic process of bilayer PLGA/Alginate
membrane scaffold. (ii) In vivo wound healing of blank control, PLGA, alginate hydrogel (AH), and bilayer membrane scaffold (BLM) scaffold on days 0, 4, 8, and 12.
(iii) Analysis of wound healing rates for different treatments. (iv) Quantification of collagen with trichrome blue staining. (v) Quantification of blood vessel area by
analyzing the CD31-positive area. Reprinted and adapted with permission from Yang et al., 2019 [78]. (B). Polyacrylamide (PAM) based hydrogels (i) Swollen state
of solid and 3D printed super porous polyacrylamide PAM/hydroxypropyl methylcellulose (HPMC) hydrogels and their schematic representation. (ii) Healing process
of wounds treated by PAM/chitosan, (silver nanoparticle) AgNP-PAM/HPMC, or PAM/HPMC over time. (iii) Closure degree of wounds over time. Quantification of
scar width (iv) and newborn granulation tissue (v) by H&E staining, and quantification of blood vessels (vi) and thickness of neo-epidermis (vii) by Mason’s tri-
chrome staining. Reprinted and adapted with permission from Wu et al., 2019 [79]. (C) Gelatin methacryloyl (GelMA)-vascular endothelial growth factor (VEGF)
printing (i) Schematic illustration of in vivo printing of GelMA-VEGF hydrogel by a handheld bioprinter. The in situ crosslinking process promotes the proper adhesion
of the hydrogel to the wound surface. (ii) Representative pictures of the wounds administrated with VEGF, GelMA or GelMA + VEGF on day 7 and day 14 post
surgery. (iii) Wound contraction relative to the original wound size. (iv) wound re-epithelialization, calculated based on the area of new epithelium over the total
wound area. (v) Amount of granulation tissue. (vi) scar elevation index (SEI) is calculated based on the total area of the healed skin over the area of normal skin
below the buildup of hypertrophic scarring. (vii) The degree of inflammation was analyzed by the hematoxylin and eosin (H&E) staining of wound sections to observe
the infiltration of inflammatory cells. Reprinted and adapted with permission from Nuutila et al., 2022 [81].

AgNP-PAM/HPMC hydrogels, with a smoother surface and less scarring.
It was also observed that this treatment formed the thickest granulation
tissue with the smallest scar, as well as the thickest neo-dermis and
collagen deposition.

3D printing has brought precision to the architectural design of
regenerative constructs or wound dressings. Using this method, it is
feasible to make multilayer structures with complex geometry
mimicking skin to help wound healing and skin regeneration. However,
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from the fabrication point of view, there are limitations which should be
considered. Printability is the main issue that narrows the range of
biomaterials that can be used for 3D printing applications in biomedi-
cine. The challenge is that not only the biomaterial itself, but also the
bioactive additives, which are added to the system with the aim of tissue
regeneration and wound healing, should not hinder the printability and
fidelity properties of the biomaterial. Besides, biomaterials and com-
posites should be shear thinning and have a compatible crosslinking
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mechanism with 3D printing. Moreover, talking about bioprinting, in
which the living cells undergo a printing process, makes these issues
even more complicated. Thus, the state of the art in 3D printed wound
dressing is to adjust the functional biomaterials beneficial for wound
healing (with or without cells), to be a good fit for the printing
procedure.

2.2.2. In situ bioprinting

The direct printing of bioinks into the living tissues with the aim of
repairing and/or regenerating is called in situ bioprinting (also known as
“in vivo” bioprinting) [80]. The use of this strategy for wound healing
minimizes the scaffold preparation time. In addition, more complicated
geometries can be fabricated according to the curvature and depth of the
wound [80,81]. Two main types of in situ bioprinting can be distin-
guished, robotic [75] and handheld in situ printing [82]. Robotic in situ
bioprinting is highly precise and reliable, but needs complex and
expensive instruments not yet widely available. Handheld bioprinters
have recently shown great promise in dealing with irregular shapes and
curvatures commonly found in real tissues, with the least complexity
and being user friendly [81].

One of the major challenges of in situ 3D printing is fast delivery and
deposition, especially when the intention is delivering cells to the defect
site. Commonly, photo-crosslinkable hydrogels are used in in situ (bio)
printing. Near instantaneous photo-polymerization could occur upon
UV exposure of solutions containing thiolated HA, thiolated gelatin, and
poly (ethylene glycol) di-acrylate (PEGDA) [83]. GelMA is also a
frequently used material for in situ bioprinting [84,85]. Next, we
describe recent examples. In a study by Skardal et al, a UV
cross-linkable heparin-conjugated hyaluronic acid (HA-HP) hydrogel
was designed. The authors used a homemade bioprinter, equipped with
pressure-driven nozzles, to deliver cells and growth factors for wound
healing [86]. The photo-polymerization induced crosslink within a few
seconds, ensuring efficient encapsulation of cells for proper in situ de-
livery. Three types of cross-linkers were used in this study in order to
modulate structural properties and release kinetics, including linear,
four-arm, and eight-arm PEGDA cross-linkers. Results showed a more
rapid and cumulatively higher release of bovine serum albumin (BSA) in
linear cross-linker HA hydrogels, than that in hydrogels crosslinked with
four-arm and eight-arm PEGDA. The microscopic architecture of the
hydrogels was also assessed by SEM, indicating an average pore size of
~100, 50, and 25 pm for linear, 4-armed, and 8-armed PEGDA,
respectively. Rheological analysis also exhibited extremely higher G’ for
hydrogels crosslinked with 8-armed crosslinker (<5700 Pa) compared to
4-armed (~2000 Pa) and linear group (=200 Pa). Linear crosslinker was
selected as the optimal one to have less crosslinking density for more
proper delivery of the agents and also an appropriate pore size [86]. The
HA-HP hydrogel was used to deliver amniotic fluid-derived stem (AFS)
cells to a full-thickness skin wound in a murine model. Many AFS cells
appeared in samples taken on day 1, but the amount decreased to 50%
on day 7, and by day 14 there were no AFS cells in the harvested tissues.
Despite this, HA-HP treated wounds achieved 99.8% closure, whereas
HA-treated and control wounds achieved 98.9% and 97.6%, respec-
tively. No significant difference was observed in re-epithelialization, and
wound contraction, but the wound aspect ratio was 1.6 and 1.2 for
HA-HP and HA treated wounds, respectively, while the control group
obtained 2.1. HA-HP -+ AFS cell treatment also improved vascularization
and ECM production and composition.

Besides the fidelity and mechanical stability of 3D printed hydrogels,
another obstacle for their application as wound healing constructs is
their lack of integration with the defect site. Although in situ printing can
help to fill irregular cavities, the adhesive interaction of hydrogel with
the wound bed is also vital for the proper engraftment and regeneration
of tissue. Recently, Nuutila et al. bioprinted in situ a GelMA hydrogel
containing VEGF using a handheld printer (Fig. 4C) [81]. By adjusting
the speed range, the deposition rate of the bioprinter was controllable
between 4 and 18 pL/s which is a suitable range to cover either small or
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large wounds. Moreover, the resolution was tunable by changing the
printing speed (hand movement) to achieve fiber diameters ranging
from 500 pm to 2500 pm (reduction in diameter by increasing the
printing speed). The mechanical analysis of the hydrogels showed that
the compressive modulus increased by an increase in the concentration
of GelMA; the compressive modulus was determined to be ~ 1.2, 4.1,
and 10.6 kPa, for 6%, 9%, and 12% GelMA, respectively. Furthermore,
the adhesion strength of the printed samples to porcine skin was ~3.7,
6.3, and 10.3 kPa for 6, 9, and 12% GelMA, respectively. The robust
GelMA-tissue adhesion observed after in situ crosslinking, could be
attributed to merely physical interactions (i.e., hydrogen bonding) or
even the creation of covalent bonds between the hydrogel and the tissue
enabled by the production of free radicals induced by UV in situ exposure
[87,88]. Both 9% and 12% GelMA printings showed proper shape fi-
delity. However, the 9% GelMA formulation exhibited lower stiffness,
believed to be appropriate for spreading and infiltration of cells [89],
with an average pore size of 9.57 pm as determined using SEM. In
addition, this porous structure could provide a gradual long-term release
of loaded VEGF from the hydrogel (60% in 350 h). For in vivo assess-
ment, circular dorsal wounds in a porcine full-thickness wound model
were treated with topical VEGF, pristine GelMA, GelMA + VEGF or left
untreated. GelMA + VEGF displayed the largest contraction (18%
contraction), as compared to 30% in pristine GelMA, 31% in topical
VEGF, and 46% in untreated wounds. Microscopic evaluation revealed a
higher level of wound re-epithelialization and granulation tissue in
GelMA + VEGF treated wounds, as well as a significantly lower scar
elevation index. The neoepidermis thickness for GelMA + VEGF treated
wounds reached 165 + 28 pm while the second-best treatment reached
130 £ 14 pm with blank GelMA. The GelMA + VEGF treated wounds
also contained the fewest number of inflammatory cells as observed by
H&E staining. These results support the use of in situ printed GelMA with
sustained release of VEGF as an effective treatment for wound healing
[81].

The composition of inks could be manipulated for different beneficial
purposes besides printability, fidelity, mechanical stability, and inte-
gration. Engineering compositions can lead to advantageous properties
in terms of wound healing and skin regeneration. For example, formu-
lating a bioink containing interconnected pores up to hundreds of mi-
crometers may enhance cell migration and nutrient transfer in the
wound bed. In a study, an emulsion bioink composed of GelMA and
polyethylene oxide (PEO) solutions was in situ printed by a handheld
bioprinter [85]. These two biocompatible aqueous solutions are
immiscible, leading to a bioprinted foam with a controllable pore size
ranging between 20 pm and about 100 pm. In this emulsion, after
forming the hydrogel matrix upon crosslinking of GelMA, PEO droplets
leave the system by immersion of the construct in saline or cell culture
medium. Not only could the concentration and ratio of the polymers
affect the pore size, but also the mixing time was an influential variable.
In a constant concentration of 10 wt% for GelMA and 1.6 wt% for PEO,
the pore sizes of =105, 63, and 32 pm were achieved for the foams
produced using mixing times of 5, 10, and 15 s, respectively. As the
mixing time increased, the uniformity of the pores was also enhanced.
These porous materials induced higher fibroblast proliferation and
spreading than standard GelMA hydrogel [85].

Microfluidic techniques can control single or multiple fluids in
microscale channels ranging from tens to hundreds of microns [90]. The
combination of microfluidic technologies and traditional 3D printing
platforms allows for fine control of the compositional and structural
features of tissue engineering scaffolds throughout the printing process
[90].

Wang et al. produced hollow fibers containing microalgae by quickly
polymerizing a fluid containing the microalgae through a coaxial
capillary microfluidic chip and then printing them into 3D scaffolds that
conformed to irregularly shaped wounds. The inner spindle capillary
was pumped with a gelatin inner fluid (5% w/v) with varying CaCl,
concentrations (0.02% w/v). Alginate (2.5% w/v) and GelMA (5.0% w/
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v) biopolymers were mixed and poured into the exterior tapering
capillary. Depending on the concentration of CaCly, the channel diam-
eter of the hollow fibers could be adjusted from 150 to 350 pm. Because
an oxygenic photosynthetic unicellular microalga (Chlorella pyrenoidosa)
was introduced during 3D printing, the resulting constructs could
continuously supply oxygen under light irradiation, promoting cell
proliferation, migration, and differentiation, even under hypoxia. By
reducing local hypoxia, enhancing angiogenesis, and encouraging
extracellular matrix (ECM) formation, the microalgae-laden scaffolds
printed directly into diabetic wounds greatly sped up chronic wound
closure [90].

In general, handheld bioprinters, as mentioned before, are user-
friendly devices more affordable and user friendly than commercial
printers. In addition, they could be designed to overcome common ob-
stacles such as a limited number of inks for 3D bioprinting. In a study by
Hakimi et al., a handheld bioprinter containing a microfluidic cartridge
was used for in situ deposition of different bioinks (alginate and
fibrinogen-based) for skin regeneration [82]. Inks were printed simul-
taneously, the crosslinker was deposited on top of the biomaterial on the
wound bed and the thickness of the printed sheets was controlled be-
tween 100 and 600 pm via a one-step printing process by adjusting the
flow rates. Using systematic turbidity measurements, the kinetics of
gelation showed a quicker gelation for the alginate-based layers due to
the rapid diffusion of Ca?" ions from above, which is ten times higher
than the diffusivity of thrombin (the crosslinker of fibrin-based sheets)
at the same viscosity. Fibrin-based sheets with 100, 200, 400, and 600
pm thicknesses showed in situ gelation times of ~44, 64, 110, and 160 s,
respectively. Moreover, tensile testing showed a much higher Young’s
modulus for the alginate-based group than for the fibrin-based group (up
to ~0.25 MPa, compared to ~0.1 MPa), although the fibrin-based
construct exhibited higher elasticity with higher elongation at break
than the alginate-group [82]. Preliminary in vivo results in a porcine
wound model demonstrated possible to stop bleeding post-injury in 5
min after the hydrogel deposition, while untreated wounds bled for 10
min until they reached hemostasis. Also, after 20 days, 3 out of 4 treated
wounds achieved complete re-epithelialization, whilst only 1 out of 4
untreated wounds did.

The structural properties of bioinks have been widely investigated in
bioprinting for wound healing applications. Several biomaterials have
shown a great potential to maintain cell viability and promote certain
cell functionalities [91], but they still lack the elasticity of native skin
[92]. It would be more complicated to design printable bioinks with
high fidelity and optimal elasticity that can provide optimum porosity
when the bioinks are going to be more precise.

The recapitulation of native biological features of the skin by
including several cell lines and components, such as skin hair follicles,
sweat glands, sebaceous glands, among others, increase the challenge of
designing printable bioinks with high fidelity and optimal porosity and
elasticity. Reducing the cost should be considered as an additional
outstanding challenge to overcome to translate bioprinting for wound
healing to clinical applications [92].

2.3. Electrospinning

Electrospun nanofibers are one of the most promising and reported
micro-/nano scaffolds for wound healing in the last decade [93]. Elec-
trospun hydrogels exhibit both, the characteristics of a fibrous structure
and the softness of hydrogels. Nano fibrous constructs can mimic the
filamentous network of ECM proteins, leading to proper cell attachment,
proliferation, and migration for skin regeneration. These networks,
which pose strong interconnectivity and a porosity of 80-95%, also have
great potential for vascularization, and could be a promising platform
for wound healing application. One of the great advantages of electro-
spinning is the adjustability of the final architecture by changing pa-
rameters of the polymer solution, such as concentration, viscosity,
molecular weight, etc. In a study, Sun et al. fabricated a GelMA fibrous
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hydrogel via electrospinning for skin regeneration [94]. Electrospun
UV-crosslinkable GelMA hydrogels with three different degrees of
methacrylation (30%, 50%, and 70%) were synthesized and character-
ized. SEM micrographs showed similar morphology for GelMA and
control gelatin electrospun fibers with no significant difference in the
average diameters (1.52 and 1.36 pm, respectively). Nevertheless, in-
cubation in PBS for 24 h led to a significant difference in the average
diameter in the two groups, reaching ~2.18 pm for GelMA and ~1.76
pm for crosslinked (with glutaraldehyde) gelatin samples. This result
indicated a higher swelling ratio for GelMA fibers than for pristine
gelatin. Moreover, water permeability was reduced by the increase of
methacrylation degree. The analysis showed a mean permeability of
2130, 1580, 810, and 680 L m™2 h™! atm™! for GelMA-30, GelMA-50,
GelMA-70, and crosslinked gelatin, respectively. Thus, the
photo-crosslinked GelMA meshes were more appropriate to preserve
water content for the wound bed than chemically crosslinked gelatin.
The tensile test of fully hydrated fibers showed higher tensile strength
for the crosslinked gelatin hydrogel (~370 kPa) than for GelMA-30 and
GelMA-50 (=230 kPa and 260 kPa respectively), but similar range to
GelMA-70. However, elongation at break was observed to be higher in
GelMA samples, reaching around 65% for GelMA-70 hydrogel, than in
crosslinked gelatin. This suggests more flexibility and elasticity arguably
due to a modified chain length and a lower amount of cross linkers in
GelMA than in crosslinked gelatin samples. Degradation analysis also
exhibited more weight loss for GelMA samples up to 28 days (88% for
GelMA-70) than for crosslinked gelatin (63%). This result indicates fast
degradability for GelMA samples, which is believed to be more suitable
for in vivo application. In vitro experiments revealed that electrospun
GelMA scaffolds support dermal fibroblasts and endothelial cell adhe-
sion, proliferation, and migration. Also, electrospun GelMA membranes
used in vivo to treat skin flaps in a rat model decreased the formation of
necrotic tissue, and allowed better blood perfusion of the skin flap,
biodegraded faster, and achieved higher microvessel density 7 days
post-implantation than controls [94]. Hydrogel electrospun fibers have
also been reported to be promising for wound healing by Zhao et al.
[95]. In this study a nano fibrous GelMA scaffold was fabricated with
adjustable physical characteristics using electrospinning. Electrospun
PLGA and glutaraldehyde-crosslinked gelatin samples were considered
as control groups. For all the samples, the fiber diameters were in the
range of 700 nm-1400 nm. After 24 h in water, they increased their
diameters to 1200 and 2000 nm for the GelMA and gelatin groups,
respectively. By increasing the UV exposure time the water permeability
was reduced due to a higher degree of photo-crosslinking, and,
conversely, the water retention capacity was enhanced. Mechanical
properties were also enhanced by an increased exposure to UV light. For
10 min of exposure time, the Young’s moduli of GelMA-based mats was
reported at around 350 kPa; the tensile strength and elongation at break
were 360 kPa and 60%, respectively. In contrast, PLGA mats showed
much higher Young’s moduli (~30 MPa) and tensile strengths (~37
MPa) than GelMA mats; however comparable elongation at break was
observed for these scaffolds (=60% for both PLGA and GelMA with 10
min of UV exposure time). The softer 3D matrixes made of GelMA
allowedhigher fibroblast migration and viability compared to control
groups [96-98]. The biodegradation properties of GelMA appeared to be
advantageous too; they could match the wound healing dynamics by an
early mass loss of around 15% in the first 3 days, followed by a gradual
degradation up to 90% until day 28 [95,99]. GelMA electrospun scaf-
folds supported fibroblast survival, proliferation, and migration in vitro,
better than gelatin and PLGA scaffolds. In vivo results comparing GelMA,
gelatin, PLGA, and untreated wounds in mice showed that GelMA
treated wounds achieved the fastest wound closure and developed a 100
pm thick epidermis on day 21, as well as bundles of organized collagen
fibers as observed by Masson’s trichrome staining. These results
demonstrated the promising performance of GelMA electrospun scaf-
folds as wound dressing and scaffold for skin model construction [95].

In situ electrospinning of hydrogel fibers has also been investigated in
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studies on wound healing and skin regeneration [100]. Koosha et al.
used electrospinning to prepare in situ glyoxal-crosslinked chitosan/poly
(vinyl alcohol) (PVA) hydrogel nanofibers reinforced with halloysite
nanotubes (HNTs) without the need for post-treatment stabilization of
the nanofibers in an alkaline medium. The incorporation of HNTs into
the crosslinked chitosan/PVA nanofibers was confirmed by morpho-
logical analyses using SEM/EDX and TEM, and agreed with XRD pat-
terns. The hydrophilic nature of the HNTs caused the nanocomposite
nanofibers to swell by almost 400%, whereas crosslinked chitosan/PVA
nanofibers showed swelling of only 272%. The addition of 3% and 5%
HNTs to the crosslinked nanocomposite nanofibers increased the tensile
strength by 2.4 and 3.5 times, respectively, when compared to chito-
san/PVA nanofibers. The hydrophilicity of HNT-reinforced nanofibers,
demonstrated by a decrease in the water contact angle, favored the
attachment of fibroblast cells when HNTs were present in chitosan/PVA
nanofibers. The addition of HNTs improved the nanofiber biocompati-
bility, as demonstrated by AlamarBlue cytotoxicity tests. Glyoxal was
also confirmed to have no harmful effects on fibroblast cells and can
therefore be utilized safely for crosslinking chitosan/PVA nanofibers
[100].

Electrospinning is a versatile and relatively inexpensive method to
fabricate micro and nanofibrous scaffolds for tissue regeneration in a
reproducible manner. Different numbers of synthetic and natural poly-
mers have been used within this method to fabricate wound dressings.
The electrospun mat is highly tailorable as different parameters such as
concentration of polymer, applied voltage, etc., can be altered. How-
ever, some limitations, such as high voltage application, toxicity of
solvents, and difficult handling, could hinder its capability, especially to
fabricate hydrated fibrous scaffolds for skin regeneration and wound
healing. Innate characteristics of biomaterials are different and could be
modulated to be appropriate for wound healing. Moreover, fabrication
approaches could modulate their architecture, leading to more sophis-
ticated and versatile scaffolds. Besides the porosity, which is important
for nutrient transition and cell migration, one of the most important
structural complexities which could be more investigated for wound
dressing hydrogels is to design vasculature or tubular-like architectures
to allow endothelialization within the hydrogel. This issue is very
important, especially for deep wounds that need larger tissue to be re-
generated. Furthermore, for structural design, gradient hydrogel con-
structs could be further evaluated to achieve more advanced
regenerative strategies for wound healing and regeneration of injured
beneath tissues. For example, a gradient structure in terms of mechan-
ical and physical characteristics may help regeneration of two adjacent
tissues (for example, skin and muscle) within the same treatment and 3D
hydrogel. Moreover, this gradient could be coupled with a biological
gradient to optimize regeneration. A summary of the reviewed studies in
this section is represented in Table 1.

3. Engineering the biological environment: additives or
enhancers

Besides the engineering of the mechanical and structural properties
of a desirable wound dressing, understanding the healing process is key
to properly use bioactive agents that could assist healing and regener-
ation [101]. Wound healing is impaired by different factors like unstable
hemostasis, infection, lack of oxygen perfusion, edema and necrosis,
which could be controlled by adding different bioagents [102]. Hemo-
static, antibacterial, anti-inflammatory or antioxidant molecules could
hinder bleeding, infection, inflammation, and oxidative stress to provide
a normal path for further steps of wound healing, including proliferation
and remodeling [102]. On the other hand, other components such as
growth factors, chemokines, electroactive biomaterials, and some
metallic ions may contribute directly to regeneration steps. Owing to
mild processing conditions, hydrogels can be loaded with various
bioactive ingredients and/or cells, and their high porosity and control-
lable crosslinking density allow them to be delivered in a suitable
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manner for accelerating wound healing [101,103]. In this section, we
elaborate on investigations related to hydrogels impregnated with bio-
materials, molecules, drugs, nanoparticles (NPs), and cells for wound
healing application.

3.1. Antibacterial agents

Excessive bacterial growth in wounds is detrimental to the healing
process. When bacteria proliferate and form a colony, the normal pro-
cess of wound healing breaks down. Infection is known as a bacterial
population of 10° per gram of tissue, and it acts as a bioburden as bac-
teria compete against fibroblasts and macrophages for nutrients [104].

Although any type of wound dressing could be a mechanical barrier
to protect tissue from external bacterial attack, it seems crucial to use
antibacterial wound dressings to suppress infection or to prevent further
bacterial growth. A wide range of antibacterial moieties have been
investigated for wound healing, including antibacterial polymers [105,
106], peptides [107], NPs [108,109], and antibiotics (Table 2). Alter-
natively, antibacterial hydrogels can be fabricated from inherently
antibacterial polymers. In general, the antimicrobial activity of these
antibacterial materials lasts longer than that of composite hydrogels
added with antimicrobial agents [105,107]. Among the inherit anti-
bacterial polymers, chitosan (CS) is one of the natural polymers that has
been extensively investigated in tissue engineering, especially in wound
healing applications, due to its advantageous characteristics such as
biocompatibility, high functionality, pain relief, and hemostasis. For
example, Miguel et al. fabricated injectable chitosan-agarose hydrogels
(CAH) with the aim of skin regeneration and wound healing. CAH
hydrogels exhibited proper biocompatibility; confocal microscopy
showed fibroblast migration and proliferation within the construct. In
vivo analysis indicated great wound healing potential of CAH hydrogels;
higher re-epithelialization and lower inflammation was observed in
CAH treated wounds than in the non-treated group. A minimum inhib-
itory concentration test (MIC) showed that hydrogels with a chitosan
concentration higher than 188 pg/mL, exhibited antibacterial activity
against S. aureus [110]. Poly-cationic chitosan is able to interact with the
electronegative components at the surface of the bacteria’s membrane,
leading to an increase in cell wall permeability and thus the leakage of
cytoplasmic constituents and a loss of ionic gradient through bacterial
membranes [111]. In another study, Chen et al. designed an injectable
hydrogel composed of chitosan and konjac glucomannan (KGM). These
highly adhesive hydrogels exhibited great biocompatibility and
dramatically reduced wound healing and re-epithelialization time in an
in vivo model (Fig. 5A). Moreover, hydrogels inhibited bacterial S. aureus
and Escherichia coli (E. coli) growth in 96 and 98%, respectively [105].

Poly-ethylen-imine (PEI) is another antibacterial polymer used for
wound healing applications that contains repeated amine units which
protonate at physiological pH. These positive charges interact with
negatively charged bacteria’s surfaces, causing bacterial death via
mechanisms including membrane damage or cell depolarization [106].
Giano et al. presented an inherent antibacterial adhesive hydrogel that
contained a mixture of poly-dextran aldehyde (PDA) and branched PEI.
In this hybrid hydrogel, PDA acts as the adhesive and PEI as a crosslinker
and an antibacterial material. The authors observed an in vitro anti-
bacterial effect against gram-negative and gram-positive bacteria of the
PDA/PEI hydrogels which was also demonstrated in vivo in two different
infection models with minimal inflammatory response [106].

An aminoacidic-based polymer, e-poly-i-lysine (EPL), has also been
reported as a suitable platform for wound healing applications. This is a
biocompatible, biodegradable, and nontoxic homo-poly-amino acid that
has exhibited innate antibacterial characteristics [112]. Membrane
disruption (resulting in cell lysis) has been hypothesized as the mecha-
nism for the antimicrobial activity of this polymer. Wang et al., designed
an injectable dopamine-modified EPL-polyethylene glycol-based
hydrogel (PPD hydrogel) that promoted wound healing via faster
re-epithelialization than fibrin glue (applied in the control group). The
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Table 1
Structural engineering of hydrogel wound dressing.
Method of Material Crosslinking method Additives Study Structural features Biological results Ref
fabrication
1 Prefabricated GelMA Photocrosslinking In Compressive modulus Over 90% viability of [34]
casting vitro up to 200 kPa is human epidermal
dependent on polymer keratinocytes (HaCaTs)
concentration and UV cultured on the
exposure time. hydrogels. Cellular
Prolonged degradation attachment increases on
up to 8 weeks using stiffer hydrogels.
20% GelMA. Differentiation and
stratification of HaCaTs
into a multilayered
epidermis.
2 Prefabricated Heparin and PEG-DA Photocrosslinking hEGF In Swelling capacity was hEGF loaded heparin- [36]
casting vitro/ higher in heparin- based hydrogel enhanced
invivo  containing hydrogels. wound closure,
Heparin-containing granulation tissue
hydrogels have a G’ of formation,
14 kPa and a WVTR of epithelialization and
1010 g/m*/day. capillary formation
Heparin extended the compared to control
release of hEGF up to groups.
21 days.
3 Prefabricated CS, PEG, and PVP Tonic crosslinking Tetracycline In In the presence of PVP, 80% of drug was released [40]
casting hydrochloride vitro/ a spherical porous after 48 h antimicrobial
invivo structure was observed, effect was observed in
and the swelling rate vitro against both gram-
increased from positive and gram-
~400%-1210%. negative bacteria.
Tensile strength of 0.8 Antibiotic containing
MPa for 60% humidity samples accelerated
and WVTR of ~2230¢g/  wound healing with
m?/day were detected minimum scar
for the CS/PEG/PVP formation.
sample.
4 Prefabricated HA Dynamic coordinate Platelet-derived growth  In Higher G’ values than In vitro antibacterial [42]
casting bond between factor BB (PDGFBB) vitro/ G” for different ratios of  effect against E. coli and
EDTA—Fe3" invivo  Fe>"—EDTA. S. aureus due to release of
complexes cross- G’ > 200 Pa for Fe**+
linked with Fe>*—EDTA complexes Promoted in vivo skin
hyaluronic acid (HA) and HA units equal to regeneration with no
1:2. inflammation 10 days
post implantation.
5 Prefabricated Pectin & PAA Interpenetrating Lignin-coated Ag NPs In High resilience and High antibacterial [43]
casting network with free- & epidermal growth vitro/ stretchability up to 26 activity in vivo with
radical factor (EGF) EGF invivo  times the primary increased wound healing
polymerization length. NPs-P-PAA and skin tissue
hydrogel showed regeneration compared
tensile strain of 2660%,  to control groups.
ductility of 300 MPa%,
fracture energy of 5500
Jm~2 and adhesion
strengths to porcine
skin of 25 kPa for the
NPs-P-PAA hydrogel.
6 In situ forming Collagen type I, Poly- Covalent and ionic In Chondroitin sulfate Support for migration of [47]
hydrogel p-Lysine (PDL) and bonding vitro/ extended the gelation MSTC-derived cells.
chondroitin sulfate invivo  time to 1 h. A pore size  Bacterial growth
of 10 pm was observed inhibition in vivo and
for the collagen/PDL promoted wound
sample. Adding air healing.
microbubbles increased
the pore size to ~30-40
pm.
7 In situ forming Silk fibroin (SF) Physical In Pore size of ~155 pm, Proliferation of human [51]
hydrogel extracted from two entanglements and vitro/ Water retention of 75%  dermal fibroblasts and
different silkworm crosslinking invivo  for SF blend hydrogel migration keratinocytes
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after 12 h compared to
20% for the collagen
control group. G’ of
336.42 Pa, compressive
modulus of ~7.4 kPa
and 85% of the weight
preservation after 14

in vitro. Improved wound
healing and more
collagen deposition were
observed for SF hydrogel
compared to the collagen
control group.

(continued on next page)
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Method of Material Crosslinking method Additives Study Structural features Biological results Ref
fabrication
days was observed for
SF hydrogel.
8 In situ forming Benzaldehyde- Reversible Schiff VEGF In Highest G’ was Strong blood cell [56]
hydrogel terminated PEG and base vitro/ observed ~600 Pa. coagulation and
dodecyl-modified invivo  Rheological recovery hemostasis and anti-
chitosan (DCS) analysis demonstrated infective properties. An
self-healing capability. increase in wound
closure, deposition of
collagen, angiogenesis,
and granulation tissue
formation by using a
VEGF-loaded hydrogel.
9 In situ forming Oxidative hyaluronic Reversible Schiff’s Adipose mesenchymal In G'intherangeof 10°Pa  Exosome-containing [57]
hydrogel acid (OHA), Poly-¢-L- base stem cells (AMSCs)- vitro/ was observed for all hydrogel enhanced
lysine (EPL) and derived exosomes invivo  samples at 37 °C, proliferation and tube
Pluronic F127 (F127) indicating formation of formation ability of
hydrogel. Self-healing HUVEGCs in vitro.
capability was shownas  In vivo analysis showed
G’ of hydrogel was enhanced wound healing
decreased from ~10 rate, angiogenesis,
kPa to several pascals deposition of collagen
by an increase of strain  and re-epithelialization.
up to 1000% and
recovered at a strain of
1%.
10  Insitu forming HA Dynamic Ag" ions In G’ of ~400 Paand G” of  Antimicrobial effect [50]
hydrogel coordination vitro/ ~100 Pa. against both Gram-
crosslinking invivo  Non-fibrous positive and Gram-
architecture negative bacteria.
In vivo analysis showed
higher wound closure
and more complete
epithelium layer
compared to control
group.
11 In situ forming PDA nanoparticles Schiff’s base Ciprofloxacin In G’ =500 Pa. On demand antibacterial [58]
hydrogel and glycol chitosan reaction/Michael vitro/ Photothermal behavior effect In vitro against
(GC) addition in vivo of samples was S. aureus.
demonstrated and Antibacterial efficacy
when exposed to NIR and enhanced wound
with a power of 0.5 W/ closure in vivo without
cm?, hydrogels reached  inflammatory responses.
46.8 °C to release
antibiotics.
12 Insitu forming Quaternized Radical graft In Sol-gel transition 9.82w/w% of MCF could  [239]
hydrogel hydroxyethyl copolymerization vitro/ characteristics and the trigger the coagulation
cellulose (HEC)/ invivo  highest G’ and viscosity ~ factors.
mesocellular silica for HEC were up to 10> QHM hydrogel could
foam (MCF) and ~70 Pa, decrease plasma clotting
respectively. By time to 59% in vitro
increasing MCF, G’ and  compared to
viscosity were commercially available
enhanced to the range hemostatic. Great
of 10* and ~450 Pa, antibacterial and
respectively. Swollen biocompatibility and
composite hydrogel enhanced wound
under 37 °C showed G’ healing.
in the range of 10* Pa.
13 Insitu Alginate Tonic crosslinking copper-/zinc-niacin In Size of ~300 pm for Decreased inflammation [60]
Injectable/ (microcapsules) vitro/ alginate capsules and improved
Microfluidics invivo  containing copper-/ angiogenesis and
zinc-niacin collagen deposition
Smart release of
calcium, copper, and
zinc ions.
14 Insitu Poly (hydroxypropyl Hydrogen bonding/ Mg** In Microfluidics internal/ Persistent wound pH [61]
Injectable/ acrylate-co-acrylic amide bonding vitro/ external flow rate modulation
Microfluidics acid)-magnesium ions invivo  determined microbead Collagen deposition,
(poly-(HPA-co-AA) size (1-2 mm) macrophage
and carboxymethyl polarization, and blood
chitosan (CMCS) vessel development
(micro-gel ensemble)
15  Prefabricated Cellulose nanofibril Tonic and chemical In YM of 3.45 kPa for 1 wt  Viability of fibroblast [66]
3D printing (CNF) (by BDDE) vitro % CNF hydrogel and cells. Promoted cell
(Extrusion-based) crosslinking reached 7.44 kPa after proliferation compared
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Method of Material Crosslinking method Additives Study Structural features Biological results Ref
fabrication
second (chemical to the 2D structure. Cell
crosslinking). No proliferation is enhanced
failure at 50% strain, with an increase in
indicating excellent rigidity of the hydrogel.
elasticity.

16  Prefabricated Chitosan Tonic crosslinking In Total thickness of 2.1 In vitro proliferation of [68]
3D printing vitro/ mm. Distance between human fibroblasts and
(Extrusion-based) invivo  filaments ~200 pm and  keratinocyte. Formation

a Feret diameter of of a skin-like layer.

~3.5 pm and 5 pm for Improved wound closure
the surface and within compared to non-treated
the structure, groups in vivo.
respectively. The YM of

the samples ~10° kPa.

17  Prefabricated Pectin methacrylate Tonic crosslinking Arginylglycylaspartic In Range of G’ between RGD-PECMA high [72]
Bioprinting (PECMA) & acid (RGD) vitro ~79.6 Pa and 2600 Pa hydrogels supported
(Extrusion-based Photocrosslinking based on concentration ~ metabolic activity of

and DM. After swelling,  fibroblasts when
the elastic modulus of photocrosslinked for 160
hydrogels (1.5 wt%) s (G’ 0f 229.8 + 44.0 Pa).
decreased significantly Although with secondary
from ~1000 Pa to ionic crosslinking, higher
~400 Pa. Polymer concentration and UV
solutions supplemented  exposure time followed
with5mM and 7mMof to stiffer hydrogels (160
CaCl, were able to form s: 842.0 +97.8 Pa; 300 s:
stable, neat filaments. 1210.0 + 148.5 Pa),
spreading of the cells was
significantly reduced.

18  Prefabricated Calcium silicate Photothermal OPC In Hydrogels containing Supported proliferation, [73]
Bioprinting (Calsil) nanowires, & vitro/ OPC exhibited and migration of
(Extrusion-based) sodium alginate (SA),  Ionic crosslinking invivo  compacted porous fibroblasts and human

Pluronic F127, and 1 structure with a small umbilical vein
(+)-Glutamic acid pore size.Photothermal endothelial cells
(CS + SA hydrogel) conversion efficiency (HUVECS).
was observed by Improved angiogenesis
changing NIR power. G’ and skin regeneration in
in the range of 102 and ~ vivo.
mechanical stiffness of
8 kPa for Calsil + SA +
6%OPC after 30 min of
NIR laser exposure.

19  Prefabricated Fibrinogen and Thrombin- In Addition of dsECM to Viability of fibroblast [76]
Bioprinting decellularized human  Fibrinogen vitro fibrinogen matrix was supported till only
(Extrusion-based) skin-derived (Enzymatic) increased G’ reached day 8 for fibrinogen and

extracellular matrix crosslinking 452.6 Pa vs. 207.7 Pa significantly improved
(dsECM). for control fibrinogen till day 15 in the

and after thrombin fibrinogen + dsECM

crosslinking reached

~800 Pa. 15 days after

culture of fibroblasts, G’

was increased

compared to cell-free

hydrogels, 400 kPa vs

200 kPa. Fibrinogen +

dsECM exhibited better

shear thinning

properties compared to

control dsECM and

fibrinogen.

20 Prefabricated GelMA Photocrosslinking In Tunable mechanical Promoted fibroblast and [771
Bioprinting (DLP & vitro/ properties. The HUVEC migration and
3D printing) HA-NB invivo  compressive modulus proliferation, and Tissue

was 30-100 kPa based in growth and improved
on polymer skin regeneration in vivo.
concentration. The pore

size ranged from 200

pm to 400 pm.

21  Prefabricated Polyacrylamide Silver—ethylene AgNPs In 14 times the dead Enhanced infected [79]
3D printing (PAM)/ interaction vitro/ weight of water uptake wound regeneration and
(FDM) hydroxypropyl invivo  capacity was observed inhibited scar tissue
3D printer methylcellulose for hydrogel. An formation in vivo.

(HPMC) average pore diameter
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of 100 pm observed for
all samples. The
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Method of Material Crosslinking method Additives Study Structural features Biological results Ref
fabrication
addition of AgNPs and
HPMC made pores
interconnected. A
porosity of 91% and a
YM of less than 0.4 MPa
were observed for super
porous hydrogels.
22 Prefabricated Alginate and PLGA Tonic crosslinking In Bilayer membrane Bilayer membrane [78]
3D printing vitro/ scaffold. improved cell
(Extrusion- invivo  Thickness of ~20 pm proliferation in vitro and
based) + for PLGA and ~100 pm  promoted, wound
Electrospinning for alginate hydrogel. closure, collagen
PLGA layer enhanced deposition, and
water retention, vascularization in vivo.
mechanical properties
(YM =~ 24 kPa and 531
kPa for alginate
hydrogel and bilayer
scaffold), and
decreased degradation
rate.
23  Insitu bioprinting ~ Heparin-conjugated Photocrosslinking FGF and VEGF In Hydrogels crosslinked Prolonged release of [86]
(Pressure-driven) hyaluronic acid (HA- vitro/ with four-arm heparin-binding growth
HP) invivo crosslinkers showed a factors. Promoted wound
higher release rate closure, ECM production,
compared to eight-arm re epithelialization, and
HA hydrogels. Average vascularization in vivo.
pore size of ~100 pm,
50 pm and 25 pm and G’
of ~200 Pa, 2000 Pa,
and 5700 Pa for linear,
4-armed, and 8-armed,
respectively.
24  Insitu bioprinting  Alginate and Ionic crosslinking In Thickness of 100 Supported interaction [82]
(handheld Skin fibrinogen and enzymatic vitro/ pm-600 pm via a one- and viability of
Printer with crosslinking invivo  step process. Faster keratinocytes and
microfluidic gelation and higher YM fibroblasts.
cartridge) for alginate-based Normal re-
compared to fibrin- epithelialization and
based hydrogels wound contraction.
(~0.25 MPa vs ~ 0.1
MPa)
25  Insitu bioprinting A two-phase aqueous Photocrosslinking In The pore size ranged Improved survival and [85]
(handheld) emulsion bioink made vitro between 20 pm —100 proliferation of
of GelMA and pm based on the fibroblasts compared to
polyethylene oxide concentration and ratio  standard GelMA
(PEO) of GelMA and PEO and hydrogel.
mixing time.
26  Insitu bioprinting ~ GelMA Photocrosslinking VEGF In The fiber diameter Improved migration of [81]
(handheld) vitro/ ranged from 500 pm to endothelial cells in vitro
invivo 2500 pm (reduction by due to the sustained
increasing the printing release of VEGF.
speed). Compression Improved wound
modulus of ~10.6 kPa closure, neoepidermis
and adhesion strength formation, angiogenesis,
to porcine skin of and decreased scar
~10.3 kPa were formation
reported for samples compared to control
with GelMA 12% (w/v).  treatments in vivo.
The average pore size
was 9.57 pm.
27 3D printing/ Alginate and GelMA Tonic and Chlorella pyrenoidosa In Depending on CaCl, Promoted cell [90]
Microfluidics (hollow fibers photocrosslinking vitro/ concentration, hollow proliferation, migration,
containing invivo  fiber channel diameter angiogenesis, and wound
microalgae) could be 150-350 pm. closure in vivo
28  Electrospinning GelMA Photocrosslinking In Average diameters of Supported adhesion, [94]
vitro/ ~1.52 pm and 2.18 pm migration, and
invivo  for GelMA for proliferation of
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electrospun fibers
before and after
incubation in PBS.
Decrease in
permeability was by
increase of MD. Tensile

endothelial and
fibroblast cells.
Improved
vascularization in vivo.

(continued on next page)
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Method of Material Crosslinking method Additives Study Structural features Biological results Ref
fabrication
strength up to ~260
kPa.
29  Electrospinning GelMA Photocrosslinking _ In Average diameter of Supported adhesion, [95]
vitro/ 1200 nm after 24 h in migration, and
invivo  water. Water retention proliferation of fibroblast
capacity and YM (350 cells.
kPa) improved by an Improved wound closure
increase in UV exposure  and collagen deposition
time. in vivo.
30 Insitu Chitosan/poly (vinyl Chemical Halloysite nanotubes In HNT’s hydrophilic HNT increased [100]
electrospinning alcohol) (PVA) crosslinking (HNT) vitro nature led increase nanofibers’
mediated by glyoxal swelling ratio. biocompatibility.

nanofibers. Nanofibers
with 3 and 5% HNT had

Glyoxal does not harm
fibroblast cells and can

2.4 and 3.5 times the be used to crosslink

tensile strength of chitosan/PVA
chitosan/PVA nanofibers.
nanofibers.

antimicrobial properties of PDD conjugates are reported to be dependent
on the degree of substitution (DS) of dopamine in the EPL backbone
[112]. This characteristic is linked to the higher content of free amino
groups and reduced DS in the EPL backbone, which correspond to each
other. The EPL was primarily responsible for the ability of the PPD
hydrogel to inhibit bacterial growth, and prior investigations had sug-
gested that cell wall/membrane lysis was the mechanism underlying the
antibacterial activity [113,114]. Measurements at OD625 nm revealed
that PPD hydrogels with the lowest DS had killing abilities against E. coli
and S. aureus of around 95% and 100%, respectively, while fibrin glue,
as a control material, showed no antibacterial activity against these
microorganisms [112].

Besides biopolymers with intrinsic antimicrobial properties, hydro-
gels for wound healing applications could be impregnated with different
types of antibacterial agents. For instance, curcumin (diferuloyl-
methane), which is derived from the spice turmeric (Curcuma longa), is a
yellow pigment with relevant antibacterial, anti-inflammatory, antiox-
idant, and anticancer properties, as reported by more than 6,000
research articles and more than a hundred clinical studies [115]. Next
we briefly discuss several studies associated with curcumin-loaded
hydrogels for wound healing applications. Qu et al., designed an
injectable micelle/hydrogel hybrid wound dressing composed of qua-
ternized chitosan (QCS) and benzaldehyde terminated Pluronic®F127,
loaded with curcumin. An excellent antibacterial rate of over 90% was
observed for different hydrogel groups against S. aureus and E. coli.
Besides, the curcumin-incorporated hydrogel exhibited relevant anti-
oxidant activity and pH responsive release profiles. In vivo analysis in a
full-thickness skin defect model revealed that curcumin within the
hydrogel matrix improved the wound healing rate through higher
granulation tissue formation (Fig. 5B), collagen deposition, and upre-
gulation of vascular endothelial growth factor (VEGF) [116]. The
mechanism behind the antimicrobial activity of curcumin needs to be
better understood. However, curcumin killing activity against Bacillus
subtilis is reported to be related to the inhibition of bacterial cell pro-
liferation by blocking the assembly dynamics of FtsZ in the Z ring [117,
118].

Honey is another natural product that has been shown to have great
antibacterial activity for wound healing applications. In a study by El-
Kased et al., six different formulations of honey hydrogels were pre-
pared using chitosan and carbopol 934 as gelling agents. The antibac-
terial activity of the six formulations was evaluated against Pseudomonas
aeruginosa (P. aeruginosa), Klebsiella pneumoniae (K. pneumoniae), Strep-
tococcus pyogenes (S. pyogenes), S. aureus, and E. coli. The result of the
disc-diffusion-antibiotic-sensitivity assay indicated higher antibacterial
activity for hydrogels containing chitosan as a gelling agent and
hydrogels with a higher concentration of honey. Among hydrogels
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containing chitosan, hydrogels with a concentration of 75, 50, and 25%
of honey exhibited a minimum bacteria growth inhibition zone of ~8.7,
12.3, and 8.3 mm, respectively. On the other hand, the minimum inhi-
bition zone for bacterial growth for carbopol hydrogels for highest to
lowest honey concentration was reported to be 6.8, 6.4, and 5.5 mm. In
vivo analysis of burn wound treatment also confirmed the highest
contraction for the wounds treated with honey 75%-chitosan. The
wound diameter for honey 75%-chitosan, pure honey, silver sulpha-
diazine (a commercial treatment), and normal saline was determined
as ~3.8, 5.3, 5.9, and 6.3 mm, respectively, after 9 days of treatment
[119]. It is believed that the high content of sugar (that reduced water
activity), low pH, and generation of peroxide, nitric oxide, and prosta-
glandins might be responsible for the antibacterial activity of honey
[120]; but more research is needed to fully understand the basis of the
antibacterial activity of honey.

Tannic acid (TA), a polyphenolic compound, exhibits antioxidant,
anti-inflammatory, and anti-microbial properties which has been used in
the clinic in the last decades [121]. For instance, a carboxylated agar-
ose/tannic acid hydrogel was designed by Ninan et al. demonstrating the
great potential of TA for wound healing applications. The authors
examined cell migration and proliferation in a 2D wound scratch model.
They observed that 3T3 fibroblast cells treated with TA-hydrogel
conditioned media exhibited remarkably higher migration and prolif-
eration than the control cells exposed to Dulbecco’s Modified Eagle
Medium (DMEM) with 10% Fetal bovine serum (FBS). The TA-releasing
hydrogel showed in vitro antimicrobial activity against both S. aureus
and E. coli in an agar diffusion test. The antimicrobial activity of TA
could be mediated by mechanisms such as enhanced permeability or
disruption of bacterial membranes, or enzyme inhibition through
interaction with bacterial proteins [121].

Among the antibacterial molecules used in tissue engineering and
wound healing applications, antimicrobial peptides (AMPs) have
recently attracted great attention [122]. AMPs are composed of short
sequences of cationic amino acids produced by most living creatures
[123]. These cationic molecules could be attracted to negatively charged
surfaces of bacteria and, as a result, could change the electrostatics of
the bacteria surface, disrupt the bacteria membrane, which leads to
bacterial lysis [88,107,123]. Annabi et al., developed an antibacterial
composite by conjugating the antimicrobial peptide Tet213 to
methacryloyl-substituted recombinant human tropoelastin/Gelatin
Methacrylate hydrogel (MeTro/GelMA). Colony-forming unit (CFU)
assays showed that MeTro/GelMA-AMP hydrogels efficiently inhibited
colonization of both methicillin resistant S. aureus (MRSA) and E. coli,
compared to MeTro/GelMA controls. Moreover, antimicrobial evalua-
tion using the LIVE/DEAD™ BacLight™ bacterial viability kit demon-
strated the infiltration and colonization of MRSA and E. coli within
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Table 2
Summary of the reviewed studies involving antibacterial components in hydrogels for wound healing application.

Biomaterials Antibacterial Concentration Antibacterial Mechanism Bacterial In Main Results Ref

component strains tested vivo

Chitosan & Agarose Chitosan 125-400 pg/mL Electrostatic interaction S. aureus + Improved re-epithelialization and [110]

with bacteria membrane reduction of inflammation.
Hydrogels with CS content higher
than 188 pg/mL showed
antibacterial activity against
S. aureus.

Chitosan and konjac Chitosan ~2.5% w/v Electrostatic interaction S. aureus + Enhanced wound healing and re- [105]
Glucomannan (KGM) with bacteria membrane E. coli epithelialization Antibacterial

rate against S. aureus and E. coli
was over 95%.

Polydextran aldehyde/ PEI 6.9% w/v Electrostatic interaction S. aureus + Antibacterial activity of hybrid [106]

Polyethylenimine (PDA/PEI) with bacteria membrane E. coli hydrogels was enhanced against
S. pyogenes S. pyogenes by increasing the
concentration of PEI

e-poly-L-lysine polyethylene e-poly-1-lysine 5% w/v of PPD Surface zeta potentials S. aureus + PPD hydrogel promoted [112]
glycol based (PPD) hydrogel (EPL) conjugate which damage bacteria E. coli antibacterial effect and

membrane accelerated rre-epithelialization
and wound healing compared to
fibrin glue as control group.

Quaternized chitosan (QCS)/ QCS/Curcumin 2.7% w/v QCS Blocking the assembly S. aureus + Excellent wound healing rate, [116]
benzaldehyde terminated and 1% w/v dynamics of FtsZ in the Z E. coli granulation tissue formation, and
Pluronic®F127+Curcumin curcumin ring collagen disposition. Proper

antioxidant and antibacterial
ability against S. aureus and E. coli.

Honey-chitosan (CS) Honey 75%, 50% and Low water activity, low P. aeruginosa + Among honey-CS hydrogels, the [119]

25% w/v of pH and generation of S. aureus sample with highest honey

honey. peroxide, nitric oxide, and K. pneumonie concentration showed strongest

prostaglandin S. pyogenes antimicrobial effect against four

different bacteria species.
Higher wound contraction for the
wounds treated with 75% honey -
chitosan gel compared to control
and commercially available
wound dressing.

Carboxylated agarose/tannic acid ~ TA 0.5% w/v Enhanced permeability E. coli + Improved cell migration and [121]

(TA) hydrogel and disruption of the proliferation for cells exposed to
bacteria membrane, hydrogels containing TA
enzyme inhibition Antimicrobial activity against

both S. aureus and E. coli.

(GelMA)/(MeTro) hydrogel + AMP Tet213 0.1%, 0.3%, and Electrostatic interaction E. coli + Hydrogels containing 0.1 and [88]
AMP Tet213 3% w/v with bacteria membrane P. aeruginosa 0.3% w/v AMP showed

S. aureus antibacterial effects similar to 3%
(w/v) Zinc
Oxide (ZnO) in the same structure.

Alginate-Chitosan hydrogel/ Tetracycline 1% w/v TH in Protein synthesis S. aureus - Sustained release of TH in vitro & [130]
Tetracycline hydrochloride hydrochloride gelatin inhibition E. coli strong bacterial growth inhibition
loaded gelatin microsphere microspheres effects against S. aureus and E. coli.

(GM).
30 mg/mL GM.

CS/PVP + silver sulfadiazine CS + silver ~1.4% w/v of Electrostatic interaction E. coli - Antibacterial activity was [131]

sulfadiazine Cs with bacteria membrane/ observed for all samples (without
Damaging the cell and with different concentrations
membrane of PVP). T6-PVP-0.5 sample
exhibited a release profile of
91.2% in PBS within 80 min.

Guar gum (GG) Silver 0.5, 1, 2 mg/mL Cell wall and cytoplasmic S. aureus + Inherent antibacterial activity [240]
Gelatin dopamine conjugate nanoparticles membrane disruption by E. coli exerted by Ag NPs was enhanced
(Gel-DA) (Ag NPs) silver ions, protein by NIR irradiation.

Silver nanoparticles (Ag NPs) synthesis inhibition by Antibactericidal rates of 96.88%
ribosomes denaturation for S. aureus and 98.96% for

E. coli.

Quaternized chitosan (QCS) Quaternized 5% w/v Electrostatic interaction S. aureus + MRSA-infected wounds treated [241]
Ferric iron (Fe) chitosan (QCS) between the polycationic E. coli with QCS-PA@Fe showed
Protocatechualdehyde (PA), structure and anionic MRSA accelerated wound healing and

components of the inherent bactericidal capacity
microorganisms of QCS was enhanced by NIR
irradiation. Healed wounds
showed less inflammatory
response, more blood vessels and
hair follicle formation.
Chitosan and poly (Vinyl alcohol) ~ Heparinized 0%, 0.5%, 1.0%, Infiltrating into the S. aureus and + Adding heparin to nanoparticles [125]
ZnO and 2.0% w/v bacteria membrane and E. coli boosts their antibacterial effect.
nanoparticles Promoted wound closure, re-

216

(continued on next page)



M.H. Norahan et al.

Table 2 (continued)

Bioactive Materials 24 (2023) 197-235

Biomaterials Antibacterial Concentration Antibacterial Mechanism Bacterial In Main Results Ref
component strains tested vivo
damaging lipids and epithelialization, and collagen
proteins [162]. deposition.
Sodium alginate and gelatin Silver (1.0, 2.0, and Damage to cell membrane  S. aureus and + Hydrogels with MICs of 0.50 g/mL  [126]
nanoparticles 4.0 mM) and inhibition of DNA P. aeruginosa and 53.0 g/mL were found to have
replication significant bactericidal activity
against S. aureus and P. aeruginosa,
respectively.
Improved wound closure and
granulation tissue for the wounds
treated with nanoparticle-
containing hydrogels in vivo.
Glycidyl methacrylate Graphene oxide 0% to 0.5%, 1%,  Oxidative stress, S. aureus, E. + Improved wound closure rate, [127]
functionalized quaternized and 2% w/v membrane stress, and coli, and MRSA angiogenesis, and collagen
chitosan (QCSG), gelatin electron transfer [242] deposition in vivo in S. aureus
methacrylate (GM) infected mice full-thickness
treated by hydrogels.
Bacterial cellulose Multiwalled 0.1% w/v Damaging bacteria S. aureus, + Antibacterial activity of the [128]
carbon membrane E. coli, P. hydrogel against 6 bacteria
nanotubes aeruginosa, strains. Faster healing of diabetic
(MWCNT) MRSA, wounds in the BC-MWCNT group
S. Typhi, and (99%) vs. negative control (77%)
klebsiella sp in 21 days. Improved re-

epithelialization of the epidermis
and healthy granulation tissue.

MeTro/GelMA hydrogels with no AMP. In contrast, hydrogels contain-
ing 0.1 and 0.3% (w/v) AMP induced bacterial dead within the
construct. The anti-microbial properties of 0.1 and 0.3% AMP composite
hydrogels were similar to those of 3% Zinc Oxide (ZnO) hydrogels.

These results also show that incorporation of antimicrobial peptides
into hydrogels could be an alternative strategy to fabricate antibacterial
wound dressings and avoid possible side effects associated with other
materials to develop safer treatment approaches [88].

Nanomaterials are a large family of antibacterial additives that fall
into different categories, such as metallic-based and carbon-based types.
Their physicochemical characteristics and dimensions impart multi-
functionality for tissue regeneration and wound healing, including
antibacterial and anti-inflammatory activity, increased cell-cell inter-
action, and induction of stem cell differentiation, among others [124].
ZnO nanoparticles [125], silver nanoparticles [126], graphene [127],
and carbon nanotubes [128] are the most important nanoparticles used
in hydrogels for wound-healing applications. Due to their relevance, we
have focused on nanoparticles separately in section 3.5.

As an available and commercialized source for infection treatments,
antibiotics have always been attractive as additives in dressing mate-
rials. Using antibiotics in wound dressing is advantageous compared to
systematic antibiotic treatment, because it decreases the risk of anti-
biotic resistance and enables controlling local concentrations and sus-
tained release [129,130]. An antibacterial Alginate/Chitosan (Alg/CS)
hybrid hydrogel was designed by Chen et al. composed of tetracycline
hydrochloride (TH)-loaded gelatin microspheres. Hybrid hydrogels with
different microsphere concentrations (10, 20, 30, and 40 mg/mL) were
fabricated. By increasing the microsphere ratio, the mechanical stability
of the hydrogels increased, and the gelation time decreased. The authors
decided to choose hydrogels with a 30 mg/mL microsphere concentra-
tion as the optimum sample for further experiments due to homogeneity
considerations. Drug release profiles of different samples demonstrated
a more extended release for composite gel (Alg/CS/TH-loaded micro-
spheres) than for Alg/CS/TH and TH-loaded gelatin microspheres. Disc
diffusion tests revealed bacterial inhibition zones of ~8.00 mm and 8.04
mm after 24 h for Alg/CS/TH-loaded microspheres against S. aureus and
E. coli, respectively. For TH-loaded gelatin microspheres, inhibition
zones against of ~10.5 mm and 10 mm against S. aureus and E. coli were
observed, respectively. This result also indicated more sustained release
of antibiotics from Alg/CS/TH-loaded microsphere than from TH-loaded
gelatin microspheres [130]. Rasool et al. developed a pH sensitive
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hydrogel based on chitosan-poly (N-vinyl-2-pyrrolidone) (CS/PVP),
incorporated with silver sulfadiazine drug (an antibiotic for burnt
wounds) for wound healing. Hybrid hydrogels were fabricated in
different concentrations of PVP. All samples exhibited antimicrobial
activity and the degree of swelling was increased by a reduction in the
PVP amount in hydrogels. The release profile of Ag-sulfadiazine loaded
in PVP 0.5 hydrogel (CS to PVP ratio of 2:1) showed 91.2% of drug
released in a controlled manner during 80 min in PBS [131].

Wounds become non-healing mostly as a consequence of bacterial
contamination, which then can lead to severe infections, and these in-
fections are responsible for a high percentage of morbidity and mortality
worldwide [132]. Despite numerous studies about antibacterial mole-
cules embedded in hydrogels for wound healing applications, there is
still a need for more experiments to find gold standards to be applied in
clinic. For example, thousands of antibiotics are known, but only about
1% of them have been used in the clinic, because there are still different
concerns about their collateral consequences, such as cytotoxicity and
bacterial resistance [133,134]. A better understanding of infection
stages and bacteria-killing mechanisms related to each molecule will
help researchers and clinicians to design precise and effective wound
dressings considering different parameters such as ideal dosage of
antibacterial molecules and their release kinetics [135].

3.2. Anti-inflammatory and antioxidant agents

In wound healing processes, if an episode of acute inflammation
prolongs for days, it is defined as chronic inflammation. Chronic
inflammation occurs through complex mechanisms and impedes the
healing process, preventing reaching the proliferation stage. Therefore,
it is a rational idea to incorporate anti-inflammatory additives to wound
healing constructs for controlling inflammation and accelerate wound
healing [136].

Chemokines are known as small signaling proteins that trigger
inflammation by recruiting and activating cells. These molecules can
bind to several glycosaminoglycans (GAGs) in the ECM such as heparin
and heparan sulfate via electrostatic attraction forces between the
positively charged amino acids of chemokines and the negative nega-
tively charged sulfate groups of the GAGs. Thus, the amount of sulfate
group on GAGs and the GAGs concentration could control binding in-
teractions and thus the transport of chemokines within ECM, that in turn
regulates immune cell activation and migration [137]. Arguably, by
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Fig. 5. Wound dressings with antibacterial properties. (A) Chitosan (CS)/konjac glucomannan (KGM) based hydrogels. (i) Self-healing properties of the CS-
KGM hydrogels. (ii) Antibacterial efficiency of CS-KGM hydrogels against S. aureus and E. coli. (iii) Wound healing capacity of CS-KGM hydrogels in a rabbit model
compared to CS hydrogels and untreated wounds. (iv) Hematoxylin and eosin (H&E) staining of wounds treated with CS or CS-KGM hydrogels or left untreated.
Reprinted and adapted with permission from Chen et al.,, 2018 [105]. (B) Quaternized chitosan (QCS), Pluronic®F127 (PF) and curcumin (Cur) hydrogels
(Cur-QCS/PF). (i) QCS/PF1.0 hydrogel and Cur-QCS/PF1.0 hydrogel disks were cut into pieces, mixed, and self-healed. Scheme and picture of the self-healing
capacity with disks and randomly shaped hydrogels. (ii) E. coli and S. aureus cell viability when contacting QCS/PF hydrogels with different degrees of cross-
linking. (iii) Wound closure from day 0 to day 15 of wounds treated with commercial TegadermTM Film, QCS/PF1.0 hydrogels, or Cur-QCS/PF1.0 hydrogels. (iv)
Histomorphological evaluation of wounds treated with commercial TegadermTM Film, QCS/PF1.0 hydrogels, or Cur-QCS/PF1.0 hydrogels; blood vessels: yellow

arrows, hair follicles: green arrows, boundary of epithelium and dermis: blue lines, completed epithelium: yellow hexagram. Reprinted and adapted with permission
from Qu et al., 2018 [116].

modifying and incorporating GAG-based materials into hydrogels, che- exhibited high cytokine or chemokine binding capacities to the
mokine concentration. and consequently inflammation in chronic starPEG-GAG hydrogels and approximately no binding capacity to the
wounds could be controlled [138]. Lohman et al. designed a poly- PEG/PEG control samples. The authors also observed that starPEG-GAG
ethylene glycol (PEG)/glycosaminoglycan (GAG) heparin in order to hydrogels showed much higher binding capacity for pro-inflammatory

control the wound inflammatory response through suppressing chemo- chemokines than for the inflammatory mediators detected in the
kines. Enzyme-linked immunosorbent assay (ELISA) results demon- exudate of chronic wounds. StarPEG-GAG hydrogels incubated in
strated that, hydrogels incubated in conditioned medium for 24 h human wound fluids of patients with non-healing chronic wounds
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efficiently scavenged the inflammatory chemokines MCP-1 (monocyte
chemoattractant protein-1), IL-8 (interleukin-8), MIP-1a (macrophage
inflammatory protein-1a) and MIP-13 (macrophage inflammatory
protein-1f). Moreover, in a mouse delayed wound healing model,
starPEG-GAG hydrogels reduced inflammation, enhanced granulation
tissue formation, vascularization, and wound closure [139].

An anti-inflammatory hydrogel composed of KGM, and human hair
proteins (KER) was developed by adding an ethanoic extract of Avena
sativa (OAT). OAT extract is approved by the FDA for local treatment of
irritation conditions such as eczema-associated itches. OAT comprises
anti-inflammatory and antioxidant molecules such as p-glucans. The
results of this study showed complete closure for wounds treated with
KGM + KER + OAT hydrogels in 16 days. In contrast, the wounds were
healed at 20 and 24 days when treated with KGM + KER and the un-
treated group, respectively. Moreover, histological analysis indicated no
inflammatory cells within 12 days for wounds treated with KGM + KER
and KGM + KER + OAT as compared to a large number of them in the
control group [140].

One of the reasons that prolonged inflammation is detrimental for
wound healing is the excessive amount of reactive oxygen species (ROS)
produced by poly-morphonuclear leukocytes and other inflammatory
cells. This overproduction of ROS interrupts the balance of cellular
oxidant/antioxidant leading to cellular and ECM damage, infection, and
slow tissue regeneration [141-143]. Therefore, a compelling argument
has been raised for including antioxidants in tissue engineering con-
structs and wound dressings to boost healing, regeneration, and organ
function [144]. An antioxidant is a chemical that, at sufficiently low
concentrations, can inhibit oxidation [145]. A vast range of antioxi-
dants, both natural and synthetic, are known. Endogenous antioxidants
can be enzymatic or non-enzymatic [146]. The enzymatic forms include
glutathione peroxidase, superoxide dismutase, and catalase, whereas
non-enzymatic antioxidants include uric acid, lipoic acid, bilirubin,
glutathione, and melatonin. Exogenous antioxidants include caroten-
oids, vitamins E, A, and C, natural flavonoids, and various other sub-
stances. Vitamin C is a water-soluble antioxidant that, in conjunction
with vitamin E, protects lipids against peroxidation [147].

Alpha-tocopherol (vitamin E) is an antioxidant and anti-
inflammatory molecule that has been investigated for wound healing
applications. A chitosan/alginate hydrogel containing vitamin E was
designed by Ehterami et al. The outcome of this study suggested that
Vitamin E incorporated into hydrogels could enhance wound closure in
a full-thickness wound model more than Cs/Alg hydrogels and gauze as
the control treatments [148]. This result was attributed to the antioxi-
dant activity of Vitamin E via protecting cells from oxidative stress
[148]. It is also known that vitamin E plays an important role as an
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anti-inflammatory agent in skin [149].

Different herbal extracts also have shown relevant antioxidant po-
tential for wound healing applications due to the presence of flavones,
polyphenols, and vitamins in their moieties [142]. Illustratively, Red
jujube (Ziziphus jujube) extract has been reported to relieve the excessive
inflammatory responses in wound healing. In a study by Huang et al., a
composite hydrogel composed of red jujube (RJ) and GelMA was
fabricated as an antioxidant construct for wound healing application
[142]. The incorporation of red jujube into GelMA inhibited ROS
damage to cells. The result of in vivo evaluation also displayed great
wound healing properties for GelMA/10%RJ hydrogels; these gels
reduced nearly 95% of the wound size at 16 days after implantation on a
full-thickness wound model. In contrast, in GelMA and PBS groups, 2
mm and 4 mm of the wound diameter remained unhealed, respectively
[142].

Inflammation, as a complex process, stimulates several metabolic
cascades and could also cause oxidative stress. Anti-inflammatory and
antioxidant molecules could hinder the detrimental effects of inflam-
mation through different mechanisms in different stages (Table 3).
There is a need for a better understanding of the underlying mechanisms
of inflammation to enable the design of more efficient materials to
control inflammation and oxidative stress. Of note, natural anti-
inflammatory and antioxidant molecules (i.e., molecules naturally
found in fruits and plants) have shown promise to threat wounds; in the
near future, wound dressing engineering probably should intensify the
study of these natural compounds to leading candidates for deep wound
treatment.

3.3. Growth factors

Wound healing is a complex and interactive process that involves
several cell types and cellular signals which are regulated by various
growth factors (GFs), cytokines, and chemokines [102]. Therefore, the
application of GFs in wound healing has been frequent, and many
studies have investigated different biomaterials added with GFs to
improve bioactive functionality within the wound bed [150,151].
Among the growth factors that could be used to assist wound healing,
epidermal growth factor (EGF) accelerates wound healing by inducing
proliferation of epithelial cells, fibroblasts, and endothelial cells, and
enhancing collagen deposition [152]. Moreover, EGF plays a crucial role
in the migration and proliferation of keratinocytes [153]. A
heparin-based hydrogel containing EGF was designed by Goh et al. as a
platform for wound healing [36]. Results of this study showed more
sustained release of EGF from heparin-based hydrogels than from PEG
hydrogels. The release of EGF from heparin-based and PEG hydrogels

Table 3
Summary of the reviewed papers about anti-inflammatory and antioxidant agents in hydrogels for wound healing application.
Biomaterials Anti-inflammatory/ Concentration Mechanism of action In Main result Ref
antioxidant agent vivo
Polyethylene glycol (PEG)/ (GAG) Heparin N/A Electrostatic bond with + Inflammatory chemokines are scavenged in [139]
glycosaminoglycan chemokines PEG-GAG hydrogels when compared to PEG
(GAG) Heparin hydrogels.
PEG-GAG hydrogels promoted wound
healing via decreasing inflammation and
improving vascularization in vivo.
KGM + KER + OAT Avena sativa (OAT) ~1% w/v Inhibition of NF- k B, + OAT containing hydrogels accelerated [140]
hydrogel proinflammatory cytokines, wound closure compared to the control
and histamines group. No inflammatory cells in wounds
treated with KGM + KER + OAT.
Chitosan/Alginate-Vitamin Vitamin E 200, 400, Protecting cell membranes + Vitamin E within the Cs/Alg hydrogels [148]
E 800-, and 1600- from ROS attack by reaction promoted wound closure in vivo.
unit Vit E:10 mL with unstable lipid radicals
Chit/Alg
Red jujube (RJ)/GelMA Red jujube (which 3%, 5%, 7%, and Donating electrons Protecting + RJ/GelMA hydrogels protect cells from ROS. [142]
contains flavones, 10 % w/v. cells from ROS attack Remarkable wound size reduction 8 days

polyphenols, and
vitamins)

after implantation on a wound model
compared to control GelMA hydrogel.
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was completed by day 21 and day 5, respectively. This observation was
attributed to the high affinities of heparin, as a highly sulfated natural
glycosaminoglycan, to various growth factors, which lead to enhanced
binding that may extend the half-lives and bioactivity of growth factors.
In vivo wound healing results also demonstrated higher wound closure,
epithelialization, granulation tissue, and capillary formation in wounds
treated with heparin-EGF hydrogels than in the rest of the groups of this
study (i.e., the groups treated with EGF solution, EGF loaded PEG
hydrogels, and the non-treated control group) [36].

Small differences in the chemical nature of growth factors may result
in different biological performances. Wu et al. designed heparin-
poloxamer (HP) wound healing hydrogels loaded with two different
fibroblast growth factors (aFGF and bFGF). These two FGFs possess
similar structures and regenerative capacities but exhibited different
binding affinities to heparin, leading to different in vivo wound healing
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efficacy when loaded into HP. Isoelectric points of 5.6and 9.6 were
determined for aFGF and bFGF, respectively [154]; this suggests that
aFGF and bFGF are negatively charged and positively charged, respec-
tively, in physiological conditions. As a result, bFGF may exhibit
stronger and easier bonding to HP than aFGF due to more favora-
ble/stronger electrostatic interactions with HP (negatively charged in
physiological conditions). The authors experimentally determined the
release profile for both growth factors and found remarkable differences.
After 10 days, 42.8% of aFGF was released from HP-aFGF. In contrast,
only 24.3% of bFGF was released from HP-bFGF during the same period.
This result demonstrated the different binding strengths between these
two FGF-HP systems and the much slower release of bFGF than aFGF
from HP hydrogels. Of note, it has been reported that bFGF alone is
10-100-fold more effective than aFGF in inducing wound related cell
proliferation [155], however, in vivo wound healing analysis indicated
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Fig. 6. Wound healing using growth factor-containing hydrogels. (A) (i) Left: Images of full-thickness wounds treated with Poly (D, r-lactide)-poly (ethylene glycol)-
poly (D, i-lactide) (PLEL) Platelet-rich plasma (PRP), PRP/PLEL or left untreated at days 0, 5, 10, and 14. Right: Inmunofluorescent staining for CD31 and a-SMA
shows newly formed blood vessels. (ii) Wound closure rate showing the best performance by PRP/PLEL hydrogels. (iii) Quantification of new blood vessels. (iv)
Quantification of mature blood vessels. Hematoxylin and eosin H&E (v) and MT (vi) staining of wounds treated with PLEL, PRP, PRP/PLEL and controls showed
better tissue maturation with PRP/PLEL hydrogels. Reprinted and adapted with permission from Qiu et al., 2016 [151]. (B) Hydrogels loaded with chemokines. (i)
Schematic illustration of sprayable gelatin hydrogels (GH) loaded with chemokines (IL-8 or MIP-3a) for wound healing. (ii) Pictures of wounds treated with
chemokine-loaded GH in STZ-induced diabetic mice on days 0, 7, 14, and 21. (iii) Wound closure rates are presented as a percentage of the initial wound area at day
0. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. defect; ##p < 0.01 vs. GH hydrogel. (iv) Masson’s trichrome (MT) stain that shows re-epithelialization of the wounds
treated with GH, GH containing MIP-3a or IL-8. D, dermis; E, epidermis; EG, epithelial gap; GT, granulation tissue. (v) Re-epithelialization percentage between

treatments and control groups. **p < 0.01, ***p < 0.001 vs. defect; ###p < 0.001 vs. GH hydrogel. Reprinted and adapted with permission from Yoon et al.,
2016 [158].
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enhanced wound closure, angiogenesis, re-epithelialization, and
collagen deposition for wounds treated with HP-aFGF compared to
HP-bFGF, which is attributed to the difficulty of release of bFGF from
hydrogel [150].

Platelet rich plasma (PRP) is a blood-derived product with a high
content of platelets that could easily and inexpensively provide an
autologous source of different types of growth factors for for wound
healing such as vascular endothelial growth factor (VEGF), PDGF, and
transforming growth factor-beta (TGFB1) [151,156]. Notodihardjo et al.
demonstrated that gelatin hydrogel loaded with PRP could decrease
wound size after 5, 7, and 14 days. More epithelialization and capillary
formation were observed in wounds treated with Gelatin/PRP hydrogels
than in those treated with Gelatin hydrogels alone [156]. Using hema-
toxylin and eosin staining, an epithelium thickness of ~2000 ym was
measured for gelatin/PRP treated wounds. In gelatin treated wounds
and in the untreated control group, epithelium thickness was deter-
mined to be under 1500 and 1000 pm, respectively. Moreover,
immuno-histological staining revealed that the capillary area measured
~0.01 pm? in wounds treated by gelatin/PRP. In contrast, the capillary
area measured ~0.05 pm? in wounds treated with pristine gelatin
hydrogels [156]. Similar results were observed in a study by Qiu et al.;
they treated full-thickness rodent wound models with poly (D, i-lacti-
de)-poly (ethylene glycol)-poly (D, i-lactide) hydrogels containing PRP
[151] (Fig. 6A).

Cell-attracting chemokines embedded in hydrogels have also been
investigated for wound healing applications. The inhibition of mesen-
chymal stem cell (MSCs) invasion into wound sites is one of the most
critical issues that causes impaired healing in wounds associated to
diabetes mellitus. MSCs could cooperate in tissue repair and wound
healing via differentiation to different cell lines and by secreting various
cytokines and growth factors to improve re-epithelialization, angio-
genesis, and collagen deposition [157]. In a study by Yoon et al., two
chemokines which are known to be MSCs-attractive (i.e., interleukin-8
[IL-8], macrophage inflammatory protein-3a [MIP-3a]), were loaded
into gelatin hydrogels in order to compensate for the lack of cellular
signals in the diabetic wound bed. In vitro release experiments indicated
a constant release of IL-8 and MIP-3a from hydrogels during 7 days. In
vivo diabetic wound healing studies also demonstrated that
chemokine-loaded hydrogels could boost wound healing via an increase
in re-epithelialization, neovascularization, and collagen deposition, as
compared with pristine gelatin hydrogels [158] (Fig. 6B).

Different growth factors have been demonstrated to be beneficial for
the wound healing process in various experiments. However, there is a
lack of comparative studies to determine the most efficient growth factor

Bioactive Materials 24 (2023) 197-235

(or the combination of growth factors) to be used in different wound
healing scenarios. Moreover, some outstanding limitations, such as the
lack of enough clinical trials, preclude from reaching a feasible and
reliable therapy for wound healing that considers possible side-effects or
long-term effects [159]. Another issue that needs to be considered is the
cost of growth factors, which is relatively higher than the cost of other
bioactive agents conventionally used in regenerative medicine and
wound healing. It seems imperative to develop methodologies to syn-
thetize or isolate growth factors in a low-cost and high-efficient manner,
not only for wound healing but also for regenerative medicine and tissue
engineering in general. The alternative of using PRP as an autologous
source of multiple growth factors is being investigated in clinical trials,
and arguably needs further research and refinement to be widely used.
Table 4 summarizes recent studies where hydrogels added with growth
factors have been used for wound healing applications.

3.4. Electroactive agents

Electroactive biomaterials have drawn attention for wound healing
applications in recent years. In mammalian bodies, several tissues are
considered electrical signal-sensitive tissues; nerves, muscle, myocar-
dium, bone, and skin, are examples. Skin exhibits a conductivity range
from 2.6 mS/cm to 1 x 10~* mS/cm, varying between different skin
layers and components [143]. Cellular processes such as adhesion,
proliferation, migration, and differentiation in tissues with electrically
excitable cells could be promoted by conductive biomaterials. There-
fore, a wide range of electroactive materials can be used in tissue en-
gineering and regenerative medicine, including conductive polymers,
metals, and carbon-based biomaterials [160,161].

For wound healing applications, Zhao et al. designed an injectable
conductive hydrogel by mixing solutions composed of quaternized
chitosan-polyaniline (QCSP) and poly (-ethylene glycol)-co-poly (glyc-
erol sebacate) (PEGS-FA) functionalized with benzaldehyde groups.
Polyaniline (PA) is one of the most common conductive polymers that
has been widely investigated in biomedicine due to its good biocom-
patibility and conductivity [143]. In vivo wound healing analysis on
full-thickness mice wound model showed that conductive QCSP/PEGS
hydrogels could promote more effective wound healing than
non-conductive QCSP/PEGS hydrogels and commercial dressings
(Tegaderm™ film). A more extensive wound contraction, faster
re-epithelialization, and thicker granulation and collagen formation was
observed in mice wounds treated with conductive than non-conductive
hydrogels. Wound contraction for the conductive sample was deter-
mined to be 10 and 5% higher than in other groups on day 10 and day

Table 4
Highlights of reviewed studies about growth factor application in hydrogels for wound healing.
Biomaterials Growth factor Concentration In Main result Ref
vivo
Heparin hEGF 1 ecm? Hydrogels soaked in + Accelerated wound closure compared to control group. [36]
PBS containing 100 ng Improved granulation tissue formation, capillary formation, and
hEGF epithelialization in Heparin/EGF compared to control
Heparin-Poloxamer bFGF/aFGF N/A + About 43% release of aFGF and 24% of bFGF was measured from [150]
heparin hydrogel within 10 days associated with stronger binding of
bFGF to heparin. Higher wound closure, angiogenesis, re-
epithelialization, and collagen deposition were observed for wounds
treated with Heparin-aFGF hydrogel compared to control groups.
Gelatin PRP 100 pL in 6 mm diameter + More wound contraction, epithelialization, and capillary formation [156]
hydrogel disc for PRP-Gelatin hydrogel in vivo when exposed to a wound model
compared to the control group.
Poly (D, r-lactide)-poly PRP 10% v/v + PRP/PLEL induced EaHy926 proliferation and migration in vitro. [151]
(ethylene glycol)-poly (D, &
L-lactide) (PLEL) Improved wound closure, angiogenesis, and collagen deposition
when applied to a rodent wound model compared to PLEL.
Gelatin Interleukin 8 (IL-8) 10 pg/mL + Stable release of chemokines from hydrogels within 7 days. [158]
& macrophage Enhanced re-epithelialization, vascularization, and collagen
inflammatory protein-3u deposition

(MIP-3a)
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15, respectively. H&E staining revealed the formation of 200 pm thicker
granulation tissue for wounds treated by conductive QCSP/PEGS
hydrogel than for those treated by non-conductive hydrogel and a
commercial dressing. Furthermore, the expression of three genes
involved in the wound healing process (i.e., EGF, TGF-p and VEGF) was
determined; it was found that all three genes were significantly upre-
gulated in wounds treated by QCSP/PEGS hydrogel as compared to the
control groups. This enhanced gene expression induced by the conduc-
tive hydrogel could be associated to the activation of cellular processes
promoted by the transfer of electrical current from the electroactive
hydrogel and the propagation of electrical signals within the wound bed
[143]. Electroactive moieties could affect cellular behavior via activa-
tion of the calcium/calmodulin pathway [162,163], leading to elevation
of calcium levels, then activation of cytoskeletal calmodulin, resulting in
enhanced cell proliferation, and increased VEGF and TGF-§ expression
[143,164]. In another study, aniline tetramer was grafted to oxidized
hyaluronic acid (OHA) and mixed with N-carboxyethyl chitosan (CEC)
to form a multifunctional electroactive hydrogel for wound healing and
skin regeneration [165]. The authors reported that conductive hydrogels
containing antibiotics (amoxicillin) not only exhibited proper antibac-
terial activity, but also accelerated the wound healing process in vivo.
Conductive hydrogels enhanced granulation tissue formation, and
induced higher fibroblast proliferation and angiogenesis in wounds than
Tegaderm™ (a commercial wound dressing). In addition, after 10 days
of treatment, wounds exposed to aniline tetramer-containing hydrogels
showed 18% more contraction than wounds treated with Tegaderm™
[165].

Conductive polymers have been widely investigated for tissue engi-
neering applications and wound healing. This class of polymers has also
shown promising results, although some limitations should be consid-
ered for their application in biomedical engineering, such as brittleness,
non-biodegradability, and toxicity of byproducts [166]. Moreover,
alternative classes of conductive moieties, such as metal and
carbon-based nanoparticles, are advantageous over conductive poly-
mers due to their multi-functionality and ease of incorporation within
polymer matrixes normally used in wound healing applications.
Conductive nanomaterials can be embedded in an organic polymer
which works as a binder to create a conductive hydrogel [167,168]. In a
study by Wang et al., a flexible electrical patch (ePatch) was fabricated
using methacrylated alginate (MAA). A silver nanowire (AgNW) was
incorporated as electrode material and for its antibacterial properties. In
vitro results from a scratch assay demonstrated faster cell migration and
alignment at specific angles, as well as significantly higher VEGF-A and
TGF-f expression due to electrical field (EF) stimulation through the
ePatch. The ePatch was also tested, with and without EF stimulation, in a
full-thickness wound model in Sprague-Dawley rats. The ePatch with EF
stimulation (ePatch/EF) improved directional wound regeneration and
minimized scarring. Hematoxylin & Eosin (H&E) and Masson’s
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Trichrome (MT) staining showed more re-epithelialization and longer
epidermal tongue, more extensive vessel formation, faster transition
through the inflammatory phase with a lower immune cell infiltration in
wounds treated with the ePatch/EF than in wounds only covered with
the ePatch (but not EF stimulation). In addition, the antibacterial
properties of the ePatch were tested both in vitro and in vivo against
E. coliand S. aureus. In this experiment, no EF stimulation was used. The
results suggested that the ePatch could avoid bacterial infection by both
gram-positive and negative bacteria [169]. Table 5 shows a summary of
the studies discussed in this section.

3.5. Nanoparticles

Nanoparticles (NPs) are nanoscale-dimension materials that exhibit
physical and chemical characteristics that can dramatically benefit a
wide range of applications in biomedicine and tissue engineering [30,
170]. Different classes of NPs, including metal-based and carbon-based
NPs, have been incorporated in wound dressing hydrogels to provide
nanocomposite hydrogels with a wide range of characteristics such as
antibacterial, anti-inflammatory, antioxidant, electroactive, and angio-
genic activities (Table 6). One of the most significant advantages of NPs
for tissue engineering and wound healing over other additives is their
ability to exhibit two or more of these desired characteristics.

Silver NPs (AgNPs) are the most studied nanomaterial for wound
dressing applications due to their great biocompatibility and widespread
antimicrobial spectrum [171]. In one of the studies using AgNP in
hydrogels for wound healing, a composite acrylic acid and N, N
'-methylene bisacrylamide/graphene hydrogel loaded with silver NPs
was designed. Graphene was used to increase the mechanical properties
and water adsorption of the hydrogel and to make it suitable as a wound
dressing . An antibacterial study showed the highest bacteria killing
ability of hydrogels with the highest Ag to graphene mass ratio (5:1)
(Ag5G1) against both E. coli and S. aureus. Moreover, in vivo evaluation
of hydrogels showed healing of about 98% for the wounds treated with
Ag5G1 after 15 days, as compared to 85% and 53% for Ag1G1 hydrogel
and the control groups (without dressing). After 10 days of treatment,
histological analysis also showed fewer inflammatory cells, more
fibroblast migration, and more collagen fibers in the wound treated with
Ag5G1 hydrogels than in wounds in other treatment groups [171].

Zinc (Zn) is another metallic element which has beneficial effects for
wound healing. Zn is considered an eco-friendly and non-toxic material
[172]. ZnONPs are demonstrated to be antibacterial and Zn™" released
from this nanomaterial could improve keratinocyte migration toward
the wound bed, leading to accelerated wound healing [173,174].
Rakhshaei et al. developed hydrogels composed of carboxymethyl cel-
lulose (CMC) and ZnONP-loaded mesoporous silica (MCM-41) for
wound healing treatment. Tetracycline (TC) was also loaded into

ZnO-MCM-41 to increase the antibacterial efficiency of the
Table 5
Highlights of reviewed studies of electroactive agents in hydrogels for wound healing.
Biomaterials Electroactive Concentration Conductivity In Main result Ref
agent vivo
Chitosan-g-polyaniline (QCSP)/ Polyaniline ~1.5 mg/mL 2.25 mS/cm + Increased wound healing rate was observed for conductive [143]
poly (ethylene glycol)-co-poly- (PANID) —3.5mS/cm hydrogels via acceleration in wound closure, higher
glycerol sebacate (PEGS) granulation, and collagen formation and faster re-
epithelialization compared to non-conductive wound
healing dressings as control.
Higher expression of VEGF, EGF and TGF-$ genes which are
involved in wound healing, were observed for wounds
treated with conductive hydrogel.
N-carboxyethyl chitosan (CEC) and  Aniline tetramer ~ Theoretical 0.42 mS/cm + In vivo, hydrogel demonstrated antibacterial activity and [165]

oxidized hyaluronic acid-graft- AT content (%): 5,

aniline tetramer (OHA-AT) 10, 15, and 20.
Methacrylated alginate (MAA) Silver nanowire 10% w/v AgNW,
Silver nanowire (AgNW) (AgNW) 3% w/v MAA

1.54 x 10°S/m  +

promoted wound healing by increasing granulation tissue
formation, fibroblast proliferation, and angiogenesis.

ePatch helped wound healing in 7 days, re-epithelialized the ~ [169]
skin, grew new blood vessels, regulated the immune

response, and stopped infection.
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Table 6
Highlights of reviewed studies related to NPs application in hydrogels for wound healing.
Biomaterials NP & size Function Mechanism of action Concentration In Main result Ref
vivo
Acrylic acid AgNP Antibacterial Damage to cell AgNP 12.5 mg/ + The highest antibacterial activity for [171]
39 nm membrane and mL hydrogel with the highest Ag to
Graphene inhibition of DNA Graphene graphene mass ratio (5:1) (Ag5G1)
N/A replication 2.5 mg/mL against E. coli and S. aureus. Ag5G1
decreased inflammatory cells and
enhanced fibroblast migration, collagen
deposition, and microlevel formation in
vivo.
Carboxymethyl cellulose ZnONPs Antibacterial and  Infiltrating into the Weight ratio of - ZnONPs promoted loading efficiency of [172]
(CMC) N/A keratinocyte bacteria membrane 10% to CMC TC within the system and enhanced TC
migration and damaging lipids sustained release from the hydrogel.
and proteins [243]
Poly- (PEG citrate-co-N- Cu framework Angiogenic and VEGF triggering and 100 mg/mL + Improved migration of HEKa cells, [175]
isopropylacrylamide) NPs ECM protein expression and wound closure, angiogenesis, and
(PPCN) 285.6 + 2.7 nm expression collagen collagen deposition, compared to PPCN.
3-(trimethoxysilyl) propyl CuNPs Antibacterial and Damaging the bacteria 0.5, 1, and 1.5 —+ When exposed to near-infrared (NIR) [177]
methacrylate (MPS)MPS 10 nm angiogenic membrane and mg/mL light irradiation, the composite hydrogel
crosslinking proteins. showed an antibacterial effect against
VEGF triggering S. aureus and E. coli. In vivo angiogenesis
and wound healing are supported by
CuNPs-containing hydrogels compared
to the hydrogel control.
Glycidyl methacrylate CNT Conductivity Transferring electrical 2, 4, and 6 mg/ + CNT containing cryogels showed better [181]
functionalized Diameter of (1.2 x 107 S/m)  signals to activate mL hemostatic capability response
quaternized chitosan 10-20 nm and Hemostatic platelets and growth compared with gauze and gelatin
(QCSG) length of 10-30 capability factors controlling hemostatic sponge in different mouse
pm wound healing and rabbit injury models, and better
wound healing ability and less
inflammatory response compared to
pristine cryogel and Tegaderm™
dressing.
Hyaluronic acid-graft- rGO Conductivity Electrical signals 0.2%, 0.6%,and  + Photo-thermal antibacterial activity [186]
dopamine N/A (2.5 x 107*S/m)  transfer and 1% w/v against both E. coli and S. aureus.
stimulating excitable Enhanced vascularization, granulation
skin cells tissue thickness, and collagen deposition
in vivo.
Chitosan Carbon dots Antibacterial Destroying cell 0.25%, 0.5%, + Antibacterial activity is enhanced with [188]
(CDs) pH-sensitivity membranes, inducing 1%, and 2% an increase in CD concentration within
4+ 1nm free radicals [244] hydrogels against S. aureus. CDs

containing hydrogels promoted wound
closure.

nanocomposite hydrogel. The result of the study showed that TC loading
within MCM-41 was increased by adding ZnONPs, which could be
attributed to electrostatic attraction between positively charged ZnONPs
and TC molecules, which possess a negative charge above pH 7.4. In
addition, ZnONPs enabled the CMC/MCM-41 hydrogel to release TC
more sustainably than CMC and CMC/MCM-41. Finally, based on disk
diffusion analysis, CMC/MCM-41 containing TC, exhibited a bacterial
inhibition zone of ~10 mm against E. coli after 24 h. Hydrogels con-
taining both ZnO and TC generated an inhibition zone of approximately
25 mm. The same trend was observed in experiments against S. aureus.
The inhibition zone in the presence of TC-containing hydrogel and
TC/ZnO-containing hydrogel was 11 and ~29 mm, respectively [172].

Copper (Cu) is another metallic element, which is a key element in
many processes related to wound healing, such as induction of VEGF,
triggering angiogenesis and expression of skin ECM proteins [175,176].
Furthermore, Cu is widely used as an antibacterial agent to reduce
infection in wound bed [177]. In order to have a controlled release of Cu
ions, Xiao et al. designed a copper metal organic framework nano-
particle (HKUST-1 NPs) entrapped in poly- (polyethyleneglycol
citrate-co-N-isopropylacrylamide) (PPCN) (Fig. 7A). The authors
showed that embedding HKUST-1 NPs in PPCN hydrogels enabled the
sustained release of Cu ions. In vitro analysis indicated that HKUST-1 NPs
containing hydrogels improved the migration of human epidermal ker-
atinocytes (HEKa) cells. In addition, in a diabetic rat wound model,
these hydrogels enhanced wound closure, angiogenesis, and collagen
deposition as compared to PPCN [175]. In another study, CuSNPs were
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modified with mesoporous silica (mSiO3) and incorporated within
3-(trimethoxysilyl) propyl methacrylate (MPS) for wound healing ap-
plications. These composite hydrogels exhibited antibacterial activity
against S. aureus and E. coli when exposed to near-infrared (NIR) light
irradiation. In vivo animal experiments also revealed that hydrogels
containing CuNPs promoted angiogenesis and wound healing as
compared to the control group, which was also associated with the
release of Cu ions from the hydrogels [177].

Carbon-based nanoparticles have been widely investigated in tissue
engineering due to their versatility and multifunctionality. Carbon NPs,
such as carbon nano tubes (CNTs), carbon nano fibers (CNFs), and
graphene family nano materials (GFNs) with high mechanical strength
and electrical conductivity, have shown biocompatibility, antibacterial,
antioxidant, and angiogenic potential, and the ability to induce stem cell
differentiation [178,179]. These abilities make carbon-based NPs a
material with great potential for wound healing application.

Discovered in 1991, CNTs are rolled sheets of carbon atoms that have
been widely used to improve the physicochemical properties of tissue
engineering constructs [180]. Due to their conductivity, hemostatic,
anti-microbial, and anti-inflammatory properties, CNTs have also been
used for wound healing application [181]. In a study by Zhao et al.,
CNT-reinforced (QCSG/CNT) injectable cryogels based on glycidyl
methacrylate functionalized quaternized chitosan were fabricated as a
platform for hemorrhage hemostasis and wound healing. The incorpo-
ration of 6 mg/mL CNT increased in 6-fold the mechanical strength of
QCSG cryogels according to compression stress-strain tests. The
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Fig. 7. Nanoparticle-functionalized hydrogels as wound dressings. (A) Effects of copper metal organic framework nanoparticles (HKUST-1 NPs) embedded in poly
(polyethyleneglycol citrate-co-N-isopropylacrylamide) (PPCN) on chronic wound healing in vivo. (i) Images of wounds treated with phosphate-buffered saline (PBS),
PPCN, HKUST-1 NPs, or H-HKUST-1 (e.g., HKUST-1 NPs embedded in PPCN), and blood vessels observed after hematoxylin and eosin (H&E) staining. Quantification
of wound closure (ii) and blood vessels (iii) in tissue sections of wounds treated with PBS, PPCN, HKUST-1 NPs, or H-HKUST-1. Reprinted and adapted with
permission from Xiao et al., 2018 [175]. (B) Effect of quaternized chitosan functionalized with carbon nanotubes on wound healing. (i) Images of full-thickness
wounds of mice treated with Tegaderm™ film (control), glycidyl methacrylate-functionalized quaternized chitosan without carbon nanotubes, and with 4 mg/mL
carbon nanotubes (QCSG/CNT4) on days 5, 10, and 15. Scale bar: 5 mm. (ii) Percentage of wound contraction with the three different treatments (iii) H&E staining
showed less inflammation and more vascularization after wound treatment with QCSG/CNT4 on days 5, 10, and 15. Reprinted and modified with permission from

Zhao et al., 2018 [181].

conductivity of cryogels with CNT concentrations of 2, 4 and 6 mg/mL
was measured to be 4.0 x 1072, 9.5 x 1072 and 1.2 x 107! S/m,
respectively, while wet pure QCSG cryogels exhibited a conductivity of
8.5 x 1073 S/m [181]. CNT containing cryogels exhibited better he-
mostatic capability than gauze and gelatin hemostatic sponges in
different mouse and rabbit injury models. The hemostatic time reported
in a mouse-tail amputation model was 117, 107, 91, and 60 s, for
QCSG/CNTO, QCSG/CNT2, QCSG/CNT4, and QCSG/CNT6 cryogels,
respectively. The hemostatic time was ~120 s for gauze. This result
could be associated with the interaction of CNTs with platelets, which
possibly activates platelets and induces extracellular Ca%" influx, lead-
ing to the release of platelet membrane microparticles [182]. Moreover,
in a full-thickness skin defect model, the CNT-loaded construct showed a
weaker inflammatory response within 10 days and better
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wound-healing activity compared to the control cryogel and Tega-
derm™ dressing (Fig. 7B). This superiority could be related to the
electroactivity of the CNTs in the nanocomposite cryogel, as this would
allow electrical signal transfer within the wound bed and then induce
cellular activity required for the wound-healing process [143,181].
GFNs, are 2D sheets of carbon that display the thickness of an atom of
carbon. In tissue engineering, GFNs have shown great potential due to
bio functionality, electroactivity, and high mechanical strength [183].
Graphene oxide (GO) is the oxidized form of this family. Due to the the
high amount of oxygen-containing functional groups, GO can be easily
dispersed in aqueous solution for biomedical applications. GO increases
cell attachment, proliferation, and induces stem cell differentiation
[183,184]. The reduced form of GO known as reduced graphene oxide
(rGO) exhibits great electroactivity and its use is advantageous in
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engineering tissues which contain electrically excitable cells [184].
GFNs as versatile nanomaterials have shown antibacterial properties
and antioxidant activity via scavenging ROS [183,185]. Liang et al.,
developed an injectable conductive hydrogel, based on hyaluronic
acid-graft-dopamine (HA-DA), by incorporating rGO. These hybrid
hydrogels exhibited appropriate swelling, rheological, and degradation
properties. In addition, the authors showed that the conductivity of
hydrogels was enhanced by the addition of rGO. Also, HA-DA/rGO
hydrogels exhibited photo-thermal antibacterial activity against both
E. coli and S. aureus when exposed to NIR radiation. rGO increased
proliferation of L929 cells on hydrogels in vitro. When applied to a
wound model in vivo, better wound contraction, higher collagen depo-
sition, and thicker granulation tissue were observed in wounds treated
with HA-DA/rGO hydrogels than with a commercial Tegaderm film or
HA-DA hydrogels [186].

Carbon dots (CDs) are a new class of zero-dimensional (0D) nano-
materials with promising potential in various biomedical applications
[187]. CDs are biocompatible, exhibit low toxicity, high water solubil-
ity, and antibacterial activity [188]. A nanocomposite chitosan/CDs
hydrogel was synthesized and evaluated as a wound dressing by Omidi
et al. They showed that the incorporation of CD in different percentages
yielded an increase in the tensile strength of hydrogels. The tensile
strength increased up to ~81 MPa for the highest CD concentration (2%
wt), while pristine chitosan scaffold exhibited ~64 MPa. Moreover,
composite hydrogels with different CD concentrations (0.25-2% w)
showed no increment in toxicity against L929 cells as compared to pure
chitosan hydrogel. The antibacterial activity of chitosan/CD hydrogel
against S. aureus was demonstrated by growth media absorption at 610
nm (OD) compared to chitosan alone. The authors showed that the in-
crease in concentration of CD was proportional to the inhibition of
bacterial growth. The bacterial inhibition zone of samples with CD
concentration of 5, 10, and 15% v/v was reported to be ~3, 3.6, and 4.5
mm, respectively. The antibacterial activity of CDs has been attributed
to their large surface area capable of inducing the generation of reactive
oxygen species [189]. In vivo analysis on a rat wound model also
revealed that the wound closure percentage for the untreated group and
the chitosan treated group was 45 and 62% respectively at day 16. In
addition, wounds treated with chitosan/CDs nanocomposite completely
healed within 16 days [188].

Thanks to their versatility and multifunctionality, NPs have been
evolutionary for different biomedical applications such as tissue engi-
neering and wound healing. Although NPs have a wide range of bene-
ficial characteristics for wound healing (i.e., antibacterial, anti-
inflammatory, antioxidant, angiogenic, and electroactive), they need
to be further investigated to assure safe and secure wound treatments for
patients with different types of wounds. Most concerns are related to the
dosage that could be considered safe for incorporating them into
different wound dressings and, in general, into tissue engineering scaf-
folds. Moreover, the in vivo cytotoxicity and clearance of NPs is another
aspect that needs to be clarified; more research is needed to establish
standards for clinical trials.
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3.6. Cells

Apart from biomaterials, chemical agents, NPs, and growth factors,
cells are another crucial component of tissue engineering. Cells could be
seeded within scaffolds/hydrogels to develop desired tissue in vitro to be
further transplanted in vivo. Upon proper attachment within a 3D
structure, cells are supposed to express ECM, paracrine signals, and
growth factors, which lead to an integrated graft and improved tissue
regeneration [190]. In wound healing hydrogels, cells could be included
(Table 7) with the same purpose, taking advantage of the growth factors
and paracrine factors that they secrete [191,192]. Growth factors and
paracrine factors contribute to various phenomena and could regulate
inflammation and oxidative stress, induce host cell migration, and
angiogenesis [191-193].

In a study, an n-isopropylacrylamide (NIPAM)-based thermosensi-
tive hydrogel was designed in order to deliver bone marrow derived
MSCs (BMSCs) for healing diabetic chronic wounds. In vitro analysis
showed that BMSCs could secrete higher amounts of TGF-f1 (fibrosis-
promoting factor) and bFGF (inducer of fibroblast proliferation) when
embedded within NIPAM hydrogels [192]. When cell-laden-hydrogels
were applied to a diabetic rat wound model, they suppressed inflam-
mation, as they inhibited M1 macrophage expression. In addition, they
accelerated wound contraction, granulation tissue formation, and
angiogenesis as compared to cell-free NIPAM hydrogels. Besides pro-
ducing TGF-p1 and bFGF, stem cells are capable of secreting other
growth factors that are beneficial for wound healing [192]. It is known
that MSCs can express pro-angiogenic factors such as VEGF and FGF-2
and interleukin-6 (IL-6) [194,195]. In a study, a UV crosslinked
hydrogel composed of GelMA and methacrylated hyaluronic acid
(HAMA) was loaded with adipose derived stem cells (ADSC) to improve
wound healing. ADSCs remained viable and proliferated for 3 weeks in
these hydrogels. The authors showed that ADSC laden hydrogels pro-
moted angiogenesis in vivo as compared to cell free hydrogels [191].

Besides cell viability and proliferation in an ECM mimicking matrix,
it is also vital that cells, like other bioactive agents, be preserved and
exposed to the wound site in a sustained manner to induce proper wound
healing. In another study, the angiogenic effect of ADSC-encapsulated
chitosan/gelatin was demonstrated by Cheng et al. as a promising
platform for wound healing applications. By adding gelatin to chitosan
hydrogels, the 5-day viability of ADSCs was improved; live/dead assay
results showed an ADSC viability of ~76.5% and 83% for chitosan/2%
gelatin and for chitosan/4% gelatin hydrogels, respectively. In contrast,
cell viabilities in chitosan hydrogels were reported remarkably lower (at
~47.5% after 5 days) than those observed in chitosan/gelatin. More-
over, in vitro analysis showed a gradual degradation of the matrix; thus,
ADSCs were released continuously from the composite hydrogel.
Consequently, the migration of fibroblasts was also significantly
enhanced due to this release. Moreover, more VEGF was found to be
released by chitosan/alginate hydrogels than in chitosan gels. A Chick
Chorioallantoic Membrane (CAM) assay showed about 152.5 vessel
branch points for ADSC-encapsulated in chitosan/gelatin, in comparison
with ~64.7 for chitosan hydrogel. Using immunostaining techniques,
the co-localization of the HNA and CD31 biomarkers was observed to be

Table 7
Summary of reviewed studies of cell-laden hydrogels for wound healing.
Biomaterials Cell line Cell density In Main result Ref
vivo
GelMA-methacrylated Human Adipose derivedstem 0.5 x 10°-2 x —+ Supported cell proliferation, [191]
hyaluronic acid (HAMA) cell (ADSCs) 10° cells/mL Enhanced vascularization
Poly NIPAM- poly Mice bone marrow 1 x 106 cells/ + Secretion of TGF-p1 and bFGF by BMSCs. [192]
(amidoamine) mesenchymal stem cell mL Inhibition of inflammation, increase in wound contraction, angiogenesis, ECM
(BMSC) secretion, and re-epithelialization in in vivo wound model for BMSC containing
hydrogel.
Chitosan-Gelatin Human Adipose derived stem 1 x 10° cells/ —+ Sustained release of ADSC, enhanced in vitro fibroblast migration, and [196]

cell (ADSCs) mL

increased capillary formation in vivo
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higher in wounds treated with ADSC-encapsulated chitosan/gelatin
hydrogels than in wounds treated with ADSC-encapsulated chitosan
hydrogels, suggesting an enhanced differentiation of transplanted ASCs
toward endothelial lineage [196].

Cell therapy has shown promising results in wound healing appli-
cations through two main mechanisms: (i) the use of cells as vehicles
secreting paracrine factors, and (ii) stem cell differentiation towards
somatic cells of the target tissue. Both mechanisms demand high local
cell survival for success, which is challenging in infected wound beds
that are high oxidative stress environments. Another important chal-
lenge of applying live cells for wound healing is to identify the proper
cell source and cell types for clinical trials. Besides cell types, which
could be different stem cells and somatic cell lines, the rational use of
autograph, allograph, or xenograph sources of the cells should be
addressed for further research in this topic.
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3.7. Other bioactive agents

Besides the mentioned classes of additives or materials with specific
chemical properties, several studies on wound dressing hydrogels are
not categorized in these groups (Table 8). In this section, we review
studies that have investigated the application of biological molecules,
gaseous signaling molecules, inorganic compounds, and living bacteria,
among other materials, in wound dressing hydrogels.

3.7.1. Biological macromolecules

Growth factors are an important category of biological macromole-
cules for tissue engineering and wound healing, but other biological
macromolecules, such as DNA, mRNA, active proteins, and stem cell
derivatives, have been incorporated into hydrogels for wound healing.
Therapeutic nucleic acids (TNAs) are promising new molecules for

Table 8
Summary of other additives used in hydrogels for wound healing.
Biomaterials Additive Functionality Concentration In Main result Ref
vivo
Hyaluronic Nonviral Transfection N/A + Enhanced granulation tissue formation. [198]
Acid DNA pGFPluc Improved wound contraction and
& pVEGF collagen deposition in vivo
Hyaluronic acid miR-223 Transfection miR-223 to + Overexpression of miR-223* in j774A.1 [199]
nanoparticles/GelMA Hyaluronic acid Development of uniformly vascularized
nanoparticles skin at the wound site
1:325 (w:w) ratio
1.3, 2.5, and 5 (w:
w) of nanoparticles
in GelMA
Chitosan—collagen QHREDGS peptide Support keratinocyte 2.2 and 5.9 nmol + Enhanced wound closure, re- [201]
survival and migration epithelialization, granulation tissue
formation, and blood vessels formation
Polyethylene glycol-vinyl K-peptide (Ac-FKGGERCG- Type 2 immune response 500 pM + Improved wound closure, promoted hair [202]
sulfone NH2) activation 500 uM follicle formation, and recruited type 2
Q-peptide 1 mM immune cells
(-AcNQEQVSPLGGERCG-
NH2)
RGD (Ac-RGDSPGERCG-NH2)
Alginate ADSCs-derived exosomes Improvement of 100 pg/mL —+ Improved wound closure, re- [203]
fibroblasts functionality epithelialization, collagen deposition, and
and synthesis and angiogenesis in vivo
secretion of collagen and
elastin
Alginate generating oxygen CaO; solution Activating cell Alginate: CaO, = + Promoted tissue infiltration, wound [215]
proliferation, wound 1:1 closure, and wound repair
remodeling, etc
NO-incorporated poly(vinyl Nitric oxide (NO) Triggering angiogenesis 100 pM GSNO + Accelerated wound contraction and [217]
alcohol) film/ and inflammatory increased collagen deposition in vivo
F127hydrogel phases
Polyacrylic acid (PAA) Carbon monoxide (CO) Increased VEGF and anti- 1500 pM + Enhanced angiogenesis and by increase in ~ [218]
inflammatory effect VEGF mRNA in wound granulomatous
tissues
Alginate H,S Vasodilation, 0.5, + Development of sebaceous glands, hair [231]
angiogenesis 1, and 10% w/w, follicles, and full epithelialization without
to the dry mass of fibroplasia or inflammation
alginate
Zwitterionic dopamine Sulfobetaine zwitterionic Nonsticking properties ZW: 12.5% w/v + Inhibition of cell (MC3T3-E1) attachment. [234]
methacrylamide hydrogels (ZW)- AgNPs and Antibacterial AgNPs: Antimicrobial activity against E. coli,
(ZWDO) N/A S. aureus, and P. auregenosa due to AgNPs.
Accelerated wound contraction and
decreased inflammation.
N, O-carboxymethyl chitosan Fayalite (Fe,SiO4, FA) Promoted angiogenesis 0.5% w/v —+ Promoted angiogenesis and tissue [235]
(nocs) regeneration
Heparin poloxamer VEGF-producing Lactococcus VEGF production and M2 1:100 + Improved wound closure, angiogenesis, [232]
lactis macrophage phenotype and reduced inflammation in diabetic
promotion model
Quaternized chitosan (QCS) Polydopamine-coated Strengthen tissue 1, 2, 3, 4 mg/mL + Assisted wound closure, antibacterial [236]

Polydopamine-coated reduction Graphene oxide adhesiveness, endow

reduction Graphene oxide (rGO-PDA) antioxidant and
(rGO-PDA) photothermal properties
Poly(N-

isopropylacrylamide)

(PNIPAm)

activity, drug release, more collagen
deposition, less inflammatory response,
more granulation tissue, hair follicle
formation, and increased dermal gap.
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healing chronic wounds. Plasmid DNA, small interfering RNAs (siRNAs),
microRNA (miRNA) mimics, anti-microRNA oligonucleotides (anti-miR
oligos, or AMO), messenger RNAs (mRNAs), and antisense oligonucle-
otides (ASOs) are examples of TNAs [197]. TNAs can regulate inflam-
mation, protease activities, cell motility, angiogenesis, epithelialization,
and oxidative stress to generate a more healing environment at the
wound site [197]. The inherent qualities of hydrogels make them ideal
carrier systems for transporting TNAs to the wound site while protecting
the TNA cargo during delivery [197].

Tokatlian et al., designed a DNA-embedded hyaluronic-based porous
hydrogel for wound healing applications. The authors showed that the
delivery of plasmid DNA (reporter pGFPluc or proangiogenic pVEGF)
enhanced granulation tissue two times more than in the hydrogels
without DNA in a splinted mouse wound healing model after 14 days of
the application [198]. Three different DNA-loaded hydrogels with
different pore sizes were designed in this study: nonporous hydrogels
(n-porous), and hydrogels with an average pore size of 60 and 100 pm
(60 pm and 100 pm hydrogels). In vivo wound healing results showed
proper wound closure caused by hydrogels with larger pore size after 14
days, as the remaining wound area was ~20, 30, and 70% for the
wounds treated with nonporous hydrogels with 60 and 100 pm pore
sizes, respectively [198].

The polarization of macrophages toward the anti-inflammatory (M2)
phenotype is driven by an overexpression of miR-223 miRNAs, which
may hasten wound healing [199]. However, due to their poor stability,
the local-targeted delivery of microRNAs remains complicated. Saleh
et al. produced hyaluronic acid nanoparticles coupled with an miR-223
5p mimic (miR-223*) to modulate tissue macrophage polarization dur-
ing the wound-healing process. In vitro results showed that the over-
expression of miR-223* in j774A.1 upregulated the expression of the
anti-inflammatory gene Arg-1 and downregulated the expression of
proinflammatory indicators, including TNF-a, IL-1, and IL-6. Histologi-
cal evaluation and qPCR analysis after in vivo transplantation revealed
that localized administration of miR-223* effectively supported the
development of uniformly vascularized skin at the wound bed, mainly
driven by macrophage polarization to the M2 phenotype [199].

Active peptides are another class of biological molecules that could
be added to scaffolds for tissue engineering and wound healing for
different purposes [200]. Epithelial cell migration, which mainly in-
volves keratinocytes, is fundamental to wound healing and skin regen-
eration [201]. Xiao et al., designed an integrin-binding peptide derived
from angiopoietin-1, QHREDGS (glutamine-histidine-arginine-glutamic
acid-aspartic acid-glycine-serine), as a healing agent which improves
migration of primary keratinocytes and stimulates protein kinase B Akt
and MAPKp [201]. In vivo analysis after 14 days on a mice wound model
showed wound closures of about 60% for wounds treated with
peptide-containing hydrogels. In contrast, wound closures of less than
40% were observed for both the chitosan/collagen group and the
wounds without any treatment. After 14 days, a re-epithelializing per-
centage of around 80% was observed for the group treated with the
QHREDGS peptide. In contrast, this percentage decreased to ~30 and
55% for the wounds treated with chitosan/collagen and the blank group,
respectively. It is believed that QHREDGS can interact with receptors
which mediate cell attachment and ECM binding leading to improved
endothelial metabolism [201].

Regenerative medicine in general requires a balance between tissue
formation and biomaterial degradation. To achieve such balance for
wound healing application there is a need to enhance the tempo of skin
restoration in harmony with the mechanical stability that exist for the
engineered skin. Griffin et al., induced type 2 innate and adaptive im-
mune response to enhance skin regeneration [202]. To achieve this goal,
they developed a microporous annealed particle (MAP) hydrogel that
was tested in a murine splinted excisional wound model in SKH1 mice.
They compared the performance of MAP with enantiomeric peptides
using either the D or L chirality, or a 1:1 mixture (D-MAP, L-MAP, and
1:1 L/D-MAP, respectively). In vivo results showed no differences in

227

Bioactive Materials 24 (2023) 197-235

wound closure rates or inflammatory signs between treatments. How-
ever, a large amount of remaining hydrogel was found in wounds treated
with L-MAP, whereas no hydrogel persistence was observed in wounds
treated with D-MAP or 1:1 L/D-MAP. Furthermore, wounds treated with
D-MAP and 1:1 L/D-MAP displayed thicker skin, new hair follicles,
sebaceous glands, and some epidermal cyst formation. These results
were confirmed in C57BL/6 mice. Later, they implanted the MAP
hydrogels to investigate enhanced immune cell recruitment. L-MAP
hydrogels recruited CD11b cells whilst D-MAP and 1:1 L/D-MAP
hydrogels recruited CD11b-expressing myeloid cells, a sign of type 2
immunity activation. They also observed an accumulation of individual
macrophages with no giant cell formation in D-MAP implants. These
results suggested that D-MAP hydrogels induce skin regeneration by
recruiting myeloid cells via type 2 immune activation [202].

Exosomes (EXOs) are another biological component which has been
successfully included in wound dressing hydrogels [203]. EXOs are a
form of lipid membrane vesicle that range in size from 30 to 150 nm
[204], and play a critical role in cellular communication and in-
teractions [205]. Stem cell-derived EXOs have the potential to speed up
tissue healing because of their many inherent advantages, such as their
high stability, non-immune rejection, homing action, and easy regula-
tion of their concentration [206,207]. Through modulating the secretory
activity of dermal fibroblasts and enhancing the synthesis and secretion
of collagen and elastin, EXOs can stimulate the migration, proliferation,
and angiogenesis processes in the wound area, which leads to
re-epithelialization [207,208]. In a study by Shafei et al., ADSCs-derived
exosomes were loaded into alginate-based hydrogels. Results suggested
that this construct was successful in regulating the release of bioactive
compounds such as secreted EXO derivatives and growth factors due to
the combined effect of the hydrogel degradation and the prolonged
release from EXOs. Wound closure, re-epithelialization, collagen depo-
sition, and angiogenesis at the wound sites were greatly enhanced in a
full-thickness rat wound model, by using EXO containing alginate
hydrogels [203].

3.7.2. Gas signaling molecules

Aerobic organisms require oxygen for survival [209], as oxygen is an
important substrate in metabolism, while also serving as a signaling
molecule in a variety of biological processes that govern cellular activity
and destiny [209-211]. High oxygen tension (characterized as hyper-
oxia) is well known to stimulate wound-healing activities, such as cell
proliferation, wound remodeling, stem or progenitor cell recruitment,
and suppression of inflammation [212-214]. An oxygen-generating
alginate (OGA) hydrogel reported by Kang et al. was identified as a
bioactive acellular matrix that promotes fast wound healing. They pro-
duced OGA hydrogels by ionotropic interactions driven by calcium
peroxide (Ca03). The oxygen-releasing activity of the hydrogels could be
precisely controlled by adjusting the amount of CaO2 used. Additionally,
the OGA hydrogels were shown to produce oxygen up to hyperoxic
levels (over 80% pO2) in vitro and in vivo, and promoted tissue infil-
tration, wound closure, and wound repair [215].

Several decades of research have revealed that gaseous signaling
molecules, particularly nitric oxide (NO), carbon monoxide (CO), and
hydrogen sulfide (H»S), play critical roles in physiological and patho-
logical states in mammals [216]. These molecules have lower molecular
weights than chemical formulations and are more likely to cross the
blood-brain barrier and to move between cells [216]. In addition, NO is
not simply a gas, but is also a short-lived signaling molecule. NO is a
natural molecule produced in the body which plays several vital roles in
wound healing processes. NO can improve vasodilation in ulcers,
intensify permeability of vasculature, trigger angiogenesis, stimulate
fibroblast proliferation, accelerate epithelialization and enhance
collagen deposition [217]. In a study, poly (vinyl alcohol) film/F127-
hydrogel comprised of NO donor molecule S-nitrosoglutathione (GSNO)
was synthesized in order to release NO for wound healing applications.
In vivo analysis of a mouse wound model showed that NO-releasing
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hydrogel enhanced wound contraction by 38% and 80% after 3 and 10
days, respectively, as compared to hydrogel without NO. Ten days after
being applied to the wound area, hydrogels without NO exhibited a
higher content of neutrophil cells than NO-containing hydrogels. As
neutrophils are known as the first cells migrating to the wound bed at
the beginning of inflammation, this could be due to a lack of exogenous
NO in the wound site, thus extending the inflammatory phase in this
group [217].

Carbon monoxide (CO) is an invisible, chemically inert, colorless,
and odorless gas [218]. It is a prominent byproduct of the incomplete
combustion of carbon-based and carbon-containing chemicals. CO is
produced endogenously by heme oxygenase (HO) as a result of heme
breakdown, and it plays a role in a variety of physiological and patho-
logical processes, including anti-inflammatory activity [219,220]. CO
has a stronger affinity for hemoglobin than oxygen; therefore, CO is
considered a particularly hazardous gas. However, multiple studies have
shown that exogenous CO has cytoprotective and anti-inflammatory
properties in certain circumstances, such as ischemia-reperfusion
injury [221-223]. Takagi et al. achieved a sustained release of CO in a
mouse full-thickness wound model by employing polyacrylic acid (PAA)
as a thickener. The delivery of an aqueous CO-containing PAA solution
accelerated wound healing without increasing serum CO levels. The
treatment also improved angiogenesis and supported an increased
expression of vascular endothelial growth factor mRNA in wound
granulomatous tissues [218].

Hydrogen sulfide (H2S), like CO and NO, has historically been
considered a harmful gas in high quantities; nevertheless, H,S has clear
physiological and pathological regulatory effects on many wound-
healing processes, including apoptosis, inflammation, proliferation,
and differentiation [216]. HyS participates in various physiological
processes, such as vasodilation and angiogenesis, and has a similar
inhibitory influence on the death of cardiomyocytes and vascular
endothelial cells [224-227] to seen with nitric oxide (NO) and carbon
monoxide (CO). Moreover, HoS has been shown to aid in recovery from
burns [228,229] and stomach ulcers [230]. Nazarnezhada et al. devel-
oped an HjS-containing alginate hydrogel (Alg) for use as a wound
dressing. Their in vitro results indicated that a concentration of 0.5% HsS
was optimal, while concentrations beyond that caused hemolysis and
cell toxicity. In vivo analysis using a rat full-thickness wound model
showed that Alg/HsS (0.5%) treatment increased wound healing by
98.22%. Histopathological findings also showed that Alg/H,S therapy
induced the development of sebaceous glands, hair follicles, and full
epithelialization without causing fibroplasia or inflammation [231].

3.7.3. Living bacteria

A counter-intuitive way of designing hydrogels to promote wound
healing is adding living bacteria. A study carried out by Lu et al., 2021
[232] used engineered living lactic bacteria encapsulated in an
heparin-poloxamer/HP thermoresponsive hydrogel to produce VEGF (to
promote endothelial cell migration, proliferation, and tube formation),
as well as to shift macrophages to their anti-inflammatory phenotype by
secreting lactic acid. In this work, Lactococcus lactis NZ9000 was trans-
formed with an optimized sequence to produce VEGF, as well as an
inducible promoter that was able to induce a bacteriostatic environment
to inhibit excessive bacterial growth. A heparin poloxamer hydrogel was
formed by conjugating heparin with a mono-amine terminated polox-
amer. The hydrogel formulation also considered a 20% w/v suspension
of L. lactis. This probiotic bacterial strain was able to survive and sustain
VEGF production for at least 24 h in vitro inside the HP hydrogel. Kinetic
studies demonstrated a VEGF secretion of up to 10 ng/mL in HP
hydrogels as compared to poloxamer without heparin hydrogels, which
only reached a VEGF secretion of 4.5 ng/mL. The authors also seeded
HUVECs within these hydrogels containing living recombinant bacteria.
The proliferation and tube formation of HUVECs was higher in
bacteria-containing hydrogels than in the control group. When the HP
hydrogel was applied in vivo, bacteria were locally restricted to the
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wound, enhancing VEGF production as well as reducing local inflam-
mation. Furthermore, assays using this hydrogel in diabetic mice with
full-thickness skin defects, showed that the number of M1 macrophages
decreased whilst the infiltration of M2 macrophages was enhanced.
Also, wounds treated with HP hydrogels with VEGF-producing L. lactis
displayed significantly higher blood perfusion, thicker granulation tis-
sue, higher expression of angiogenesis and wound healing markers, and
lower expression of inflammatory markers than control wounds. Results
suggested that this hydrogel/probiotic system is suitable to promote
wound healing by inhibiting inflammatory microenvironments and
enhancing angiogenesis (Fig. 8A) [232].

3.7.4. Antifouling zwitterionic materials

One of the major problems of conventional wound dressings is the
undesired adsorption of cells and microorganisms to the dressings.
Because the dressing must be typically changed several times, the
epithelial cells in contact with the dressing will become detached from
the wound site, causing pain for the patients. Antifouling hydrogels, as
electroneutral materials, could hinder cell and microorganism attach-
ment to the dressing surface [233,234]. In a study, AgNPs were
embedded within a zwitterionic hydrogel composed of hydrophobic
dopamine methacrylamide monomer (DMA). The integration of AgNPs
within the zwitterionic hydrogel increased its antibacterial activity by 5
folds against E. coli, S. aureus, and P. aeruginosa. Moreover, in an in vivo
wound model, 15 days post treatment, the wound closure was observed
to be 59, 80, and 98% for wounds without treatment, zwitterionic
hydrogel, and zwitterionic hydrogel which contains AgNPs, respectively
[234].

3.7.5. Mineral compounds

Chronic wounds are caused by disruption of the healing process,
especially angiogenesis, which leads to oxygen and nutrient starvation
of the injured tissue. Related to this, it is known that hot spring baths
yield therapeutic effects due to the trace elements present in the water
(such as iron and metalsilicates) and their temperature range of 30-45
°C. Sheng et al. [235] hypothesized that combining mild heat stimuli
with bioactive ions would accelerate wound healing, mimicking the hot
spring effect. For this purpose, they combined fayalite (Fe,SiO*, FA) or
calcium silicate with N, O-carboxymethyl chitosan (NOCS) to fabricate
FA-NOCS and CS-NOCS hydrogels, respectively. It was observed that
FA-NOCS hydrogels continuously released Fe and Si ions for 14 days.
Only FA-NOCS hydrogels displayed photo-thermal properties with a
laser power-dependent temperature. Using a laser irradiation power of
0.36 W/cm? did not affect the ion release. The authors conducted in vitro
evaluations using FA-NOCS as the test hydrogel and CS-NOCS as the
control; HUVECs and human dermal fibroblasts (HDFs) were used in
these assays. Photo-thermal treatment at 40 °C did not harm HUVECs,
and both cell lines were better stimulated when heat was applied to the
FA-NOCS hydrogel. Finally, in vivo assessment in a diabetic mouse
wound model demonstrated that wounds treated with FA-NOCS, laser
irradiation, and FA-NOCS with laser irradiation healed faster than
wounds in the CS-NOCS and untreated groups. Furthermore, bioactive
Fe and Si ions promoted angiogenesis by enhancing the signaling of
VEGF, HIF-1a, and bFGF/bFGFR, and thermal stimulation promoted
angiogenesis through the HSP90/eNOS and VEGF pathways (Fig. 8B)
[235].

3.7.6. Multimaterial hybrids

Some hydrogels developed to be used as wound dressings cannot be
classified into just one category due to their multifunctional qualities
provided by multiple components. Research performed by Li et al.
developed a biomechanically active and biochemically multifunctional
hydrogel to provide accelerated wound closure and healing when used
as wound dressing [236]. The hydrogel was made of quaternized chi-
tosan (QCS) to provide strong tissue adhesion, antibacterial activity, and
hemostatic capacity; poly (N-isopropylacrylamide) (PNIPAm) as a
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Fig. 8. Wound dressing using other bioactive agents. (A) (i) This graphic represents the accelerating angiogenesis in diabetic wounds by promoting the angiogenic
capacity of endothelial cells and inducing macrophages toward M2 polarization. (ii) Representative pictures of the wound area in response to different treatments
(HP: heparin poloxamer; HP@rm VEGF: heparin poloxamer with VEGF; HP@LL: heparin poloxamer with Lactococcus lactis; HP@LL_VEGF: heparin poloxamer with
VEGF-producing L. lactis) on days 0, 6, 9, and 12. The blue circle with a 6 mm diameter indicates the initial wound size. (iii) Fractions of the wounds healed with the
different treatments. (iv) Quantitative analysis of the wound area for each group (n = 6). Reprinted and adapted with permission from Lu et al., 2021 [232]. (B) (i)
Design of a hot spring-mimetic hydrogel, where there is Fe2*/SiO4~ ion release and photothermal effect provided by fayalite (FA). (ii) Application of the hot
spring-mimetic hydrogel for promoting angiogenesis in wound healing due to bioactive ions and heat stimulation. (FA: Fe,SiO4; NOCS: N, O-carboxymethyl chitosan.
Yellow and red arrow heads denote the release of Fe2+/SiO4’ ions and the photothermal heating effect of fayalite particles, respectively). (iii) Pictures of wounds
treated with FA-NOCS hydrogel, calcium silicate (Calsil)-NOCS hydrogel and/or infrared irradiation (L: laser irradiation only). (iv) Wound closure percentage of

different treatments. Reprinted and adapted with permission from Sheng et

al.,

2021 [235]. (C) (i) Schematic representation of quaternized chitosan (QCS),

polydopamine-coated reduction graphene oxide (rGO-PDA), and poly(N-isopropylacrylamide) (PNIPAm) (QCS/rGO-PDA/PNIPAm) hydrogel preparation and its
properties. (ii) Schematic diagram of the hydrogels assisting wound closure by thermoresponsive self-contraction. (iii) Pictures of wounds treated with Tegaderm film
dressing (control), QCS/PDA/PNIPAm, QCS/rGO3 (containing 3 mg/mL rGO) PDA/PNIPAm, and QCS/rGO3-PDA/PNIPAm-Doxycycline hydrochloride (Doxy) in a
murine model on days 0, 3, 7, and 14. (iv) Wound contraction percentage for each treatment. Reprinted and adapted with permission from Sheng et al., 2021 [236].

self-contractive thermoresponsive polymer to assist with wound closure;
and polydopamine-coated reduction graphene oxide (rGO-PDA) to
provide a conductive component that could strengthen the adhesion
ability and give photothermal and antioxidant properties to the hydro-
gel to enhance wound repair. The resulting hydrogel (QCS/rGO-P-
DA/PNIPAm) exhibited similar conductivity to human skin (5-5.6
mS/cm) and good hemocompatibility. Only 2% hemolysis was observed
in red blood cells. Murine 1929 fibroblasts showed 82%-93% viability
after being in contact with the hydrogel for 24 h. In addition,
QCS/rGO-PDA/PNIPAm effectively released 81%-93% of doxycycline at
37 °C; enhanced release was attributed to theirthermo-responsive
self-contraction properties. These hydrogels showed good inherent and
photo-thermally induced antibacterial activity. Results demonstrated
>85% bactericidal killing ratios in the absence of thermal stimulation
and 100% of bacteria were killed after 10 min of near infrared radiation.
The hydrogels also exhibited relevant antioxidant properties (i.e., 97.8%
free radical removal). Finally, QCS/rGO-PDA/PNIPAm hydrogels
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demonstrated promising therapeutic effects in wound healing in a
full-thickness skin defect model in terms of tissue adhesion capacity,
wound contraction, upregulation of collagen production, granulation
tissue thickness, mildest inflammatory response, hair follicle formation,
dermal gap size, collagen deposition, and faster angiogenesis (Fig. 8C)
[236].

4. Outlook

3D hydrogels have shown numerous benefits in promoting wound
healing and regeneration of skin tissue. Despite these great achieve-
ments, there are still considerations that need to be addressed in the
future. In the near future, we envision that the engineering of 3D
hydrogels in wound healing will focus on in situ injectable hydrogels
and/or in situ printing approaches. These methods are quick and, most
importantly, customizable to the particular needs of the patient. How-
ever, more investigations should be conducted to increase the currently
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limited number of polymers used for in situ fabrication strategies and to
make these strategies more holistic, cost-effective, robust, and versatile.
Structuring the hydrogels by creating hollow channels [237] or cavities
[238], for example, could also significantly facilitate the wound vascu-
larization process. Vascularization remains an enormous challenge yet
to be overcome in tissue engineering (in general) and wound healing (in
particular). In terms of mechanical properties, hydrogels (particularly
those derived from natural sources) seem to need improvement. More
evidence is needed to verify successful wound treatment using hydrogels
in large animal models. Those types of studies will shed light on the
strength and structural stability requirements of hydrogel dressings and
enable a smooth and successful translation to their extensive use in
clinics.

Various types of bioactive agents have been incorporated into
hydrogels with the aim of promoting the wound healing process through
different complex mechanisms. Despite promising results in recent
years, this field requires further experiments in order to achieve suc-
cessful therapy which could be translated to the clinic. There are several
concerns and challenges for research along this path. An important issue
for all additives is the proper dosage that could be considered as an
optimum treatment. Here is important to consider that the efficiency
and the side-effects of any bioactive agent also depend on their interplay
with the hydrogel matrix. Thus, different dosages of a specific bioactive
agent could have different therapeutic outcomes based on the type of
matrix hydrogel. Besides safety and efficiency, another important
consideration is to design a reproducible hydrogel composite, which
ideally should also be inexpensive. One of the simplest strategies to have
comprehensive wound therapy is recruiting multifunctional agents such
as nanoparticles within the hydrogels, which simultaneously exhibit
several desirable characteristics such as antibacterial, anti-
inflammatory, and electroactivity. Finally, the way additives are
released from the designed hydrogel is very important, which is related
to the characteristics of the hydrogel in terms of degree of polymeriza-
tion, crystallization, and bonding, which were not the main focus of this
review.

A large number of additives from various sources have been inves-
tigated in the last two decades with promising results. However, the
need for improved treatments will always motivate the search for more
effective and safer additives. Using new types of additives or/and new
strategies for promoting the wound healing process could lead to rele-
vant breakthroughs in this field.

Many of these future breakthroughs may be associated with the use
of living cells embedded in wound dressings. Cell sourcing for cell laden
hydrogels is still a hurdle because the isolation of autologous cells could
be invasive for patients with non-healing wounds. Thus, more in-
vestigations need to be done to find the solutions to stratified or
personalized medicine in wound healing. Wound healing in animals
such as rodents (mice) is different from that in humans in many bio-
logical aspects. In this regard, the development and use of more precise
in vitro and in vivo models (e.g., wound-on-a-chip systems or large ani-
mal models such as canine or porcine, respectively) needs to be
addressed. Another crucial aspect that should be considered in wound
healing studies is that many of the wound healing impediments are
systematic. Organ-on-chip models could help to investigate more sys-
temic implications and interactions. In the end, to ensure a brighter
future for 3D hydrogel wound healing, clinical translation capacity and
marketing of produced hydrogels should be explored.
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