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ABSTRACT: Oxygen is a critical factor that can regulate the
wound healing processes such as skin cell proliferation,
granulation, re-epithelialization, angiogenesis, and tissue regener-
ation. However, hypoxia, a common occurrence in the wound bed,
can impede normal healing processes. To enhance wound healing,
oxygenation strategies that could effectively increase wound
oxygen levels are effective. The present review summarizes
wound healing stages and the role of hypoxia in wound healing
and overviews current strategies to incorporate various oxygen
delivery or generating materials for wound dressing, including
catalase, nanoenzyme, hemoglobin, calcium peroxide, or perfluor-
ocarbon-based materials, in addition to photosynthetic bacteria
and hyperbaric oxygen therapy. Mechanism of action, oxygenation
efficacy, and potential benefits and drawbacks of these dressings are also discussed. We conclude by highlighting the importance of
design optimization in wound dressings to address the clinical needs to improve clinical outcomes.
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1. INTRODUCTION human tissue 3—4 mm below the wound is around 50 mmHg
pressure of oxygen (pO,), which is much lower than
atmospheric oxygen levels (21% O, pO, = 159 mmHg).5
Hypoxia can occur as a result of various factors such as a poor
blood supply, tissue damage, and inflammation. Hypoxia can
hamper tissue regeneration, delay wound healing, and increase
the risk of infections by impeding multiple stages of healing
including cell proliferation, angiogenesis, and re-epithelializa-
tion.” Thus, effective strategies to overcome hypoxia and
enhance wound healing are urgently needed. Topical oxygen
chambers have been approved by the US Food and Drug
Administration (FDA) for extreme use to aid in the healing of
chronic skin ulcers such as bedsores. Various topical oxygen
therapy (TOT) devices and dressings have been applied to
clinical wound management such as Natrox (Inotec), OxyBand
(OxyBand Technologies), and O,Boot (GWR Medical Inc.).”
However, the TOT efficiency is limited by (1) the insufficient
penetration of external gas to the tissues and (2) uncontrol-
lable oxygen delivery. To enhance the efficacy of oxygen

Impaired wound healing is a significant public health concern
affecting millions of people worldwide. In the United States,
the treatment for acute wounds (surgical and traumatic
wounds, abrasions, or superficial burns) and chronic wounds
(usually caused by ischemia, secondary to diabetes mellitus,
venous stasis, aging, and pressure) costs several billion dollars
annually, accounting for 4% of the overall healthcare expenses.'
The high cost and the accompanying chronic pain impact the
quality of life of patients, possibly causing serious psychosocial
stress and increased social burden.” Due to rising incidences of
chronic wounds and an increasing elderly population, it is
projected that the advanced wound care market, which focuses
on surgical wounds and chronic ulcers, will surpass $22 billion
by 2024.> Hence, research efforts on developing functional
wound dressings have recently gained significant importance.
Wound healing is a complex process that can be impaired by
various factors such as chronic inflammation, bacterial
infection, diseases, and hypoxia.3 Hypoxia, which is charac-
terized by a deficiency in oxygen supply to the wound bed, is a

key factor in wound healing since acute hypoxia can stimulate Received:  April 22, 2023 Dlmaceis
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angiogenesis but also downregulates cell signaling, which can
contribute to delayed wound healing.* The oxygen level in
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delivery and to precisely control release, several strategies that
deliver oxygen to the wound bed have been recently developed
including catalase-based hydrogen peroxide decomposition,
nanoenzyme-mediated oxygen generation, metal peroxide
decomposition, hemoglobin-based oxygen carriers, hyperbaric
oxygen wound dressing, perfluorocarbon-based oxygen car-
riers, and photosynthetic oxygen production.

In this paper, we summarize the different stages of the
healing process and the role of oxygen in wound healing. In
addition, we provide an overview of current oxygenation
strategies in wound dressings and their potential applications
in wound healing. We discuss the mechanisms underlying the
effects of oxygenated wound dressings on hypoxia alleviation,
angiogenesis, and anti-inflammation. Finally, we highlight the
challenges and future directions in the development and
translation of oxygenated wound dressings for clinical use.

2. PHYSIOLOGY IN WOUND HEALING

Skin is the largest organ of the human body, comprising
approximately 15% of the total adult body weight.*” It is made
up of three distinct layers, epidermis, dermis, and subcutaneous
tissue, which collaborate to fulfill several critical physiological
functions including protecting against external factors, aiding in
the retention of body fluids, and regulating body temperature.®

The formation of a wound, resulting from the disruption of
skin, mucosal surfaces, or organ tissue, can be due to a disease
process, accidental injury, or intentional injury.10 Despite the
different etiologies, the repair processes of wounds are similar.
At the time of injury, multiple cellular and extracellular
pathways are activated in a tightly regulated and coordinated
fashion to restore tissue integrity. The wound healing cascade
is a complex process, and its successful occurrence is
remarkable. However, several factors can interfere with this
process, leading to delayed healing, increased patient morbidity
and mortality, and a poor cosmetic outcome. The classic
wound healing process is categorized into four phases:
hemostasis, inflammation, proliferation, and tissue remodel-
ing11 (Figure 1).

2.1. Hemostasis. Hemostasis is the initial phase of wound
healing that begins immediately following injury and involves
the formation of a blood clot to prevent further bleeding.'” It is
essential for the subsequent stages of wound healing as it
provides a temporary barrier to protect the underlying tissues
from further injury and infection. Hemostasis involves a
complex interplay of platelets, coagulation factors, and
endothelial cells.

Upon injury, blood vessels undergo vasoconstriction to
reduce blood flow and limit blood loss, resulting in tissue
hypoxia and acidosis. The exposed subendothelial matrix of the
vessel wall triggers platelet activation, resulting in the
formation of a platelet plug at the site of injury. Activated
platelets secrete various mediators, such as thromboxane A2
and serotonin, which promote further platelet activation and
vasoconstriction."” The platelet plug served as a provisional
matrix for the subsequent stages of wound healing.
Simultaneously, activated platelets secrete various cytokines
and growth factors that persist in controlling the sequence of
events involved in the healing process: transforming growth
factor a (TGF-a) and platelet-derived growth factor (PDGF)
enhance fibroblast proliferation. Transforming growth factor
(TGF-f) promotes collagen matrix construction. VEGF
stimulates :mgiogenesis.14 Additionally, arachidonic acid, a
platelet-derived molecule, is degraded into multiple influential
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Figure 1. Wound healing phases: (a) hemostasis; (b) inflammation;
(c) proliferation; (d) remodeling.

signaling molecules, including prostaglandins and leukotrienes,
which actively participate in provoking the subsequent
inflammatory phase.

2.2. Inflammation. The inflammation phase is an essential
step in the wound healing process, aimed at eliminating
invading microorganisms and removing cellular debris, as the
physical barrier that once served as the primary defense against
pathogenic microorganisms has been compromised.

At the inflammation phase, immune cells such as neutrophils
and monocytes are recruited to the wound site and release a
variety of inflammatory mediators, including cytokines,
chemokines, and growth factors, which play a vital role in
activatin% immune cells, further attracting cells, and promoting
healing." Neutrophils, which reach peak concentration in the
wound after 24 h after injury, are responsible for phagocytosis,
bacteria elimination, and cellular debris clearance from the
wound bed. The influx of neutrophils is followed by the
recruitment of macrophages, which can clear debris and
produce growth factors. TGF-f and epidermal growth factor
(EGF) secreted by macrophages can modulate the immune
response, stimulate neovascularization, and enhance the
formation of granulation tissue.'> 72 h after injury,
lymphocytes are attracted to the wound and modulate healing
through extracellular matrix scaffold production and collagen
remodeling, thereby directing the healing process into the
proliferation stage. The inflammation phase is tightly regulated,
and an imbalance in the inflammatory response can result in
delayed wound healing or chronic wounds.

2.3. Proliferation. Once the inflammation subsides, the
proliferation phase of the healing cascade can initiate to restore
the vascular network, form granulation tissue, deposit collagen,
and re-epithelialize. The re-establishment of the vascular
network is crucial in providing nutrients and oxygen during
wound healing. Angiogenesis, the process of new blood vessel
formation, is triggered by the growth factors produced from
platelets such as VEGF, PDGEF, basic fibroblast growth factor
(bFGF), and the serine protease thrombin in the wound site,
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Figure 2. Hypoxia and its role in wound healing.
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which can activate endothelial cells and induce neovasculariza-
tion.'® During this stage, fibroblasts are activated to proliferate
due to the growth factors released from the hemostatic clot
and then migrate from the nearby dermis to the wound
through the stimulation of TGF-# and PDGF."> Abundant
fibroblasts lay down extracellular matrix proteins, such as
hyaluronan, fibronectins, and proteoglycans, followed by the
production of collagen and fibronectin. This results in the
formation of granulation tissue, which fills the wound gap and
provides a scaffold for cell adhesion, migration, growth, and
differentiation during wound repair.

2.4. Remodeling. The remodeling phase is the final stage
of wound healing initiated at the end of granulation tissue
development, during which fibroblasts undergo apoptosis and
the newly formed tissue optimizes its mechanical strength and
function.'” In this phase, collagen synthesis and degradation
reach a gradual balance."® The rapid deposition of collagen III
in the extracellular matrix is eventually substituted by the
deposition of collagen I, which has greater tensile strength but
takes longer to produce. This phase can commence from day 8
up to 2 years after injury.

Overall, wound healing is a complex process that involves a
series of overlapping phases including hemostasis, inflamma-
tion, proliferation, and remodeling. In addition, wound healing
is regulated by a variety of factors such as cytokines, growth
factors, nutrients, immune response, and oxygen level. Any
disruption in these phases and factors can lead to delayed
healing and creates “non-healing” wounds, which increases the
psychological and physiological burden on patients.

3. HYPOXIA AND ITS ROLE IN WOUND HEALING

Oxygen is essential for the survival of cells involved in the
wound healing process such as fibroblasts and endothelial
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cells."” In various key cellular processes (aerobic glycolysis,
oxidation of fatty acids, citric acid cycle, etc.), oxygen is
required to produce biological energy equivalents such as
adenosine triphosphate (ATP). Adequate oxygen supply
ensures a panel of cellular processes, and maintains the normal
cell functions, including the activation and migration of
immune cells, collagen synthesis, skin tissue generation, and
the formation of new blood vessels, which are crucial for
wound healing.'” Additionally, oxygen can be favorable to
control infection in the wound since several bacteria require
anaerobic conditions to thrive.

Hypoxia, or a lack of oxygen, refers to a deficiency in the
amount of oxygen reaching tissues (usually 1% to 2% of oxygen
tension), which can lead to cellular damage and impaired
function. During the initial stages of wound healing, the wound
site is hypoxic due to disrupted blood flow and increased
demand for oxygen by the influx of inflammatory cells involved
in the healing process.”” These cells accumulate in areas with
low oxygen levels and play a crucial role in processes such as
new skin cell proliferation and granulation as part of the
healing process. However, if the wounds remain hypoxic for an
extended period, then it can obstruct tissue repair and
recovery, which can slow down the healing process in both
acute and chronic wound healing. In acute wound healing,
hypoxia can hinder cell function and cell proliferation, leading
to delayed wound healing and an increased risk of infection. In
chronic wound healing, hypoxia is an important factor and can
have a negative impact as well, but it may play a more complex
role.

Chronic wound refers to a wound that has failed to heal in
an orderly and timely manner following proper physiological
stepwise phases, usually lasting for more than 6 weeks. Chronic
wounds can result from diverse factors including infections,
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poor blood circulation, and underlying medical conditions
such as obesity or diabetes mellitus. Although the cause of
chronic wounds may vary, they often exhibit similar character-
istics and develop in a similar manner. The common features
of chronic wounds include hypoxia, infection, and scarring.
Among these, hypoxia is important since it has a negative
impact in all stages of the healing process. Hypoxia is also
associated with multiple key features of microenvironment in
chronic wounds as shown in Figure 2.

3.1. Acidic pH. Normal skin surface is an acidic
environment.”' The pH environment in wounds varies
depending on the stage of the wound and the length of time
it has been present. Acute wounds and chronic wounds in their
healing process often have an acidic pH, typically ranging from
5.5 to 7.5°7*% A slightly acidic pH in the wound bed is
favorable for wound healing as it can prevent bacteria growth
and stimulate fibroblast migration. However, an excessively
acidic pH level in the wound can negatively affect the healing
process by harming the cells and reducing the amount of
nutrients and growth factors needed for healing.”* Further-
more, the natural healing process of several wounds is
inadequate, necessitating the utilization of skin grafts. A
significant body of evidence indicates that a wound bed with an
alkaline pH is more favorable for the healing of chronic
wounds that involve skin grafts.24 Therefore, it will be
beneficial for wound therapy by controlling the pH of the
wound bed.

The relationship between hypoxia and acidic pH in chronic
wounds is complex, with both factors contributing to and
perpetuating each other. On one hand, hypoxia can lead to an
acidic pH in chronic wounds through several mechanisms. In
the presence of hypoxia, cells utilize anaerobic respiration,
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which does not require oxygen but produces much less energy
than aerobic respiration. This switch of respiration may result
in the production of metabolic waste products, such as lactate,
which can accumulate and contribute to an acidic pH in the
wound environment.”> Bacteria overgrowth is another hypoxia-
associated factor that contributes to low pH in chronic wounds
since hypoxia-favorable anaerobic bacteria produce acidic
metabolic byproduct. On the other hand, an acidic environ-
ment in chronic wounds can lead to further hypoxia through its
negative effects on hemoglobin’s ability to carry oxygen and
the growth of new blood vessels, creating a vicious cycle that
prolongs the persistence of chronic wounds.

3.2. Increased Levels of Oxidative Stress. Normally,
cells produce a limited number of reactive oxygen species
(ROS) as metabolic byproducts. Under low oxygen level, in
response to hypoxia, cells increase the production of ROS to
compensate for the lack of oxygen, which is intended to
maintain energy production through anaerobic glycolysis as a
survival mechanism.”® In hypoxic conditions, the increased
production of ROS is primarily attributed to the mitochondria.
The process of oxidative phosphorylation requires mitochon-
dria complex IV to utilize oxygen to receive electrons from
complex III through cytochrome c.”” However, in the absence
of hypoxia, the electron transfer system (ETS) is reversed,
which leads to a decreased production of ROS by complex III,
while complex I activity slows down and produces more ROS
due to a decreased amount of coenzyme Q available.*” During
hypoxia, complex II significantly contributes to ROS
production through the reverse enzyme reaction (fumarate
reductase) and the reduction of the coenzyme Q pool during
reverse electron transport.”® The excessive ROS can surpass
the cellular antioxidant defense, leading to oxidative stress,
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Figure 4. (A) (a) Synthesis of PDA/AM/GOx/CAT/AI** hydrogel; (b) multifunctional hydrogel with antibacterial, hemostatic, adhesive, and
oxygen supplying properties; (c) O, generation through cascade enzymatic reaction. Reprinted from ref 44 with permission. Copyright 2022
Elsevier. (B) (a) Synthesis of Oxyringe and hyperoxia-inducible hydrogels; (b) Oxyringe enhances wound healing through effecting different
phases; (c) H,O, elimination; (d) effective H,0, release from hydrogel. Reprinted from ref 45 with permission. Copyright 2023 Elsevier.

cellular damage, and inflammation, all of which impede wound
healing.

3.3. Inhibition of Angiogenesis. Although acute hypoxia
results in a transient increase in vascular endothelial growth
factor (VEGF) expression that stimulates the proliferation of
human dermal fibroblasts, the persistence of chronic hypoxia in
chronic wounds has been shown to hinder angiogenetic
process via multiple mechanisms.”” New blood vessels require
a 3D structure in the form of an extracellular matrix (ECM) to
support their growth. However, the insufficient production of
collagen by fibroblasts, a process that depends on oxygen,
contributes to the lack of ECM synthesis in chronic wounds. In
addition, oxygen is necessary for the hydroxylation of proline
and lysine during collagen synthesis and for the transformation
of protocollagen into the strong, triple-helical form of collagen,
all of which hinder the vascularization.

3.4. Impaired Immune Function. Hypoxia has proven to
play a key role in regulating macrophage polarization.” After
an injury, monocytes accumulate in the wound and differ-
entiate into proinflammatory macrophages known as the M1
type, which manage the production of ROS and inflammatory
cytokines, such as IL-6 and TNF-q, that eliminate infection.
During the subsequent stages of healing process, the
phenotype evolves into anti-inflammatory/wound healing
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macrophages (M2 type) and promote tissue growth and
angiogenesis by secreting anti-inflammatory cytokines includ-
ing IL-10 and TGF-$.°""* However, in the presence of
pathological chronic hypoxia, macrophages are stuck in the M1
phase, leading to chronic inflammation and impeded angio-
genesis.” It is also reported that wound hypoxia can impair
neutrophil bacterial killing capacity by limiting neutrophil
respiratory burst metabolism, which may exacerbate wound
infection and hinder the healing process.”

Overall, hypoxia affects all sequential stages of physiological
wound healing including granulation, re-epithelialization,
infection clearance, angiogenesis, and tissue regeneration.
Hence, it is important to manage hypoxia to enhance wound
healing.

Since we understand the significance of oxygen in different
stages of wound healing, significant strides were taken to
develop novel oxygenated wound dressings (Figure 3). In this
section, we discuss advances in various oxygenation strategies
in wound healing.

4. H,0, DECOMPOSITION STRATEGY IN WOUND
DRESSING

4.1. Catalase-Based Nanoparticles Laden Wound
Dressing. Catalase is an essential endogenous antioxidant
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Table 1. Summary of Nanoenzyme-Integrated Wound Dressing”

Co-loaded Enzyme
Nanoenzyme Nanoenzyme synthesis compounds mimics
MoS, React in solution, TA/Fe CAT, POD
collect sediment
MoS, Hydrothermal method, CNTs CAT, POD,
collect sediment SOD
MoS, Hydrothermal method, Au@BSA GOx, POD,
NaBH, reduction CAT, SOD
MnO, React in solution, EPL, insulin loaded  CAT
lyophilize sediment FCHO micelles
MnO, React in solution, HBPL, pravastatin CAT, POD
ultrasonication sodium
MnCoO React in solution, EPL CAT

collect sediment

Hydrogel
scaffold Cell models Animal models ref
PVA, 1929s S. aureus infected, NIR treated, H,0, 48
dextran, added rat model
borax
SA, PVA, 1929s S. aureus infected full thickness skin 49
borax defect rat model
ODex, gC HUVECs Diabetic, S. aureus infected full thickness 50
rat model
1.929s, Diabetic, MRSA infected full thickness 51
C2Cl12s cutaneous wound mouse model
PPGA 1.929s Diabetic, MRSA infected full thickness 52
rat model
HA-HYD, HaCaTs, Diabetic full thickness rat model 53
HA-ALD HDFs,
HAECs

“TA: tannic acid, POD: peroxidase, CAT: catalase, PVA: poly(vinyl alcohol), L929: mouse fibroblast cell line, NIR: near-infrared radiation, CNT:
carbon nanotubes, SOD: superoxide dismutase, SA: sodium alginate, BSA: bovine serum albumin, GOx: glucose oxidase, ODex: oxidized dextran,
gC: glycol chitosan, HUVEC: human umbilical vein endothelial cell, EPL: &-polylysine, FCHO: aldehyde Pluronic F127, C2C12: mouse myoblast
cell line, HBPL: hyperbranched poly-L-lysine, PPGA: poly(PEGMA-co-GMA-co-AAm), HA-HYD: hydrazide-modified hyaluronic acid, HA-ALD:
aldehyde-modified hyaluronic acid, HaCaT: human keratinocyte, HDF: human dermal fibroblast, HAEC: human arterial endothelial cell.

enzyme that exists in the mammalian blood and liver that can
oxidize diverse electron donating substrates, resulting in H,O,
breakdown and O, production.” Given its high catalytic
specificity and activity, catalase-induced O, generation is
considered as a key strategy to increase O, levels in various
biomedical applications. Several catalase-incorporated nano-
systems have recently been developed to scavenge ROS and
combat hypoxia in different diseases such as tumor, stroke,
Alzheimer’s disease, and Parkinson’s disease.>®™>®

In the wound healing process, catalase can act not only as
ROS scavenging antioxidants but also as O, generators that
oxygenate wound tissue to stimulate re-epithelialization,
fibroblast proliferation and migration, and angiogenesis to aid
in tissue regeneration and wound healing.”’40 However,
catalase, crucial for endogenous antioxidant defense, is often
dysfunctional in chronic wounds due to the pathological
factors such as diseases and aging, which can lead to increased
levels of H,0, in the wound microenvironment.*' Excessive
H,0, accumulated in the initial stages of wound healing results
in chronic inflammation, cellular damage, and oxidative stress,
which delays the healing process.””** Therefore, strategies to
deliver exogenous catalase have recently been studied, and
attempts to immobilize catalase directly into scaffolds as
wound dressings are a promising option in chronic wound
healing. Guan et al. reported a core—shell oxygen release
microsphere (ORM) embedded-injectable, thermosensitive
hydrogel for sustained oxygen release in diabetic wound
healing.*> ORMs were composed of a polyvinylpyrrolidone
(PVP)/H,0, complex core and poly(N-isopropylacrylamide-
co-2-hydroxyethyl methacrylate-co-acrylate-oligolactide-co-N-
acryloxysuccinimide) shell conjugated with catalase in the
outer layer. The first released PVP/H,0, could be catalyzed
and converted into oxygen before it is released into wound
beds and avoids potential cell apoptosis caused by H,0,. In
vitro studies demonstrated up to 14 days of continuous oxygen
released from ORMSs, which was long enough for essential
process in wound healing including granulation, angiogenesis,
and re-epithelialization. After 24 h of hypoxia (1% oxygen),
2.5-times greater intracellular oxygen content was detected in
ORMs-treated HaCaT cells compared to the nontreated cells,
suggesting the oxygenating capacity of ORMs on cells. In
diabetic wound mice model, the continuous oxygenation of
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ORMs was proven to promote cell proliferation and angio-
genesis and mitigate oxidative stress and inflammation. The
ORMs that codelivered H,O, and catalase demonstrate the
capacity of long-term oxygen production, which is favorable in
distinct phases of the healing process.

The concentration of H,O, in the wound is quite limited,
and the exogenous delivery of H,0, is extremely difficult to
control, which may aggravate oxidative stress and cause
potential toxicity. Thus, some studies have proposed an
oxygen production strategy based on the multienzymatic
cascade reactions. Wang and colleagues fabricated a polydop-
amine (PDA) nanoparticles, glucose oxidase (GoX), and
catalase embedded polydopamine/acrylamide (PDA/AM)
hydrogel with antibacterial, hypoglycemic, and hypoxia
reversing functions for diabetic wound healing44 (Figure 4A
a). GoX and catalase induced the cascade enzymatic reactions:
(1) excessive glucose in diabetic wounds was catalyzed and
converted into H,0,, and subsequently (2) H,0, as the
substrate of the catalase reaction decomposed to generate O,,
which was up to 18 mg/mL (Figure 4A b, c). Meanwhile,
glucose was effectively consumed via the cascade reaction and
was reduced to the normal blood glucose levels. The
embedded PDA nanoparticles were able to sanitize bacteria
under the irradiation of 808 nm near-infrared (NIR) laser.
Thus, the PDA/AM hydrogel was validated to lower blood
glucose, provide oxygen, and kill bacteria in diabetic wounds.

Even though catalase delivery has proved to be an efficient
strategy for increasing oxygen contents in wound beds, catalase
concentration greater than 500 U/mL can eliminate crucial cell
signaling molecules, resulting in potential cell toxicity.*
Therefore, it is important to minimize catalase incorporation
while ensuring the efficacy of oxygen generation in wound
healing. Utilizing this approach, Kang and Park developed an
oxygen-supplying syringe (Oxyringe) where catalase was
immobilized to the PDA-conjugated syringe via Michael-type
addition and Schiff's base reaction® (Figure 4B a). Thiolated
gelatin and methacrylated gelatin solutions were injected
through an Oxyringe carrying high oxygen to in situ from the
hyperoxia-inducible hydrogel, which showed positive effects in
different stages of the healing process (Figure 4B b). The
Oxyringe can effectively eliminate H,0, released from
hydrogel and was able to control oxygen release kinetics by
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adjusting the immobilization conditions and H,0, concen-
tration (Figure 4B ¢, d). The hyperoxia-inducible hydrogel was
planted subcutaneously and validated to induce transient
hyperoxia (up to 46% pO,) in vivo (Figure 4B e). Notably, the
hyperoxia-inducible hydrogel can be a physical barrier and play
a hemostatic effect in the initial stages of the healing process.
In a mouse liver bleeding model, the mass of blood loss in the
hydrogel group was significantly lower than that in the control
group. Furthermore, the hyperoxia-inducible hydrogel showed
enhanced early macrophage recruitment, cell proliferation,
neovascularization, expedited skin regeneration, and wound
remodeling, suggesting the positive effects of hydrogel in all
stages of wound healing. The Oxyringe has promising clinical
implications given the flexibility of various gel materials in the
fabrication of different hyperoxia-inducible hydrogels for the
clinical needs.

4.2. Nanoenzyme-Laden Wound Dressings. One
strategy to produce oxygen is through the decomposition of
H,O, utilizing nanoenzymes. Nanoenzymes are a class of
nanomaterials with a variety of catalytic capabilities that can
serve as artificial enzymes. Because biological enzymes require
very specific conditions to function, nanoenzymes are bein%
used as a low-cost, stable, and mass-producible alternative™
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due to two reasons. (1) Nanoenzymes can be designed from
various metals including iron, copper, and gold and have many
applications in therapeutics and detection technology. Several
nanoenzymes have been formulated to mimic the activity of
catalase, a biological enzyme that breaks down hydrogen
peroxide into oxygen and water."” (2) Elevated concentrations
of ROS and oxidative stress have been observed in the
environments of chronic wounds, and the slow revasculariza-
tion in the wound reduces access to oxygen vital for healing.
Incorporating catalase-like nanoenzymes into wound dressings
can eradicate ROS and generate oxygen at the wound site,
counteracting these effects and expediting the wound healing
process. The recent strategies based on various nanoenzymes
for wound healing are summarized in Table 1.

Molybdenum disulfide (MoS,) nanosheets have been
incorporated into several wound dressing designs. Their
many applications in biomedicine are evidence of their
biocompatibility, in addition to catalase-like activity.”* In
2021, Li et al. incorporated tannic acid-chelated Fe-decorated
(TA/Fe) MoS, nanosheets into a poly(vinyl alcohol) (PVA)/
dextran blended hydrogel.** TA/Fe possesses antioxidant and
anti-inflammatory properties and was loaded onto MoS,
nanosheets with antimicrobial and catalase-like properties.
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The resulting hydrogel scavenged ROS and RNS, down-
regulated inflammatory cytokines, and destroyed bacteria
under photothermal therapy (PTT). The compatibility of the
dressing with PTT, used in advanced wound care treatment, is
a strong prospect for its synergistic therapeutic effects. In order
to increase the nanoenzymatic activity of MoS,, they then
loaded MoS, nanosheets onto carbon nanotubes,*” which is
known to allow faster electron transfer and electrical signal
transmission, and treated them with near-infrared light. The
CNT@MoS, was incorporated into a PVA/sodium alginate/
borax blended hydrogel. As shown in Figure SA, in acidic
environments, the nanoenzymes converted H,O, to hydroxyl
radicals, producing an antibacterial effect. At a neutral pH,
catalase-like activity was observed, and the hydrogel scavenged
~90% of the H,O, in its environment resulting in an oxygen
content of 26.3 mg/L. The conversion of cytotoxic
endogenous hydrogen peroxide into byproducts that can aid
in healing is a promising multiaction mechanism for such
wound dressings. In 2022, the group developed a hydrogel
wound dressing combining the antibacterial and oxygen-
supplying properties of MoS, nanoenzymes with the glucose
oxidative properties of Au nanoparticles®> to address barriers
to healing, specifically in diabetic wounds.”’ MoS,@Au@BSA
was networked into an oxidized dextran and glycol chitosan
cross-linked hydrogel. The increased oxygen content due to
the decomposition of ROS by MoS, (Figure SB) led to
improved glucose oxidation, which was further enhanced by
gold nanoparticles. Histological analyses revealed elevated
collagen deposition, vascularization, and anti-inflammatory
cytokine levels, demonstrating the ability of the dressing to
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facilitate the healing process despite diabetic conditions. These
studies validate the catalase-like properties of MoS, nano-
enzymes and their benefits in wound dressing design.
Manganese-based nanoenzymes have established catalase-
like activity.”® Several studies have reported the success of Mn-
based nanoenzymes in wound dressings in breaking down ROS
and producing oxygen in diabetic wounds. Wang et al
developed a hydrogel consisting of EPL-coated MnO,
nanosheets and insulin-loaded micelles to elicit antibacterial,
antioxidant, and glucose oxidative activity.51 This FEMI
hydrogel was able to lower the concentration of H,O, by
over 75% in fibroblasts and produce oxygen up to 20 ppm. In
vivo tissue studies demonstrated consistently lower concen-
trations of H,0, and a greater degree of wound closure 14
days postoperation in groups treated with the gel (Figure SC).
The results highlight the potential to specifically address
complications due to diabetes in chronic wound healing and
are a promising prospect for the utilization of this technology
in diabetic wound care. Another hydrogel was fabricated with
MnO, nanosheets coated in hyperbranched poly-L-lysine cross-
linked with PEGMA-GMA-AAm copolymer and encapsulatin%
pravastatin sodium, called the HMP gel, shown in Figure 5D.
The antioxidant activity of MnO,, antimicrobial activity of
HBPL, and involvement in nitric oxide synthesis of pravastatin
sodium resulted in lower counts of M1 macrophages and
higher counts of M2 macrophages after 14 days, indicating
more rapid progress in wound healing. The gel directly targets
oxidative stress and microbial contamination, two known
barriers to wound healing, by eliminating various ROS and
destroying MRSA bacteria, to accelerate wound healing. A
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MnCoO nanozyme-laden hydrogel was also engineered as a
dual action ROS-scavenging and oxygen-producing wound
dressing.53 HaCaT, HDF, and HAEC cells cultured with the
complete hydrogel in hypoxic environments saw significantly
lower internal ROS concentrations and greater oxygen
contents (Figure SE). Diabetic rat models treated with the
hydrogel experienced faster wound closure, better tissue
granulation, and decreased HIF-la expression. As demon-
strated in these findings, Mn-based nanoenzyme-laden hydro-
gels have promising applications for wound healing.

5. METAL PEROXIDES DECOMPOSITION STRATEGY
IN WOUND DRESSING

Metal peroxides is a group of chemical compounds composed
of metal ions and peroxo groups including calcium peroxide
(CPO), magnesium peroxide (MgO,), copper peroxide
(Cu0,), zinc peroxide (ZnO,), barium peroxide (BaO,), and
titanium peroxide (TiOx).”” Metal peroxide can produce
oxygen when it encounters moisture, yielding a broad range of
applications in various disease characterized by hypoxia such as
tumor therapy and tissue regeneration.”” >” In wound healing,
CPO is the most used metal peroxide due to its desirable
oxygen-generation potential, outstanding thermal stability, and
eco-friendly end products.””’

The oxygen generation mechanism of CPO works through a
decomposition reaction, which occurs when CPO is exposed to
moisture and undergoes an exothermic reaction.’” This results
in the release of oxygen and the formation of calcium
hydroxide (Ca(OH),) and hydrogen peroxide. The two-step
reaction can be represented as follows:

Ca0, + 2H,0 — Ca(OH), + H,0,
2H,0, —» O, + 2H,0

The oxygen generated by CPO can be utilized for various
purposes including oxygen generation in wound dressings,
water treatment, and soil aeration.””®* The oxygen release rate
from CPO depends on several factors such as the particle size,
surface area, and the surrounding temperature and humidity,
leading to controllable oxygen release through adjusting these
parameters.””** CPO is considered an effective oxygen source
due to its high solubility and stability in water, making it a
promising candidate for multiple applications requiring oxygen.

CPO has been recently investigated for its use in wound
healing.”> It releases oxygen, which can be beneficial for
promoting the growth of skin cells and angiogenesis in
wounds. In addition, CPO has been shown to have
antibacterial and anti-inflammatory properties, reducing the
risk of infection to accelerate the healing process.”® Kang et al.
described an ox;rgen-generating alginate (OGA) hydrogel for
wound healing.®” The OGA gel was fabricated through a CPO-
mediated ionotropic interaction, allowing for controllable
oxygen release (Figure 6A a). Ca®" provided by CPO can
not only control the mechanical properties of alginate hydrogel
but can also serve to dynamically cross-link the alginate
hydrogel to sustain its stability for a longer duration. The OGA
hydrogels were found to accelerate wound healing in mice in a
full thickness wound model with ability to reoxygenate for up
to 80% pO,, promoting tissue infiltration, wound closure, and
wound restoration (Figure 6A b, c). The OGA hydrogels have
exhibited excellent potential as bioactive acellular matrices in
wound management and tissue regeneration. However, the
decomposition of CPO leads to H,0, accumulation, which
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may cause severe oxidative stress. In this work, the authors
introduced additional catalase in the OGA hydrogel for H,O,
elimination; however, this makes fabrication challenging as well
as contributing to lower storage stability.

To further address the risk of oxidative stress caused by the
production of H,0, during CPO reaction, Shiekh and
colleagues reported an oxygen-releasing scaffold that incorpo-
rates antioxidant material scaffolds for a range of tissue
engineering applications®® (Figure 6B). In this work, they
showed that by incorporating CPO as an oxygen-generating
material into an antioxidant polyurethane polymer (PUAO),
the scaffold was able to generate oxygen for over 10 days and
reduce the production of free radicals, which can attenuate
hypoxia and increase cell viability in vitro. In the mice skin flap
model, the PUAO—CPO cryogel showed a 20% approximate
decrease of necrosis at day 3, and this gap even expanded to
around 50% by day 9. The PUAO—-CPO cryogel can
effectively delay the onset of necrosis and enhance skin flap
survival. Hence, CPO-embedded scaffolds have shown promise
for improving regeneration in multiple tissue engineering
applications including chronic wound healing,

Based on the encouraging results of sustained oxygen release
and promoted skin flap regeneration from PUAO-CPO
scaffolds, they further proposed a novel wound dressing
(OxOBand) incorporating both CPO and adipose-derived
stem cells (ADSCs) secreted exosomes for the treatment of
nonhealing chronic diabetic wounds® (Figure 6C). Exosomes
from ADSCs contain multiple therapeutic miRNAs, and have
been shown to promote cell migration efficiency, essential for
wound closure. CPO can continuously generate O, under wet
wounds for an extended period (over 10 days), which is long
enough for the tissue regeneration process. OxOBand may
have been suggested as a promising new therapeutic approach
for the oxygenated treatment of diabetic ulcers. The authors
also suggested that future studies will evaluate the potential of
OxOBand in larger animal models. Due to the antioxidant
properties of the PUAO material, it is unnecessary to add extra
antioxidant reagents in the scaffolds, which simplifies the
fabrication process and favors clinical translation.

Infectious chronic and ischemic wounds are highly refractory
due to chronic inflammation, oxidative stress, infections, and
hypoxic conditions. CPO was demonstrated to help reoxyge-
nation in wound healing. However, H,O, as a byproduct in the
reaction of CPO may further aggravate cellular oxidative stress.
To address these multifactorial complications, Singh and
colleagues proposed a novel bilayer cryogel scaffold to alleviate
the hypoxic conditions, persistent inflammation, and infections
in chronic wounds.”” The bioactive scaffold is a bilayer
structure with a chitosan-gelatin base layer incorporated nitric
oxide nanoparticles, cerium oxide (CeO,) microparticles, and
CPO microparticles for signaling, antioxidant, and oxygen
releasing properties, respectively, while the top layer
encapsulated iodine in a polyvinylpyrrolidone (PVP) matrix
for antibacterial action (Figure 6D). Sustained oxygen release
was observed in 10 days with a ratio of 5—10% approximate
increase per day, which was favorable to the whole tissue
regeneration process. In vivo studies of a rat full-thickness
infectious wound model demonstrated that the bioactive
scaffold expedited wound closure and tissue regeneration
compared to control groups. The study provides valuable
insights for the development of clinical dressing materials for
the treatment of chronic wounds.
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However, it is important to note that the presence of
excessive H,O, as a byproduct may induce oxidative stress,
which results in cellular damage. Further research should focus
on solutions that can effectively eliminate the potential adverse
effects of excessive H,O,. In addition, there is limited scientific
evidence to support the use of calcium peroxide for wound
healing, and the use of calcium peroxide in wound care is not
approved by FDA. Additional research is needed to determine
its safety and effectiveness.

6. OXYGEN DIRECT DELIVERY METHODS

Oxygen is a vital component of several mechanisms involved in
wound healing including re-epithelialization, angiogenesis, and
infection resistance.”' There has been growing interest in
providing additional oxygen to expedite wound healing.
Hyperbaric oxygen therapy (HBOT) is one such approach.
Patients are placed in an elevated pressure and high oxygen
environment for a prescribed period of time to uptake extra
oxygen through respiration’” to treat specific conditions
resulting from oxygen deficit conditions. However, because
of the dangers of concentrating highly combustible gas, HBOT
requires expensive facilities and large machinery, which makes
the logistics complex, in addition to posing a financial
constraint for some patients. To circumvent these concerns,
several groups have developed oxygen-carrying wound
dressings that can directly deliver oxygen to the wound site
over a period. These findings are reviewed in this section.
Multiple studies have utilized perfluorocarbons (PFCs) as
oxygen carriers in wound dressings. PFCs can dissolve high
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quantities of oxygen gas, and their strong C—F bonds render
them biologically inert.””~”” These properties are favorable as
nontoxic oxygen carriers and for delivery to the wound site. In
2016, Patil et al. modified methacrylamide chitosan with
pentadecafluorooctanoic chains in an oxygenating wound
dressing, called MACF+0,.”> The hydrogels were saturated
with 100% O, gas for 10 min prior to experimentation and
could maintain an oxygen partial pressure higher than
atmospheric oxygen tension in a closed environment for 48
h. Metabolomics studies elucidated changes in metabolic
pathways for arginine and proline (Figure 7A a), which were
down-regulated in the presence of oxygen, leading to increased
collagen production. These findings were verified further with
histological analysis in Figure 7A b. Similarly, Yang et al
reported lyophilized perfluorodecalin-encapsulated albumin
nanoparticles immersed in a hyaluronate gel capable of
administering supplemental oxygen and improving wound
healing.”* The dressing significantly reduced HIF-la ex-
pression in a hypoxic environment compared to the hypoxia
control in vitro, and immunohistochemical analysis showed
about 30% fewer HIF-la positive cells in diabetic wounds
treated with the gel than in the diabetic controls (Figure 7B
a,b). Complete wound healing in the diabetic wound model
treated with the gel was achieved in nearly half of the time for
complete healing of the diabetic control. PFCs have emerged
as an effective means of oxygen delivery from a functionalized
wound dressing and demonstrate great potential for wound
care.
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days. Reprinted from ref 85 with permission. Copyright 2021 Elsevier.

PFCs have also been utilized alongside growth factors
incorporated into hydrogel wound dressings to create
synergistic benefits for wound healing. Jee and colleagues
loaded four different growth factors, quercetin antioxidant, and
1-bromoperfluorooctane into a Carbopol and polyethylene
glycol gel matrix.”> Treatment with the complete hydrogel
resulted in almost 50% greater wound recovery than the
control group during in vitro scratch experiments, as shown in
Figure 7C. In full thickness diabetic wound models, more rapid
maturation of follicles and glands in the healed skin was
attributed to the addition of growth factors, and improved
organization of collagen fibers was attributed to increased
wound oxygen from the PFCs. Lee and Lin also included PFC
nanoemulsions into a hydrogel dressing along with epidermal
growth factor (EGF)-loaded nanoparticles and polyhexa-
methylene biguanide to supplement oxygen, facilitate growth,
and provide antimicrobial effects, respectively.”” Groups
treated with the complete gel saw increased cell proliferation
and reduced IL-8 concentration in vitro and yielded the
greatest degree of wound closure in vivo after 15 days (Figure
7D a,b). The success of these studies supports the combination
of PFCs and growth factors in future approaches to wound
healing.

However, PFCs have not been authorized by the FDA for
use in wound management. One of the main concerns with
PFCs includes their potential side effects. Studies have shown
that PFCs entrapment can be years, which causes long-term
81 Additionally,
the long-term effects of PFCs on the environment are not well

L .8
adverse events and chronic tissue reactions.
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understood. PFCs are known to persist in the environment and
may contribute to the depletion of the ozone layer and global
warming.*” The indiscriminate and improper disposal of
wound dressings containing PFCs may present environmental
challenges of uncertain nature and magnitude.

7. HEMOGLOBIN-BASED OXYGEN CARRIERS
EMBEDDED DRESSINGS

Hemoglobin (Hb) is the primary protein in red blood cells that
is responsible for oxygen delivery to tissues. It is composed of 4
subunits, each of which contains a heme group that contains a
porphyrin ring structure with the iron atom in the center,
which can bind to O, molecules. Hemoglobin-based oxygen
carriers (HBOCs) have been developed for the potential
treatment of multiple ischemic conditions/diseases that arise
due to oxygen deficit such as cancer, anemia, ischemia, and
wound healing. HBOCs are engineered to mimic the oxygen-
carrying capacity of red blood cells and can be used as a
substitute for red blood cells.

In wound healing, hemoglobin-embedded wound dressings
have been shown to improve the healing process by delivering
O, to the wound bed, promoting cell proliferation, reducing
inflammation, and preventing infection. Due to the high
oxygen-carrying capacity of hemoglobin, large bursts of oxygen
may lead to increased oxidative stress and cellular damage;
therefore, controllable oxygen release is important for wound
healing. Hence, Zhang et al. proposed a separable microneedle
with a polyvinyl acetate (PVA) backing layer and gelatin
methacryloyl (GelMA) tips loading with black phosphorus
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Figure 9. Photosynthetic bacteria impregnated wound dressings. (A) C. reinhardtii dispersed collagen-based scaffold; algae grow within 14 days.
Reprinted from ref 95 with permission. Copyright 2014 Elsevier. (B) (a) Illustration of S. elongates alginate hydrogel embedded patch dressing to
produce oxygen under light irradiation; (b) O, production of different algae concentration. Reprinted from ref 97 with permission. Copyright 2020
American Association for the Advancement of Science. (C) CvMN microneedles release O, and enhance wound healing. Reprinted from ref 100.
Copyright 2023 American Chemical Society. (D) Illustration of BBR@SP gel that can destroy bacteria biofilms and mitigate hypoxia via combined
chemo-photodynamic therapy. Reprinted from ref 101 with permission. Copyright 2022 Elsevier. (E) The structures of Gell and Gel2. Reprinted

and modified from ref 102. Copyright 2022 Wiley-VCH.

(BP) and hemoglobin®® (Figure 8A). The microneedle wound
dressing has a responsive oxygen release ability, attributed to
the photothermal effect of BP and reversible oxygen binding
property of Hb. The results suggested that through near-
infrared (NIR) irradiation, oxygen release was accelerated and
the amount of oxygen released can be significantly increased.
In a full-thickness cutaneous wound type I diabetes rat model,
the microneedle treated wounds with NIR irradiation exhibited
a better recovery compared with other groups. All of these
indicated the potential healing ability of microneedles.

In order to further explore the reversible oxygen release
property in Hb, Li and colleagues have reported a photo-
thermal-controlled oxygen releasing hydrogel incorporated
with an antioxidant nanosheet and oxygenated-hemoglobin
for diabetic wound healing.84 As shown in Figure 8B, the
injectable hydrogel fabrication is based on hyaluronic acid-
graft-dopamine (HA-DA) and polydopamine (PDA) coated
Ti;C, MXene nanosheets, which are catalytically cross-linked
by an oxyhemoglobin/hydrogen (HbO,/H,0,) system. Under
NIR irradiation, the production of a mild heat stimulated
HbO, releases oxygen in a controllable manner, where an
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increase in temperature can reduce the oxygen binding ability
of hemoglobin (Hb) and therefore promote oxygen release.
Here, HbO, can recurrently bind to oxygen when the NIR is
off. Additionally, MXene nanosheets have been proven to
function as a nonenzymatic antioxidant to remove excessive
reactive nitrogen species (RNS) and ROS, alleviating oxidative
stress, and eliminating bacteria, thereby preventing infection.
The present study investigated the ability of the hydrogel to
regulate oxygen release using NIR irradiation. The results
indicated that without NIR irradiation, the oxygen release from
the hydrogel was limited, with a maximum oxygen concen-
tration of only 12.7 mg/mL. However, when NIR interference
was applied, there was a burst release of oxygen, with the
oxygen content reaching as high as 22.7 mg/mL (Figure 8B b).
To promote wound healing, it is beneficial that the oxygen
release is reversible, allowing oxygen to be released under NIR-
triggered heat and rebound when the temperature cools. The
study found that the oxygen release behavior of the hydrogel
was repeatable and could be activated by heat generated via
NIR, as demonstrated by five consecutive on/off cycles of NIR
(Figure 8B c). These findings suggest that the hydrogel with
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NIR-triggered oxygen release could be a promising approach
for wound oxygenation to promote wound healing.

In addition to directly carrying oxygen, Hb has also been
reported to act as a peroxidase to catalyze the decomposition
of hydrogen peroxide to produce oxygen in wound healing.
Qian et al. utilized this property and proposed a silk fibroin
(SF)-based hybrid hydrogel loaded with hemoglobin (Hb) and
gallium (Ga).®® Hb was used as a substitute for peroxidase to
create a dual cross-linking network within the hydrogel by
cross-linking the tyrosine groups of SF. Furthermore, as the
mimic peroxidase, Hb could decompose H,0, and produce
O,. Ga is recently proposed as an antimicrobial metal with a
broad antibacterial spectrum. The resulting SF/Hb/Ga hybrid
hydrogel was validated to have multifunctional properties of
antibacteria and hypoxia alleviation for infectious diabetic
wound healing (Figure 8C). The results showed that after the
addition of H,0,, both SF/Hb/Ga and SF/Hb hydrogels can
substantially generate a large amount of O, (~20 mg/L)
(Figure 8C b). In a P. aeruginosa infected, full-thickness
diabetic wound rat model, the SF/Hb/Ga hybrid hydrogel
indicated the most efficient therapeutic effect, with a closure
rate of 95 + 3.1% (Figure 8C c). This work proposed a new
view that Hb can act as a mimic peroxidase, favoring not only
hydrogel cross-linking but also O, production due to H,O,
decomposition.

8. PHOTOSYNTHETIC BACTERIA-INTEGRATED
WOUND DRESSING

Photosynthetic biomaterials incorporate living microorgan-
isms, such as algae or cyanobacteria, into the structure.®® These
materials have the ability for carbon dioxide fixation, which
leads to oxygenic photosynthesis to produce oxygen, nutrients,
and other byproducts under visible light irradiation.”” In this
process, oxygen can be produced sustainably, and it is well-
known that the primary source of atmospheric oxygen for
living organisms can be produced by oxygenic photosyn-
thesis.”® Photosynthetic microalgae have recently gained much
importance for their potential application in wound healing
since microalgae produce not only oxygen but also compounds
with anti-inflammatory and antimicrobial properties, which can
favor infection prevention and promote the healing process
through oxygenation.”” In addition, some species of microalgae
have been shown to produce extracellular polysaccharides that
can stimulate the growth of skin cells and enhance wound
closure.”® Furthermore, chlorophyll as a natural photosensitizer
can photodynamically generate reactive oxygen species (ROS)
against bacterial infection,”' ™% which is beneficial for wound
healing. The recent strategies based on various microalgae for
wound healing are summarized in Table 2.

Microalgae administered orally or topically has been
previously reported to accelerate wound healing via hypoxia
mitigation and increased angiogenesis.”* Subsequently, re-
search on microalgae-embedded scaffolds as wound healing
dressings was initially conducted by Hopfner and col-
leagues.””® They developed an integrated unicellular alga
Chlamydomonas reinhardtii (C. reinhardtii) collagen-based
scaffold (Integra matrix), as shown in Figure 9A. The C.
reinhardtii distributed in the inner cavities of the matrix and
proliferated in ~14 days. Meanwhile, the incorporated scaffold
showed superior time- and microalgae-concentration-depend-
ent photosynthetic oxygen production ability under light
illumination. In wvitro fibroblasts coculture studies under
hypoxic conditions revealed that microalgae did significantly
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increase oxygen concentration by 26.1%, and decrease the
hypoxia-inducible factor-1a (HIF-1a) expression.”” In another
work, they designed the algae—fibrinogen incorporated
scaffold, which was demonstrated to result in high vasculariza-
tion levels in full-skin defects athymic nude mice model,
suggesting the potential of promoting wound healing diven by
microalgae.

Chen et al. developed a Synechococcus elongates (S. elongates)
alginate hydrogel embedded patch dressing to produce oxygen
for diabetic chronic wound healing97 (Figure 9B a). The
oxygen concentration was shown to increase to 600 uM in 30
min of red-light irradiation (Figure 9B b). In vivo diabetic
mouse studies revealed the enhanced skin flap regeneration
and angiogenesis of the alga-gel dressing. This study provided
an advanced perspective of photosynthetic microalgae—hydro-
gel. Accordingly, there are several algae-loaded hydrogels
designed for wound oxygen supply. Li and colleagues
fabricated a novel Spirulina platensis containing chitosan
hydrogel, which was verified to not only relieve wound
hypoxia but also eliminate Staphylococcus aureus (S. aureus)
infection in a mice wound model, suggesting that microalgae
has excellent potential to combat bacteria-infected chronic
wounds.”® Another Chlorella sp. (Chlorella)-based bioactive
hydrogel was created for diabetic wound healing via circadian
regulation mode, which allowed oxygenation and ROS
depletion during daytime, while inactivated algae at night can
provide nutrition and inflammation relief.”” The in vitro and in
vivo results demonstrated the ameliorative diabetic wound
microenvironment rendered by microalgae, including hypoxia,
extra ROS, and inflammation, which confirmed the potential of
microalgae as an effective strategy for diabetic chronic wound
healing. Zhao and colleagues reported a separable microneedle,
called CvMN, consisting of a PVA backing layer and GelMA
tips loaded with active Chlorella vulgaris (Cv).'” The CvMN
microneedles are applied to the diabetic wound, where the
PVA substrate dissolves and the Cv-encapsulated GelMA
hydrogel tips remain in the skin (Figure 9C). The system
provides a continuous, controlled supply of oxygen, promoting
cell proliferation, migration, and angiogenesis in hypoxic
wounds, while the Cv also yielded antioxidant properties that
reduce inflammation. The CvMN system exhibited an effective
therapeutic effect in a diabetic mice model. The studies of
active microalgae-embedded wound dressings present a
promising new strategy for treating chronic diabetic wounds
and addresses the limitations of the current oxygen delivery
systems.

Multifunctional wound dressings coloaded with microalgae
and other therapeutics were widely explored for combined
wound healing therapies. Hu and colleagues reported a
carboxymethyl chitosan (CMCS)/sodium alginate (SA) hybrid
hydrogel loaded with Spirulina platensis (S. platensis) and
quorum sensing inhibitor, berberine (BBR@SP gel).101 As
illustrated in Figure 9D, berberine blocked the pathway by
which bacterial species interact, also known as quorum sensing,
inhibiting the formation of biofilms and killing methicillin-
resistant Staphylococcus aureus (MRSA). Meanwhile, the
coloaded S. platensis swiftly produced oxygen under 650 nm
laser irradiation, which induced ROS generation and enhanced
activity against MRSA. The BBR@SP gel was confirmed not
only to destroy bacteria biofilms but also to mitigate hypoxia
via combined chemo-photodynamic therapy. Their work
proposed an efficacious multifunctional strategy comprising
of antibacterial, reoxygenation, and anti-inflammation, benefi-
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cial for MRSA-infected diabetic wound healing. In another
study as shown in Figure 9E, Zhu et al. described a multidrug
loaded, double-layered hydrogel, which incorporated S.
elongates in the outer layer (Gell) and a photosensitizer
PCN-224 with a pH indicator in the inner layer (Gel2).'’” The
Gell and Gell/Gel2 performed high-level photosynthetic
oxygen production and continuous generation for up to 21
days. Meanwhile, due to the acidification resulting from
bacteria growth, the color of Gell/Gel2 changed during
bacterial infection, which is favorable for real-time monitoring
of chronic wounds. These studies provided a new perspective
for a potential combination between microalgae and photo-
dynamic therapy in bacteria-infected wound healing.

Current efforts have examined the development of micro-
algae in 3D-printed scaffolds to promote wound healing. Wang
et al. employed a hollow fibrous scaffold containing live
microalgae (Chlorella pyrenoidosa) via a microfluidic chip-
based 3D printing strategy.'”’ The microalgae exhibited high
viability and increased cell numbers within 7 days. The
resulting scaffolds showed effective oxygen production under
light irradiation. In the diabetic CS7BL/6 mice model, in situ
bioprinting of scaffolds was performed to accelerate collagen
deposition, improve angiogenesis, and relieve tissue hypoxia,
which are essential features in wound healing. Since 3D printed
wound dressing provides significant flexibility in the treatment
by allowing for the deposition of scaffolds onto irregular-
shaped defects, microalgae-laden 3D printing hydrogels can be
a promising strategy in wound management.

Despite demonstrating beneficial photosynthetic oxygen
generating properties, as well as promoting wound healing in
various wound models, the integration of microalgae into
wound dressings poses the potential risk of inducing
immunogenic responses that could compromise clinical trials.
The negative outcomes associated with microalgae-induced
immuno%enicity include allergic reactions and reduced drug
half-life,"** which should be considered in the development
and implementation of microalgae-based wound dressings. It is
possible that in the future engineered microalgae could be
designed to minimize immunogenic responses while optimiz-
ing the production of oxygen, thereby mitigating the potential
clinical issues.

9. PERSPECTIVES AND CONCLUSIONS

Wound healing is a complex process that involves cell
proliferation, angiogenesis, and matrix remodeling. Oxygen
plays a critical role in the different stages of the healing process.
The importance of oxygen in wound healing has been well
documented since the late 1960s. Hypoxia can induce an acidic
pH environment, increased ROS production, inhibited angio-
genesis, and impaired immune function. Oxygenated wound
dressings are a promising strategy that can accelerate wound
healing in clinical wound management. This review provides
an overview of currently developed oxygenated-wound
dressing materials and their mechanisms. While several
oxygen-releasing materials have been recently developed,
including catalase-based material, nanoenzyme, metal per-
oxides, hemoglobin, PFC-based material, and photosynthetic
biomaterials, challenges exist that need to be addressed.
From a basic science perspective, development of new
materials for prolonged oxygen release in the wounded area is
critical. It is important to ensure that oxygen is released in a
controlled manner from dressings since either hypoxic or
hyperoxic conditions may result in cellular damage. The

mechanism of interaction between oxygen encapsulation,
dressing materials, and tissue properties needs to be further
explored. In the future, multifunctional sensors could be
included in advanced oxygenated wound dressings to monitor
a panel of parameters such as oxygen levels, pH, and bacterial
infections in the wound area. While progress has been made in
the development of such technologies, an approach that offers
all of these features in a single design is still technically
challenging.

From clinical perspectives, the next generation of oxy-
genated wound dressings should ensure minimal side effects
and low cytotoxicity. For HBOCs and peroxides, it is
important to develop strategies to prevent excessive ROS
generation. For PFCs material, it is imperative to gain a
comprehensive understanding of the adverse effects in humans
and the mechanisms of tissue interaction. Additionally, it is
crucial to elucidate environmental repercussions resulting from
the utilization of PFC-containing wound dressings. For
photosynthetic bacteria material, the potential immunogenic
response must be avoided. The favorable biocompatibility of
oxygen nanobubbles (ONBs) may render it a potential
alternative oxygen-delivery material for incorporation into
wound dressings in the future.'”> However, strategies to
efficiently control the delivery of oxygen to avoid side effects
should be a priority. Finally, a standardized method for the
measurement of oxygen concentration and release rates will
help to determine the optimal oxygen delivery rates for specific
wounds (acute vs chronic wounds) to maximize healing and
increase safety.
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