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Abstract: Wound healing is a complex and dynamic process, and metabolic disturbances in the microenvironment of chronic wounds
and the severe symptoms they cause remain major challenges to be addressed. The inherent properties of hydrogels make them
promising wound dressings. In addition, biomembrane-based nanostructures and microstructures (such as liposomes, exosomes,
membrane-coated nanostructures, bacteria and algae) have significant advantages in the promotion of wound healing, including
special biological activities, flexible drug loading and targeting. Therefore, biomembrane-based nanostructure- and microstructure-
loaded hydrogels can compensate for their respective disadvantages and combine the advantages of both to significantly promote
chronic wound healing. In this review, we outline the loading strategies, mechanisms of action and applications of different types of
biomembrane-based nanostructure- and microstructure-loaded hydrogels in chronic wound healing.
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Introduction

Wound healing is an incredibly complex process that includes sequential and overlapping phases of hemostasis,
inflammation, proliferation and remodeling, with each phase involving multiple cells and cytokines.'”” Hemostasis
occurs within seconds to minutes of the initial injury. The damaged blood vessels immediately constrict to form
a blood clot to prevent blood loss from vascular damage. Platelets coagulate and secrete and recruit various growth
factors to form a blood clot to occupy the wound site.®> Subsequently, the inflammatory phase begins when chemokines
produced by platelets attract an influx of neutrophils, macrophages and lymphocytes to the wound site.”> Macrophages are
the main phagocytes in the inflammatory phase, which remove damaged cells and necrotic tissue and release various
cytokines, chemokines and growth factors.* They exert a wide range of effects on the proliferation of fibroblasts and
endothelial cells, which in turn influence the formation of new blood vessels and regulate the transition from inflamma-
tion to proliferation.’ The proliferative phase is characterized by extensive activation of keratinocytes, fibroblasts,
macrophages and endothelial cells, which regulate angiogenesis and granulation tissue formation for the repair of
epithelial tissue. The proliferative phase includes fiber proliferation, re-epithelialization, angiogenesis and nerve
regeneration.® During the tissue modeling phase, all repair processes that begin during the inflammatory and proliferative
phases are terminated. The vascular component of myofibroblasts in fibroblasts and granulation tissue is reduced, type II1
collagen is replaced by type I collagen and formed into parallel fibers, and the wound is completely closed.® Depending
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on the severity of the injury, skin injuries can be classified into acute or chronic wounds.” Chronic wounds are generally
classified based on their causality, including chronic vascular disease, diabetes, and pressure injuries.® The ease of access
to diabetic wound models has made chronic wound research more focused on diabetic wounds. We focus on diabetic
wound healing in this review.

The special in vivo environment in diabetes can interfere with chronic wound healing; therefore, the healing time is
prolonged, and the difficulty in healing is increased.”'® During the inflammatory phase, keratinocytes produce more
interleukin 8 (IL-8) because of the increased generation of reactive oxygen species (ROS) in the hyperglycemic environ-
ment, which leads to increased infiltration of neutrophils recruited by IL-8 and enhances inflammation, thus making wound
healing more challenging.'"'? The excessive production of ROS results in the release of proinflammatory cytokines,
destruction of the extracellular matrix (ECM) and oxidative damage."> "> These changes lead to the persistence of M1
macrophages (proinflammatory) and inhibit their transition to M2 macrophages (anti-inflammatory).'® This phenomenon
eventually prevents the progression of the inflammatory phase; therefore, the wound healing process remains stagnant in the
inflammatory phase.'” Moreover, these changes also affect the healing process in the future. Persistent secretion of
inflammatory cytokines by macrophages may cause damage to keratinocytes and fibroblasts, thereby preventing angiogen-
esis and re-epithelialization.'® Studies have shown that fibroblasts isolated from chronic diabetic wounds have a diminished

proliferative response to growth factors,'*?°

which is an obstacle to wound healing. Besides what has already been
mentioned above, like burns and infected wounds, diabetic wounds are prone to bacterial infections, which need to be
managed properly.”' ** Clinically, wounds are usually managed by controlling blood sugar, removing necrotic tissue, and
reducing infection with antibiotics. While conventional therapies are effective at managing diabetic wounds to a certain
extent, a large number of diabetic wounds still persist, deteriorate, and require amputation.* Firstly, the formation of crusts
and blood clotting also hinders the penetration of medication and causes poor circulation in diabetic wounds. Secondly,
while cleaning wounds or changing dressings, gauze often adheres to the wounded skin tissue and destroys the new
epithelium and granulation tissue, causing bleeding.?>® Thirdly, the long-term application of antibiotics can kill not only
the causative bacteria but also the beneficial bacteria and may lead to the development of drug resistance.”’*® Moreover,
higher pH levels caused by chronic wounds affect wound healing, because the alkaline microenvironment affects protease
activity and drug stability, and ultimately leads to impaired ECM synthesis and angiogenesis.

With the development of biomedical engineering, various biomaterials have been used to promote the healing of skin

31,32 33735 and hydrogels.**® Hydrogels are

wounds, such as rnicroneedles,29 nanoparticles (NPS),3° sponges, niosomes
a class of biomimetic biomaterials consisting of a hydrophilic cross-linked network with a high moisture content®>*’ and
are usually characterized by good biocompatibility, adhesion ability, permeability and maintenance of a moist environ-
ment to facilitate cell migration. These advantages create a desirable microenvironment for the proliferation and
differentiation of cells, thus promoting wound healing and angiogenesis, which in turn contribute to efficient tissue
repair and skin regeneration.*' However, owing to the water content of hydrogels, loading lipophilic drugs is difficult,**
and synthetic hydrogels are often biologically inactive.*’ Moreover, several hydrogels have been found to interfere with
rapid drug release owing to their water content, which makes them ineffective for treating chronic wounds.**
Biomembrane-based nanostructures and microstructures, mainly including liposomes, exosomes, cell membrane-coated
nanostructures, living cells, bacteria and algae, have been extensively used in the treatment and management of chronic
wounds because of their unique properties.”’*>*” Chronic wound healing is a long-term process, and it is challenging to
deliver drugs close enough to the wound, maintain the drugs in an active state and consistently release substances that
promote wound healing over time. Combining hydrogels with biomembrane-based nanostructures and microstructures to
yield complementary advantages is an effective therapeutic measure. For example, liposomes can be loaded with
lipophilic drugs that are difficult to encapsulate in hydrogels,*® the combination of algae and hydrogels helps to improve

traumatic microvascular hypoxia,**>°

and hydrogels provide a good environment for exosomes, cells, bacteria and algae
to ensure their stable activity over time.”' > Therefore, biomembrane-based nanostructure- and microstructure-loaded
hydrogels represent a promising strategy for promoting the healing of diabetic wounds. Figure 1 summarizes the
characteristics and healing mechanisms of biomembrane-based nanostructure- and microstructure-loaded hydrogels for

chronic wounds.
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Figure | The characteristics and healing mechanisms of biomembrane-based nanostructure- and microstructure-loaded hydrogels for chronic wounds. Nanostructures and
microstructures can be loaded into hydrogels by various methods to produce carriers that have specific properties that can promote wound healing through different
mechanisms.

During the past decade, liposome- or exosome-loaded hydrogels have attracted considerable attention owing to their
unique advantages, and several preclinical studies have reported encouraging results. To the best of our knowledge, no study
has provided a comprehensive summary of biomembrane-based nanostructure- and microstructure-loaded hydrogels. This
review focuses on the advantages and disadvantages of using hydrogels and biomembrane-based nanostructures and
microstructures for chronic wound healing and summarizes the direction of development of biomembrane-based nanostruc-
ture- and microstructure-loaded hydrogels for chronic wounds. Table 1 shows some examples of the use of biomembrane-
based nanostructure- and microstructure-loaded hydrogels in diabetic wounds.

The Design Strategy of Biomembrane-Based Nanostructure- and

Microstructure-Loaded Hydrogels

Biomembrane-based nanostructures and microstructures mainly comprise living cell systems (living cells, bacteria and
algae) or components derived from living cell systems (exosomes and cell membranes) and biomimetics (liposomes),
which share the characteristics of good biocompatibility and complex biological functions, which contribute to their
widespread interest in the treatment of diseases. However, the common drawbacks are low stability owing to changes in
the external environment and the inconvenience of drug delivery.’'***> Hydrogels have been one of the most investi-
gated dressings for wound healing in recent years because of their good biocompatibility and injectability.”® However,
their lack of bioactivity limits their application in wound healing.’”>® Therefore, loading biomembrane-based nanos-
tructures and microstructures into hydrogels can result in a drug delivery platform with combined advantages, neutraliz-
ing their respective disadvantages.

Designing this combined loading strategy is challenging because the loaded cargo should be maintained in an active
state and its stable release should be ensured without affecting the performance of the hydrogel. In terms of hydrogel
materials, the ideal materials should be biocompatible and degradable. Owing to bacterial infection, cell modulation and
cytokine regulation involved in wound healing, some active hydrogel materials may enhance the healing process. For
example, chitosan has favorable hemostatic and antibacterial effects,”” hyaluronic acid can regulate the inflammatory
response and promote cell adhesion,® and calcium ions produced via the degradation of hydroxyapatite can regulate the
dynamic balance of the skin and facilitate the proliferation and differentiation of cells.®’ In terms of loading methods,
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Table | Representative Examples of Biomembrane-Based Nano- and Microstructure-Loaded Hydrogels in Diabetic Wounds

Biomembrane-
Based Nano-

and

Microstructures

Hydrogels

Animal Models

Type of
Wound

Sample
Size

Results

Refs.

SDF-la loaded
liposomes

GelMA hydrogel

Female wild-type
C57BL/6 and
diabetic B6.
BKS(D) Lepr®®/]
mice

Round skin
defect with

a diameter of

4 mm on both
sides of the back

n=6/
group

This hybrid system exhibits better
retardation compared to water
coagulation alone.

The system is able to recruit
macrophages and polarize it to the
M2 phenotype.

Hydrogel and liposome
combination delivery of SDF-la
showed better efficacy with the
most significant epidermal
regeneration and angiogenesis

[236]

Th-loaded
liposomes

GelMA hydrogel

10-week old rats

A full-length
circular wound
of 18 mm in
diameter was
created on the
back

n=10/
group

The hydrogen bonds formed
between the liposomes and
networks of polymer chains
results in contributing to the
prolonged release of Th and
enhancing the mechanical
properties of hydrogels.
Th-Lipo loaded GelMA hydrogels
promote the contraction of
wounds and synthesis of
extracellular matrix.

[101]

BMSCs-Exos

Cryogenic 3D printed
hydrogel scaffolds

Sprague—Dawley
rats

Skin wound with
a |5 mm
diameter total

excision

n=3/
group

This hydrogel scaffold has the right
porosity, biocompatibility and
hemostatic ability.

Proliferation and migration of
HUVECs were facilitated by this
hydrogel scaffold.

The hydrogel scaffold helps
facilitate chronic wound healing by
improving blood flow to the area
and stimulating angiogenesis.

This mode of administration
increases the amount of blood
perfusion to the wound, shortens
the length of the wound and
promotes collagen deposition.

[237]

MSCs-Exos

Carboxyethyl chitosan
-dialdehyde carbo-
xymethyl cellulose
hydrogel

Sprague—Dawley
rats aged 7-8
weeks

Skin wound with
a 20 mm
diameter total
excision

n=3/
group

This hydrogel has some
hemostatic and antibacterial
properties.

MSCs-Exos suppress inflammation
by regulating the phenotype of
macrophages.

This system accelerates
angiogenesis by affecting the
VEGF-mediated pathway and by
shifting the macrophage
phenotypes from the detrimental
MIlto the beneficial M2.

[238]

(Continued)
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Table | (Continued).

Biomembrane-
Based Nano-
and
Microstructures

Hydrogels

Animal Models

Type of
Wound

Sample
Size

Results

Refs.

BMSCs

N-isopropylacrylamide-
based hydrogel

Forty-five 8- to
12-week-old
female C57BKS
Cg-m+/+ Leprdb
type Il diabetic

mice

Circular wounds
with a diameter
of 8 mm

n=3/
group

The hydrogel inhibits the
expression of pro-inflammatory
MI macrophages.

The treatment increases
granulation tissue, angiogenesis,
and wound contraction, and
promotes the rapid healing of
diabetic skin wounds.

[239]

ADSCs

Pluronic FI127 hydrogel

Adult male rats
aged 8-12 weeks

n =6/
group

The system promotes angiogenesis
and enhances cell proliferation at
wound sites, resulting in faster
wound closure, accompanied by
rejuvenated granulation tissue.
ADSCs transplanted via hydrogels
are more effective at delivering
cells and enhance the healing
capacity of diabetic wounds.

[240]

Engineering
L. lactis NZ9000

Heparin-poloxamer
hydrogel

Mice

Two circular
wounds of 6mm
diameter on the
back

n =6/
group

Release of lactate from hydrogel
systems to induce conversion of
macrophages to the M2
phenotype.

[177]

Hydrogel system steadily releases
bioactive proteins and
immunomodulatory molecules to
accelerate diabetic epithelial
healing.

n =6/
group

Active Sodium alginate gel Circular wounds

particles

Balb/C mice (male,
about 25g in
weight)

Transformation of nonhealing [241]

Synechococcus with a diameter chronic wounds into acute wound

elongatus of 10 mm

PCC7942

healing phenotypes.
This system promotes
angiogenesis and flap regeneration.

Abbreviations: SDF-la, stromal cell-derived factor-1 alpha; GelMA, methacrylated gelatin; Th, thrombin; Th-Lipo, Th-loaded liposomes; HUVECs, human umbilical vein
endothelial cells; BMSC-Exos, bone marrow mesenchymal stem cell-derived exosomes; MSC-Exos, marrow mesenchymal stem cell-derived exosomes; VEGF, vascular
endothelial growth factor; BMSCs, bone marrow mesenchymal stem cells; ADSCs, adipose-derived stem cells.

biomembrane-based nanostructures and microstructures are loaded onto biomaterials based on their interaction, and two
methods are usually used for loading these structures into hydrogels. The first strategy involves the simultaneous mixing
of hydrogel materials, nanostructures or microstructures and cross-linkers. These microstructures or nanostructures are
loaded into the three-dimensional network formed by the hydrogel, thereby forming a hydrogel with an interconnected
network.®? The second strategy involves the injection of preformed hydrogels into a solution containing nanostructures
and microstructures. This solution is subsequently freeze-dried to form the final structure.**®* The latter method is
usually more advantageous than the former because the conditions for hydrogel formation do not affect the activity of the
nanostructures and microstructures. However, the first preparation method is easier to handle and results in a higher yield,
making it ideal for forming gels in situ.®* Each method has unique characteristics and is suitable for fabricating different
types of hydrogels.

The release of the cargo loaded in the hydrogel is influenced by the hydrogel network. The type of polymer affects the
morphology, mechanical properties and degradability of the hydrogel network, and cross-linking has a significant effect
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on swelling of the hydrogel.®>°® Mixing alginate with biomembrane-based nanostructure and microstructure solutions
can result in the formation of a stable structure with a three-dimensional network by binding to some divalent ions, such
as calcium ions.®>’® When this method is used, the hydrogel formed has larger pores, which is more suitable for loading
cargoes with larger particle sizes but less suitable for loading cargoes with smaller particle sizes. This problem can be
overcome by adding other materials that form a new cross-linked network.”' In addition, the cargo can be coated to
improve its interaction with the biological material to achieve a cumulative amount of drug permeation. Compared to
lipid-soluble drugs, liquid-soluble drugs are more easily loaded into hydrogels.”> The results of a study showed that
lipophilic fluconazole NPs coated with polyethylene glycol significantly improved the water solubility and enhanced the
accumulation of drug penetration, which in turn improved the efficacy.”® Studies on nanostructure- and microstructure-
loaded hydrogels are limited, and efforts are required to design ideal hydrogel delivery systems to facilitate the delivery
of different carriers at different release rates. Hydrogel systems with stimulus-responsive properties are also of great
interest at present.”* Nanostructures and microstructures can be released from hydrogels when exposed to certain stimuli,
such as temperature, pH, enzymes and magnetic fields.”>’®

It is essential to maintain the activity of micro/nanocarriers in hydrogels by selecting a biocompatible hydrogel and
loading method.”””® Hydrogel crosslink density plays an important role in ensuring the sustained release of micro-
structures and nanostructures from the hydrogel. In addition, it is necessary to examine the hydrogel material and the
crosslinking method to determine the optimal combination of release rates.”’

The Applications of Biomembrane-Based Nanostructure- and
Microstructure-Loaded Hydrogels in Chronic Wounds
Liposome-Loaded Hydrogels

Owing to their high water content and rich physicochemical properties, hydrogels provide a conducive microenvironment
for the proliferation and differentiation of cells and promote wound healing and angiogenesis, thus enabling efficient
tissue repair and regeneration.*® However, the hydrophilic environment limits the application of lipophilic drugs.
Moreover, some hydrogels with large pores do not have adequate sustained release properties, resulting in a very
rapid release of the drug. Liposomes are closed vesicles with bilayer structures composed of amphiphilic molecules such
as phospholipids dispersed in water.®' When amphiphilic molecules are dispersed in an aqueous phase, the hydrophobic
side moves away from the aqueous phase, whereas the hydrophilic side is exposed to the aqueous phase.®' Owing to this
bilayer structure, hydrophilic and hydrophobic drugs can be encapsulated in the inner aqueous and bilayer phases,
respectively.81 In addition, this special structure of liposomes promotes sustained release® and improves drug stability.83
Liposomes are typically liquid and cannot maintain a certain concentration locally, whereas hydrogels can enhance
liposome delivery, allowing them to be locally administered. Therefore, the liposome-based hydrogel drug delivery
system integrates the merits of liposomes and hydrogels, which can improve the drug release properties of hydrogels and
maintain drug stability.

Liposomes can overcome certain disadvantages of hydrogels and compensate for their weakness in drug loading, drug
release and mechanical strength; therefore, they have great application prospects.*®** First, the phospholipid bilayer of
liposomes allows for the integration of lipophilic substances, improves drug solubility and facilitates the retention of
drugs in hydrogels. The combination of liposomes and hydrogels facilitates the loading of lipophilic drugs into the
hydrogel and is a promising delivery method for topical skin treatment.**® A curcumin-loaded liposome—hydrogel
system has been used for wound healing.*® Liposomes improve the solubility of the fat-soluble drug curcumin, and the
integrated delivery system ensures continuous dermal administration of curcumin and increases its retention in the skin
site. Second, the rapid release of drugs from hydrogels with large pores can be improved using liposomes. Billard et al®’
prepared a chitosan hydrogel consisting of enwrapped phosphatidylcholine liposomes and encapsulated the water-soluble
model drug carboxyfluorescein (FAM) in the liposomes to detect the release of FAM. The study validated that the
liposome—hydrogel system had a stronger sustained-release ability than hydrogels. Third, the application of bioactive
cytokine-loaded hydrogels for wound healing has received increasing attention.®®° However, the bioactivity of these
cytokines is often reduced owing to enzymatic degradation when exposed to trauma fluids.”! Liposomes can contain
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hydrophilic protein-based drugs in the inner aqueous phase, which increases stability and prolongs the release of their
contents. Xu et al” successfully prepared a novel liposome-loaded silk fibroin hydrogel (SF-LIP) encapsulating basic
fibroblast growth factor (bFGF), which effectively maintained the activity of bFGF and accelerated wound healing.
Furthermore, the addition of liposomes increases the viscosity and mechanical strength of hydrogels. Ruel-Gariépy et al®*
modified chitosan-beta-glycerophosphate with liposomes to obtain a new class of hydrogels. They observed that
liposomes prominently enhanced the viscosity and mechanical strength of the hydrogel. In addition to the above-
mentioned studies, additional studies have demonstrated that liposomes can facilitate the targeted delivery of drugs to
specific skin layers by ensuring the sustained release of drugs/active substances.®’"?

The liposome—hydrogel system may be more effective in promoting chronic wound healing. The migration of
macrophages to tissues is important during wound healing.”* Specifically, macrophages can be divided into two types,
namely, M1- and M2-type macrophages, according to their functions and the level of inflammatory factor secretion.
M1-type macrophages promote inflammation, whereas M2-type macrophages reduce inflammation to aid in wound
healing.”>® The two types of macrophages can be interconverted when exposed to different cytokines.”” Chronic skin
wounds are usually characterized by open wounds in a constant state of chronic inflammation.”® The recruitment of
macrophages to the wound site and enhanced polarization of M1 macrophages to the M2 phenotype are beneficial
measures for promoting chronic wound healing. Yu et al®® prepared a prohealing stromal cell-derived factor-1 alpha
(SDF-1a)-loaded liposomal hydrogel and used it to treat diabetic wounds. They demonstrated that the vascular skin
tissue regenerated successfully in mice with diabetes with sustained dorsal wounds. The hydrogel offered a favorable
environment for wound healing and protected against external microorganisms, whereas SDF-1la recruited macro-
phages to the wound site and promoted their polarization to the M2 phenotype. In addition, liposomes protected the
released SDF-1la from enzymatic degradation in the traumatic environment, thereby improving the therapeutic effect.

Liposomes facilitate the sustained release of drugs from the hydrogel, and this combined drug delivery system is
highly conducive to long-term drug release in chronic wounds and protects the drug from enzymatic degradation in the
wound microenvironment. However, the slow initial release rate is not conducive to maintaining initial hemostasis.
Thrombin (Th) plays a regulatory role in multiple stages of wound healing. It promotes coagulation during the early
hemostatic phase’ and induces the differentiation of fibroblasts into myofibroblasts during the subsequent proliferative
and remodeling phases.'® Based on this phenomenon, Wang et al'®' prepared a photocrosslinkable hydrogel and
encapsulated free Th and Th-loaded liposomes into it (Figure 2). The results showed that free Th was the first to be
released from the hydrogel and exerted a hemostatic effect during the early stages of trauma. In addition, the sustained
release of Th from liposomes induced fibroblast differentiation during the proliferative phase and promoted the formation
of granulation tissue and deposition of collagen. This different pattern of release can promote the progression of the
initial hemostatic and the subsequent proliferative and remodeling phases.

Liposomes are ideal drug carriers owing to properties such as sustained drug release and improved stability.'**'*?
However, their clinical application is limited owing to some disadvantages. For example, liquid formulations are difficult
to deliver because of insufficient mechanical properties and cannot maintain a certain level of concentration locally.'®
Hydrogels can facilitate the release of drugs directly at the wound site; however, it is difficult to load lipophilic drugs in
hydrogels, and the active factors released by them are easily degraded in the wound microenvironment. Therefore, the
combination of hydrogels and liposomes has great application potential in wound healing because they can compensate
for their respective disadvantages, help to maintain a stable concentration of drugs in situ for a long time and are more

advantageous than a single delivery system.'®*

Cell Membrane-Coated Nanostructure-Loaded Hydrogels
The metal ions or oxides of some metals possess some antibacterial properties, such as silver ions,'®> copper ions,'*® zinc

oxide, 107

etc. A major mechanism of inorganic NP antibacterial activity involves the alteration of bacterial membranes
and disruption of organelles, which makes them widely used as antimicrobial dressings for wounds.'®® Researchers have
also found that some metal ions have a positive effect on angiogenesis, for example, copper ions induce revascularization
mainly by upregulating the expression of angiogenic growth factors.'®''° However, a concentration of copper ions

above physiological levels is toxic because it disrupts the dynamic balance of other metal ions and affects the metabolism
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Figure 2 Anatomical and molecular mechanisms of Th and Th-Lipo-loaded GelMA hydrogel repairing and regenerating diabetic skin. Reprinted from Chemical Engineering
Journal, 397, Wang C, Wu T, Liu G, et al. Promoting coagulation and activating SMAD3 phosphorylation in wound healing via a dual-release thrombin-hydrogel, 125414,
Copyright © 2020, with permission from Elsevier B.V.'"'

Abbreviations: Th, thrombin; Th-Lipo, Th-loaded liposomes; GelMA, methacrylated gelatin.

of cells in the body.""" The researchers developed a hydrogel that slowly releases copper ions and boosts antimicrobial
activity to address these problems and assist in wound healing.''? Furthermore, NPs can also be combined with
photothermal therapy (PTT)'" 14
collagen deposition.

and photodynamic therapy (PDT) ™ to kill bacteria and promote vascularization and

Although NPs can contribute to wound healing, the biocompatibility of NPs and the exclusion of immune cells in the
wound area limit the effective action of NPs. In terms of biocompatibility, NPs can be modified by coating them with cell
membranes to reduce immune recognition.''>!'® An effective strategy is to combine synthetic NPs with natural or
biomimetic materials. Cell membrane-encapsulated NPs have prominent physicochemical properties of NPs and complex
properties of the cell membrane."'”''® For example, encapsulation of NPs with macrophage membranes can reduce the
photolytic breakdown of NPs and prolong the cycling life."'” NPs encapsulated in leukocyte membranes can infiltrate the
endothelium,'*® and encapsulation of NPs with erythrocytes can increase immune evasion.'?'"'** Cell membrane-
encapsulated NPs are increasingly used to harness the functions of natural cells to enhance the biocompatibility of
NPs and improve therapeutic outcomes. In addition, the combination of specialized membranes or membrane types can
enhance cellular functions. We previously reported that encapsulation of NPs with neutrophil-erythrocyte hybrid
membranes prolonged their circulation and improved their targeted delivery.'*?

We speculate that the use of cell membranes to encapsulate NPs can improve the biocompatibility of NPs and
facilitate immune escape, thus promoting effective chronic wound healing. Hydrogels provide an ideal microenvironment
for the proliferation and differentiation of cells, leading to efficient tissue repair and regeneration.*' In addition, they can

124 and exert a sustained-release effect.'?® Fan et al'*° reported the preparation method and

improve the stability of NPs
biological properties of a novel cell membrane-derived hydrogel scaffold (Figure 3). This scaffold is biocompatible and
has large pores, which allow for the encapsulation and release of lipophilic model drugs. In addition, this scaffold can
recruit a large number of anti-inflammatory macrophages, indicating the feasibility of drug delivery in the form of

hydrogel scaffolds by basal cell membrane-encapsulated nanomaterials for chronic wound healing. Further development
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Figure 3 Diagram illustrating how the RBCM scaffold was fabricated. Reprinted from Biomaterials, 197, Fan Z, Deng J, Li PY, et al. A new class of biological materials: Cell
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of nanotechnology and cell membrane encapsulation technology will promote the fabrication and use of cell membrane-
coated nanostructure-loaded hydrogels for the treatment of chronic wounds in the future.

Exosome-Loaded Hydrogels

Despite significant advances in the treatment and management of wounds, the lack of bioactivity in hydrogels, especially
synthetic hydrogels, limits their use in the clinical treatment of chronic wounds. Exosomes have been extensively
investigated in recent years, and studies have reported that cells involved in wound healing can be modulated through
exosomes derived from different sources.’® Specifically, exosomes accelerate wound healing by inhibiting

127 128 and stimulating collagen deposition.'*” However, the application of exo-

inflammation, =’ promoting angiogenesis
somes for wound treatment is challenging because they are mostly administered via injection and have a relatively short
half-life and clearance time in vivo."**'*! A study reported that exosome-loaded hydrogels can preserve the stability of
proteins and microRNAs in exosomes, which enhances their efficacy and prolongs their duration of action.'?
Delivering exosomes to a wound site and maintaining their activity over time are major focus areas of research on
diabetic wounds. The combination of exosomes and biomaterials can increase the retention of exosomes at the wound
site without damaging their biological activity. Wang et al'** designed an antimicrobial, injectable, self-healing hydrogel
encapsulated with active adipose mesenchymal stem cell-derived exosomes (Figure 4A), and the exosomes were released
by the hydrogel at a lower pH (Figure 4B). The use of these hydrogels significantly increased the wound closure rate
(Figure 4C) and accelerated angiogenesis, re-epithelialization and intrawound collagen deposition within diabetic
wounds. Wound healing was better with the use of exosome-loaded hydrogels than with the use of either exosomes or

hydrogels, indicating that the combination of exosomes and hydrogels effectively promotes the healing of diabetic
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Figure 4 (A) Schematic diagram of the self-healing process of hydrogels. (B) pH-dependent release of exosomes from hydrogels. (C) The healing process of wounds treated
with hydrogel, exosomes, exosome-loaded hydrogel and control wounds. Adapted with permission from Wang C, Wang M, Xu T, et al. Engineering Bioactive self-healing
antibacterial exosomes hydrogel for promoting chronic diabetic wound healing and complete skin regeneration. Theranostics. 2019;9:65-76, Open Access.'*® (D) Hydrogel
consisting of Cothe HA@MnO2/FGF-2/Exos is formed by the Schiff base reaction of hydrazides and aldehydes. (E) HA@MnO2/FGF-2/Exos hydrogel can be quickly formed
by simple mixing injections, in which grafted ortho-quaternary ammonium groups have long-term antibacterial efficacy. The MnO2/e-PL nanosheet is a nanoenzyme that
catalyzes the oxidation of H,0, into O,. The release of Exos™2@™R"223 mimicked persistent angiogenesis, and the release of FGF-2 enhanced epithelial formation. Reprinted
with permission from Xiong Y, Chen L, Liu P, et al. All-in-One: multifunctional Hydrogel Accelerates Oxidative Diabetic Wound Healing through Timed-Release of Exosome
and Fibroblast Growth Factor. Small. 2022;18:2104229.© 2021 The Authors. Small published by Wiley-VCH GmbH.'*

Abbreviations: F127, Pluronic F127; OHA, oxidative hyaluronic acid; EPL, Poly-¢-L-lysine; FHE, F127/OHA-EPL hydrogel; exo, exosomes; HAh, hydrazide-grafted HA; FGF-2,
fibroblast growth factor 2.

wounds. Furthermore, exosomes are powerful bioactive carriers for drug delivery. Wang et al'**

successfully loaded the
small-molecule drug VH298 into epidermal stem cell-derived exosomes and administered it through a highly biocompa-
tible GeIMA hydrogel with sustained release. Exosomes promoted vascular regeneration and improved therapeutic
effects when loaded with VH298, indicating that they can stimulate vascular regeneration. Overall, exosomes have
great potential as active molecules and drug carriers in promoting wound healing.

Because exosome-based chronic wound healing depends on the source of exosomes, it may alter some molecular
pathways. Autologous dermal fibroblast-derived exosomes promote diabetic skin wound healing via the Akt/pB-catenin
pathway,'*> human amniotic epithelial cell-derived exosomes increase the capillary density in mice with diabetes by
activating the PI3K—Akt-mTOR pathway,'*¢

pathway to cause angiogenesis."*’ In addition, some studies have reported that mesenchymal stem cell-derived exosomes

and endothelial progenitor cell-derived exosomes activate the Erkl1/2
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(MSC-Exos) have a long circulation time in vivo because they are protected from macrophage degradation and inhibit
T-cell activation to maintain immune homeostasis.'**!** Moreover, the healing effect of exosomes derived from different

sources also varies. Hoang et al'**

compared MSC-Exos of the adipose tissue, bone marrow and umbilical cord and
found that the effects of exosomes on cell proliferation and migration were related to the source and target cells of the
exosomes.

Because numerous factors influence wound healing, a single treatment modality cannot promote rapid healing.
Injured wounds are highly susceptible to infection caused by external bacteria. Although hydrogels are effective in
covering wounds and protecting them from infection, their effectiveness is limited, and they cannot be used on infected
wounds. In addition to the abovementioned treatment modalities, the introduction of antimicrobial strategies can further
improve wound healing effectively. Geng et al'*' reported a carboxyethyl chitosan (CEC)-bis-aldehyde carboxymethyl
cellulose (DCMC) hydrogel encapsulated with bone marrow MSC-Exos. CECs can cross-link with DCMCs via the
Schiff base reaction to form an antimicrobial self-healing hydrogel, whereas MSC-Exos can facilitate the polarization of
M1 macrophages to M2 macrophages, modulate the traumatic inflammatory microenvironment and promote angiogen-
esis in rats with diabetes. Therefore, the study of multifunctional hydrogels has received significant attention. Xiong

et al'?

prepared a multifunctional hydrogel encapsulated with MnO,/e-PL nanosheets, fibroblast growth factor-2 (FGF2)
and M2-derived exosomes (M2-Exos) (Figure 4D). This hydrogel facilitated rapid hemostasis and long-term antibacterial
action via local injection. In addition, M2-Exos and FGF2 stimulated vascular regeneration and epithelialization,
respectively, and MnO,/e-PL nanosheets catalyzed the conversion of hydrogen peroxide to oxygen at the diabetic
wound sites. Therefore, M2-Exos, FGF2 and MnO,/e-PL nanosheets synergistically acted to facilitate chronic wound
healing (Figure 4D and E). This multifunctional hydrogel, which combines antibacterial effects, antioxidant effects,
vascular regeneration and epithelialization, may improve ROS damage; induce angiogenesis; promote proliferation,
granulation tissue formation and collagen deposition; and work in multiple ways to facilitate chronic wound healing.
Hydrogels are good wound dressings; however, their inherently low bioactivity limits their application. Exosomes can
contribute to the adjustment of chronic wounds at various stages of wound healing;'** however, their short half-life and
administration mode (injection) limit their use in chronic wound healing. However, the combination of exosomes and
hydrogels can neutralize their respective disadvantages and combine their respective advantages for the treatment of
wounds. Specifically, exosomes can enhance the biological activity of hydrogels and improve the therapeutic effects on
chronic wounds, whereas hydrogels can facilitate the sustained release of exosomes. In addition, exosomes can act as
drug carriers and play a role in promoting healing, and drugs can be directly loaded onto exosomes, thus improving drug

targeting through the homing mechanism and eventually enhancing therapeutic effects.'**

Living Cell-Loaded Hydrogels

Cell therapy is a promising method to replace or repair damaged tissue with cells transplanted from different sources.
Different types of cells are transplanted into wounds for wound healing and skin repair, including mesenchymal stem
cells (MSCs),'** adipose-derived stromal cells'*® and endothelial cells.'*® Although small molecules, biologics or cells
may serve as therapeutic agents, only cells can respond to stimuli in the wound healing environment.'*”'** However,
research into cell therapy for skin wounds is limited owing to the low survival rate of transplanted cells. In cell therapy,
stem cells suspended in a solution are typically delivered through injection, which may lead to rapid cell death, resulting
in low implantation rates and activity.'**~'>' Therefore, establishing a protective microenvironment is necessary for
increasing the survival of transplanted cells. Hydrogels maintain a moist and supportive environment within the wound,
thereby preventing cell and tissue death and reducing pain.'**'>* The elastic and structural properties of hydrogels are
similar to those of ECM, which may enhance biocompatibility after implantation.'** Therefore, hydrogel-based cell
therapy for wound healing holds great promise.

5

MSCs regulate wound healing through a series of paracrine growth factors'>> and differentiate into effector cells

involved in wound healing,'*® thereby promoting wound closure'*’ and accelerating angiogenesis,'>® granulation tissue

159 and re-epithelialization.'*® Rustad et al'®® examined the delivery of MSCs to wounds in a biomimetic

formation
pullulan—collagen hydrogel to improve wound healing. The results indicated that compared with stem cells delivered via

injection, those delivered via hydrogels were more likely to survive, and their implantation was more efficient. Zhang
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et al'®" synthesized an injectable hydrogel composed of sodium alginate (SA) and type I collagen (Col) as a tissue
scaffold and loaded it with MSCs. The SA/Col hydrogel accelerated wound closure and tissue remodeling by enhancing
the survival of MSCs, promoting the secretion of growth factors and inhibiting the inflammatory response of the wound.
Therefore, compared with injectables, hydrogels result in better engraftment and survival rates for delivering live cells
and have great potential as wound healing agents.

Hydrogels provide an adequately hydrated environment for stem cells, and the stronger biological activity of stem
cells promotes rapid wound healing. However, proteases are produced in greater quantities around the inflammatory
microenvironment when inflammatory cytokines are present at high concentrations, thus leading to the degradation of
growth factors secreted by cells.”' Therefore, this therapy is not as effective in certain chronic ulcerated wounds as in
normal wounds, especially in diabetic ulcers. In addition, the activity of MSCs can be impaired during this chronic
inflammatory condition. To design more effective strategies for MSC delivery, the ideal hydrogel material should be
biocompatible and inhibit the inflammatory response or protease activity for effective treatment and management of
diabetic ulcers. Chen et al'®® reported a biocompatible, temperature-sensitive hydrogel for the delivery of MSCs. This
hydrogel could inhibit the expression of M1 macrophages, thereby improving the chronic inflammatory microenviron-
ment and maintaining cell viability. After their release from the hydrogel, MSCs released growth factors around the
wound surface, which regulated wound healing by releasing active factors (Figure 5). Furthermore, this system promoted
the adhesion and differentiation of MSCs owing to the crosslinker containing an RGD-like motif.'®® Furthermore,
hydrogels fabricated using natural materials can promote the proliferation, migration and differentiation of cells. For
example, hyaluronic acid-based hydrogels can enhance the adhesion of MSCs to facilitate their proliferation and

differentiation,'®* 1165166

and functionalized silk-based hydrogels can facilitate cell adhesion and surviva

Pluripotent stem cells can accelerate wound healing because of their proliferative potential, differentiation capacity
and ability to secrete a wide variety of nutrient factors for wound healing.'>® These properties eventually help to
stimulate wound closure, angiogenesis, re-epithelialization and collagen deposition by reducing immunogenicity and
increasing therapeutic effects.'®” Hydrogels delivering live cells have received significant attention because of their
effectiveness in improving the transplantation and survival of cells for promoting wound healing. Some hydrogel

materials should be intensively investigated for their ability to promote the proliferation and differentiation of cells.'®®

Bacteria-Loaded Hydrogels

Bacteriotherapy, a strategy that functions through bacterial disruption and immunomodulation for treating various
inflammatory and immunopathological diseases, has garnered a great deal of interest in recent years.'® In particular,
certain beneficial bacteria can produce large quantities of metabolites and antimicrobials to create a unique microenvir-
onment. For instance, Bacillus subtilis is used to treat fungal infections.'’® However, the application of bacteria is largely
limited by their rapid proliferation, which may lead to uncontrollable invasion. Hydrogels not only provide a physical
barrier against bacterial invasion of damaged skin but also restrict the living region of bacteria to a certain area.
Therefore, optimizing bacterial therapy using hydrogels is an effective measure.

Certain bacteria can secrete antimicrobial agents and create an environment with a lower pH to combat bacterial
infection in the wound. Bacteria can be encapsulated within hydrogels, which can be administered topically to accelerate
wound healing. Ming et al'”' proposed a treatment modality that can accelerate the healing of infected wounds through
beneficial bacteria that secrete antimicrobial substances. Lactobacillus reuteri, as a live strain, was encapsulated in
hydrogel microspheres that formed a hydrogel in the wound and inhibited pathogenic bacteria by decreasing the local pH
(Figure 6A and B) and producing antimicrobial agents during metabolism (Figure 6C). The experimental results
indicated that this hydrogel promoted the closure of infected wounds and the regeneration of new tissue. Furthermore,
the photothermal properties of certain bacteria can be exploited to combat external bacterial infections and accelerate
wound healing through PTT.'”*!” Zhao et al'’* were the first to use nontoxic photosynthetic bacteria (PSB) as
a photothermal agent (PTA) and encapsulated PSB into an ECM gel to inactivate bacteria by increasing the temperature
after near-infrared light irradiation (Figure 7A and D). PSB have good photothermal properties (Figure 7B and C) and are
a superior alternative to typical PTAs because they overcome many problems associated with cytotoxicity, high cost and
cumbersome production processes.'”> PSB can be considered not only PTAs but also anti-inflammatory agents that can

396 https: International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

2 y gif@i 4
<@ Myofibroblast @ . & sl

Chronicynflashmation + Chronic m‘ﬂamnjatnon
C57BKS.Cg-m+/+ Lepr® mice Skin wound model Hydrogel &' BMSCs
Combmatlop therapy

\ '

® TGF-1 ® bFGF

Collagen synthesis + Y, Growth factors secretlon \_

A

. Hair follicle
f t i
Scar formation + / Subaceous gland regeneration +

Figure 5 Diagram of MSC-loaded hydrogels for chronic wounds. Adapted with permission from Chen S, Shi |, Zhang M, et al. Mesenchymal stem cell-laden anti-
inflammatory hydrogel enhances diabetic wound healing. Sci Rep. 2015;5:18104, Open Access.'®?
Abbreviation: BMSCs, bone marrow mesenchymal stem cells.

Neovascularization +

Re-epithelization +

enhance wound healing because of their antioxidant metabolites. Hydrogels contain various growth factors and nutrients,
and the combination of hydrogels and PSB can accelerate cell migration and promote wound healing (Figure 7E). PSB
are not only nontoxic but also easy to manufacture and available on a large scale, with a strong potential for clinical
translation. Some bacteria can be genetically modified to secrete certain substances that can promote wound healing.'”®

Lu et al'”’

used a temperature-sensitive hydrogel to encapsulate gene-edited Lactococcus lactis and used the fabricated
hydrogel for chronic wound healing. The engineered bacteria secreted vascular endothelial growth factor (VEGF), which
facilitated endothelial cell proliferation, migration and angiogenesis, thereby accelerating wound healing. Furthermore,
tumor-derived lactic acid can induce “phenotypic transformation” of macrophages, thus promoting tumor growth.'”®
Therefore, in a study, the effects of lactic acid production by Lactobacillus lactis on macrophages were investigated, and
it was found that lactic acid has a better ability to act as a metabolite to induce M2 macrophage polarization in a dose-
dependent manner, thereby modulating the wound microenvironment and complementing the angiogenic function of

engineered bacteria to facilitate tissue regeneration.
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Science published by Wiley-VCH GmbH.'”!

Abbreviation: HAMA, hyaluronic acid methacryloyl.

In addition to the abovementioned hydrogels, algae—bacterial hydrogels have also been used for wound healing.>
This symbiotic hydrogel system modulates ROS to reduce chronic inflammation and increase acute inflammation, thus
effectively advancing the wound healing process to the proliferative and remodeling phases.>® However, research into the
use of bacteriotherapy to accelerate chronic wound healing is limited, and many challenges remain unaddressed. There
have been no studies done to determine whether the biomaterials can cause skin irritation or damage. Further exploration
and research on the role of bacteria in wound healing is needed.

Algae-Loaded Hydrogels

When the skin is damaged, the damaged blood vessels prevent the transport of oxygen to the wound site, contributing to
a hypoxic environment.'””"'*" Although acute hypoxia is beneficial to cell proliferation and tissue repair, angiogenesis is
impaired in wounds with chronic hypoxia.'®" A primary mechanism underlies diabetes-related angiogenesis disorders
caused by impaired function of hypoxia-inducible factor 1o (HIF-10))/VEGF.'**'®* Briefly, the high-glucose environment
affects the stability of HIF-1a, leading to a failure to promptly upregulate VEGF in the ischemic tissue of diabetic
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measurements (*p < 0.05, **p < 0.01, and **p< 0.001). Adapted from Acta Biomater, 140, Zhao E, Liu H, Jia Y, et al. Engineering a photosynthetic bacteria-incorporated
hydrogel for infected wound healing. 302-313, Copyright 2022, with permission from Elsevier.'’*

Abbreviation: PSB, photosynthetic bacteria.

wounds, thus resulting in impaired angiogenesis. Therefore, the treatment of chronic wounds can be improved by
increasing the oxygenation of injured tissues. Hyperbaric oxygen therapy (HBOT) has been used for wound healing;'®*
however, it is not suitable for healing chronic wounds because oxygen levels in the wound decrease rapidly after
treatment.'™ In recent years, it has been found that long-term oxygenation of the trauma surface can be achieved by
hydrogels loaded with single-cell algae, which is beneficial in promoting healing of chronic wounds.®® Algae can
continuously produce oxygen through photosynthesis, and hydrogels provide an environment for the survival of algae
and allow them to release the oxygen produced directly into the wound. The combination of algae and hydrogels offers
a treatment strategy that holds great promise as an alternative to HBOT.

Microalgae usually refer either to eukaryotic (microalgae) or prokaryotic (cyanobacteria) organisms that are capable
of oxygenic photosynthesis.*’ Microalgae are widely and conveniently available in aquatic and terrestrial habitats, and
various techniques are available for their artificial cultivation.'®®'®” They can continuously release oxygen through
photosynthesis, which can be of great advantage in improving the chronic hypoxic environment of wounds. Hydrogels
can provide a convenient way for microalgae to attach to wounds and deliver the oxygen produced by microalgae to the
wounded tissue, thus providing an opportunity for microalgae to help promote wound healing. Chen et al®® reported an
SA gel patch for promoting chronic wound healing using a single-cell cyanobacterium, PCC7942, as an oxygen source
(Figure 8A and B). Through the photosynthesis of PCC7942, the moist environment of hydrogels absorbed and
permeated gas from the wounded tissue, which further facilitated oxygen diffusion and stimulated aerobic metabolism
and angiogenesis in the original hypoxic tissue. Histological evaluation of the wounds revealed that this combination
treatment modality facilitated wound closure, granulation tissue formation, collagen deposition and angiogenesis
(Figure 8C-G). In addition, PCC7942 can promote cell proliferation and migration in the absence of light.®* In
a study, hydrogels made from silk maintained slow proliferation of microalgae cells over a long period and had higher
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Figure 8 (A) Diagram illustrating the preparation of AGP and the treatment of diabetic wounds by dissolved oxygen release in response to light. (B) Design scheme of the
wound-healing process using algae gel. (C) Different groups of wounds showed regenerated skin by H&E and Masson staining at day 12. (D-G) Quantification of the epithelial
gap (D), granulation tissue (E), collagen deposition (F) and average microvessel densities in different groups (G). Significantly different (one-way ANOVA): *P<0.05,
**P<0.01, and ***P<0.001. Adapted from Chen H, Cheng Y, Tian J, et al. Dissolved oxygen from microalgae-gel patch promotes chronic wound healing in diabetes. Sci Adv.
2020;6:eaba431 |, Open Access.*

Abbreviations: AGP, microalga-hydrogel patch; PU; polyurethane; PTFE, polytetrafluoroethylene.

mechanical strength and stability than SA hydrogels.'®® Li et al'®® reported the use of chitosan—hyaluronic acid hydrogels
prepared from the polysaccharide paramylon extracted from the microalga Euglena gracilis. The results showed that both
live Euglena gracilis cells and their extracts promoted wound healing without generating excessive inflammatory
responses. Certain compounds in microalgae may have a wound healing effect even in the absence of photosynthesis.
Recent studies have reported that certain compounds in microalgae enhance wound healing and have excellent

190191 and the release of antibacterial

antioxidant and anti-inflammatory effects, thereby controlling ROS secretion
products.’”® Overall, the development of microalgae-based wound dressings is an effective measure to avoid the
development of chronic inflammation and/or complications caused by skin infections to enhance the healing of chronic
wounds.

Furthermore, algae-loaded hydrogels can be combined with PDT to kill bacteria in wounds in the presence of oxygen.
Li et al'®?

vascular regeneration by releasing oxygen through photosynthesis. In addition, in a bacterial infection model, SP released

prepared a hydrogel encapsulated with Spirulina platensis (SP) using carboxymethyl chitosan. SP accelerates

the natural photosensitiser chlorophyll to produce ROS after laser irradiation, thereby killing bacteria in the infected area
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400

International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

of the wound. Overall, the SP—hydrogel system with laser irradiation treatment has good antimicrobial and vascular
regenerative effects and significantly promotes wound healing, which has significant implications for the development of
suitable wound dressings for chronic wounds. In addition to improving the hypoxic state of the wound microenviron-
ment, the oxygen produced by photosynthesis facilitates the antimicrobial effects of PDT by producing ROS. This
treatment strategy accelerates wound healing and greatly promotes its efficiency.

The use of algae-loaded hydrogels for accelerating wound healing holds great promise. In addition to generating
oxygen and improving hypoxia in chronic wounds, some compounds in algae have strong antibacterial and anti-
inflammatory effects. In addition, the combination of algae and PDT exerts antibacterial and vascular regenerative
effects. Overall, microalgae play a major role in antimicrobial activity and enhancing chronic wound healing. However,
microalgae, like bacteria-loaded hydrogels, need further testing to ensure their safety on the skin. The use of microalgae
on skin may be explored using different loading strategies in future studies to ensure that microalgae are effective in
accelerating wound healing and maintaining skin safety.

Mechanisms of Biomembrane-Based Nano- and Microstructure Loaded
Hydrogels in Wounds

Diabetic wounds often affect the healing process owing to their complex environment. Biomembrane-based nanostruc-
ture- and microstructure-loaded hydrogels often modulate the healing process of chronic wounds by inhibiting bacterial
infection, modulating inflammation, and promoting angiogenesis.

Inhibition of Bacterial Infection
Wound injuries are often caused by external bacterial microorganisms and result in wound deterioration and delayed

194.195 and the ensuing bacterial resistance restricts antibiotic use.'”® Antibiotic-loaded hydrogels for topical

healing,
administration are an effective measure for reducing bacterial resistance.'”’ However, the unsuitability of hydrogels for
loading lipophilic drugs limits the use of lipophilic antibiotics. Liposomes are extremely efficient drug carriers, and both
hydrophobic and hydrophilic drugs can be encapsulated in liposomes. In addition, liposomes can facilitate the sustained
release of drugs, which can reduce the dosage of antibiotics in clinical settings.®>'® Antimicrobial therapy based on NPs
encapsulated in cell membranes is also a promising approach because cell membranes enhance the biocompatibility and
reduce the immunogenicity of NPs, thus improving their efficacy in the traumatic microenvironment.'*>2% In addition,
NPs encapsulated in platelet membranes can target bacteria and improve the antibacterial effect.”’' Because the presence
of a large number of immune cells in the traumatic microenvironment affects the efficiency of NPs, we speculate that
hydrogels based on NP-encapsulated cell membranes offer equally promising strategies for fighting bacterial infections
on traumatic surfaces. Certain substances isolated from bacteria and algae and PTT- or PDT-based antimicrobials have
also been used to suppress wound infections. In addition, inherent antimicrobial hydrogel materials have been developed,
such as chitosan and modified chitosan. The antibacterial properties of chitosan-based hydrogels are mainly due to the
presence of protonated amino groups on the chitosan backbone, which can interact electrostatically with the phosphoryl
groups of the phospholipid components of the cell membrane, influencing the permeability of the bacterial cell wall and
thus leading to an imbalance in bacterial internal permeation.”***> Their inherent antimicrobial properties reduce

bacterial infection at the wound site and promote wound healing.?** 2%

Regulation of Inflammation

Macrophages play a dominant role in the inflammatory phase of wound healing.?®” In the early phase of inflammation,
M1 macrophages produce a proinflammatory environment and remove dead cells. During the subsequent inflammatory
phase, the number of M2 macrophages gradually increases to promote angiogenesis and facilitate the transition to the
proliferative phase by secreting cytokines.”® However, in diabetic wounds, M1-type macrophages consistently release

inflammatory cytokines and ROS to promote inflammation,”®**®

which results in the failure of macrophage polarization
and prevents the progression of the persistent chronic inflammatory state. Enhanced polarization of M1 macrophages to

the anti-inflammatory M2 phenotype contributes to the anti-inflammatory response and promotes recovery of diabetic
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wounds.'*' Exosomes can increase the rate of M2/MI polarization to facilitate wound healing.?® For example,
macrophage-derived exosomes promote angiogenesis in high-glucose-cultured human umbilical vein endothelial cells
in vitro and reduce the infiltration of inflammatory cells in diabetic wounds in rats in vivo by inhibiting the secretion of

proinflammatory cytokines, thereby preventing insufficient and delayed diabetic wound healing to some extent.'?’

Furthermore, exosomes also overexpress NF-E2-related factor 2, which reduces inflammation and oxidative stress.'”
Exosomes can be encapsulated in hydrogels to maintain their activity and modify the mode of drug delivery. Exosome-
based hydrogels can transform the chronic phase of inflammation into the acute phase, thus facilitating a smooth
transition to the proliferative phase. An algal-bacterial symbiotic hydrogel has also been used to promote the expression

of antioxidant enzymes and inhibit inflammatory factors through hydrogen production.>

Promotion of Angiogenesis

When the skin is damaged, the damaged blood vessels impede the delivery of oxygen to the wound site, creating
a hypoxic environment. The formation of new blood vessels plays an important role in wound healing by providing
oxygen and nutrients to cells associated with the healing and maintenance of new tissues.?'' Although direct cell
transplantation is a promising method for repair and rejuvenation of the skin, it is not preferred because of some
risks.?'? Hydrogels provide a physiological microenvironment for transplanted cells as well as mechanical support and
physical protection to natural immune cells. They are a good alternative to cell transplantation.”? In addition, some
hydrogel materials can promote vascular regeneration.”’® Although the mechanism underlying cell therapy for wound
healing remains unclear, several experimental studies have shown that hydrogel-based cell therapy has great promise in
promoting wound healing.”*'*"-*'*2!7 In addition, exosomes are immune tolerant, perform functions similar to those of
the original cells and may promote wound healing.”'® For example, exosomes derived from human amniotic epithelial

136 and

cells can increase the capillary density in mice with diabetes by activating the PI3K—Akt-mTOR pathway,
exosomes derived from endothelial progenitor cells can activate the Erk1/2 pathway to accelerate angiogenesis.'>’” MSC-
Exos can benefit almost all phases of wound healing, such as by controlling the immune response, suppressing
inflammation and promoting cell proliferation and angiogenesis.”'® Exosomes can be used as an alternative to MSCs
and are widely involved in intercellular signaling. They are more readily endocytosed and more efficiently loaded at the
nanoscale than cells.'*"*?° Therefore, owing to the good biocompatibility and self-healing properties of hydrogels,
exosome-loaded hydrogels can accelerate wound healing by synergistically promoting angiogenesis and restoring the
complete structure and function of the traumatized skin.?*!

Fibroblasts play a key role in regulating endothelium-mediated angiogenesis.”***** HBOT promotes the proliferation
of fibroblasts and induces the production of the angiogenic regulators SDF-1 and VEGF, which in turn stimulate the
expression of their receptors CXCR4 and VEGFR, respectively, in endothelial cells, thereby stimulating endothelial cell
migration and angiogenesis.'® However, the oxygen content of the wound decreases after treatment, and it is difficult to
continuously provide sufficient oxygen via HBOT. Some adverse clinical effects have also been observed owing to this
hypoxic environment.'® Algae can produce oxygen through photosynthesis and provide long-term oxygen to wounds.
Algae-loaded hydrogels can slowly release oxygen via photosynthesis, which improves the hypoxic microenvironment of
the wounds and provides an opportunity to promote angiogenesis.

Different types of nanoparticles also can promote angiogenesis in several ways.”** Some metal ions have attracted
much attention for their proangiogenic effects.?>>2*® Copper ions can stimulate angiogenesis by secreting VEGF,*?” and
zinc ions can reduce ROS in wounds and increase the expression of HIF-1a and VEGF,*** promoting the migration of
human umbilical vein endothelial cells. In addition, some responsive NPs have been used to promote angiogenesis. Tang
et al** synthesized a ROS-responsive nanoparticle loaded with SDF-la, which was effectively released from the
nanoparticle in the presence of ROS and was effectively released and targeted to the wound. Overall, angiogenesis is
a critical event in wound healing and is influenced by a variety of factors. Various strategies can be devised to accelerate
angiogenesis at the wound site and thus effectively accelerate the rate of wound healing.
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Conclusion and Outlook

Wound healing is a complex process that involves multiple cells and cytokines. Efforts have been made to accelerate the
healing of chronic wounds by exploring various drug delivery strategies. Recent advances in biomembrane-based
nanostructure- and microstructure-loaded hydrogels for treating chronic wounds have been greatly encouraged.
Considerable progress has been made in developing biomembrane-based nanostructure- and microstructure-loaded
hydrogels for chronic wound healing. In this review, we compared the advantages of biomembrane-based nanostructure-
and microstructure-loaded hydrogels with those of either hydrogels or biomembrane-based nanostructures and micro-
structures and summarized their applications in chronic trauma.

Biomembrane-based nanostructure- and microstructure-loaded hydrogels can overcome the respective shortcomings of
hydrogels and nanostructures or microstructures and enhance therapeutic efficacy. Liposome-loaded hydrogels can effectively
encapsulate hydrophilic and lipophilic drugs and increase their stability. In addition, liposomes enhance the viscosity and
mechanical strength of hydrogels;** however, these effects remain controversial.*® It is necessary to study the effects of liposomes
on the viscosity of hydrogels. Encapsulation of NPs in cell membranes can improve the biocompatibility of NPs and prevent their
degradation by the complex microenvironment of wounds, which may enhance the role of NPs in promoting wound healing.**
Although therapeutic strategies targeting drug-loaded cell membranes in combination with hydrogels have not yet been used for
wound healing, it is reasonable to assume that they can be used for the treatment of chronic wounds, given their progress in the
treatment of other diseases. Exosome-loaded hydrogels can prolong drug release and increase bioactivity, thereby improving
therapeutic efficacy. Living cell-loaded hydrogels offer an effective alternative strategy to cell transplantation for wound healing,
They can also be designed to improve the inflammatory microenvironment and reduce the killing of transplanted cells in the
inflammatory state, thereby improving transplantation efficiency and reducing mortality. In recent years, bacteria- and algae-
loaded hydrogels have also been developed to provide a suitable living environment for both to promote wound healing by
secreting certain substances or using other properties, thus improving the state of chronic wounds and accelerating wound
healing. There is evidence that microstructure-loaded hydrogels exhibit good rheological properties, despite potentially poor

mechanical stability.' ™

Detailed reasons for this have not yet been established by research, and this issue will need to be
addressed in the development of microstructure-loaded hydrogels. In conclusion, a hydrogel can act as a carrier for biomem-
brane-based nanostructures and microstructures, allowing them to effectively contact the wound surface to act on it, whereas
biomembrane-based nanostructures and microstructures have exceptional bioactivity.

In terms of delivery strategies, various types of hydrogels have been used as delivery systems while protecting bioactive
molecules from protease degradation.?®' Both natural and synthetic materials have different characteristics, and the selection of
a suitable material for the delivery of biomembrane-based nanostructures and microstructures is difficult. The main challenge is
to ensure that the biologically active molecule remains stable over time and can be released slowly or responsively under specific
conditions. Researchers have attempted to overcome the deficiency of mechanical properties of natural hydrogels by modifying

233234 thus neutralizing

natural materials”** and by combining natural and synthetic materials to fabricate integrated hydrogels,
the disadvantages of both to some extent. Furthermore, hydrogel materials that promote the adhesion, migration and proliferation
of cells, which can further enhance the therapeutic effects of live cell-loaded hydrogels, have also attracted considerable attention.

However, despite significant advancements and breakthroughs, achieving optimal results is difficult. Some challenges
include the potential toxicity of cross-linkers that do not completely react during the preparation of hydrogels, needle
clogging owing to the poor performance of injection-responsive hydrogels and changes in in vivo drug release profiles.
In-depth research is required to overcome these problems. Other challenges include the high cost of exosomes, which
cannot be prepared on a large scale, and the need for further testing of the safety of algae and bacteria on the skin, despite
better results in cellular and animal experiments. These reasons have limited further research, resulting in them remaining
in preclinical studies. The pathogenesis of diabetic trauma remains unclear. In the future, the characteristics of the
pathogenesis of diabetic trauma should be explored further to design treatment strategies in a more comprehensive and
clear manner. In recent years, the use of biomembrane-based nanostructure- and microstructure-loaded hydrogels has
received significant attention as a drug delivery strategy to improve chronic wound healing. The healing of chronic
wounds relies on the complex coordination of multiple cells and cytokines, and future studies should focus on the
following aspects of biomembrane-based nanostructure- and microstructure-loaded hydrogels for drug delivery: 1)
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designing controlled-release liposome-loaded hydrogels for the release of drugs in response to changes in the trauma
microenvironment; 2) developing novel drug delivery systems that integrate antibacterial effects and modulation of the
trauma microenvironment; 3) in-depth exploration of the interaction between hydrogels and biomembrane-based
nanostructures and microstructures and discovery or synthesis of hydrogel materials that can maintain higher activity
or retention time; and 4) combining hydrogels with other advanced manufacturing technologies, such as 3D printing,>**

for modulation of the chronic trauma microenvironment and/or skin regeneration.
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