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Abstract: Pressure ulcers, also known as pressure injuries, are common conditions that result from chronic bedrest.
These ulcers significantly affect quality of life and substantially burden individuals and society with health costs.
The prevention and treatment of pressure ulcers is a primary concern for health care professionals. Dressings play
a crucial role in the treatment of pressure ulcers. Hydrogels are innovative safe materials that show great promise
for clinical applications. Recent research has demonstrated the potential of hydrogel dressings to promote the
healing of pressure ulcers and chronic wounds. This review aims to summarize the mechanisms and effects of
hydrogel dressings and to discuss considerations for their use in patients with pressure injuries under different
circumstances. Hydrogel dressings, especially loaded with unique cargo, may represent promising new options for
the treatment of pressure ulcers. However, additional clinical studies are urgently needed to validate the efficacy

and accessibility of hydrogels in clinical practice.
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Introduction

Pressure ulcers, commonly known as bed
sores, occur due to pressure and shear forces
that reduce blood flow and cause damage to
the skin and underlying tissues. Patients with
pressure ulcers often experience persistent
pain or discomfort in the affected areas and
may be at risk for local or systemic infections
[1]. These ulcers typically develop in bedridden
patients at sites where bones protrude, such as
the sacrum, heels, knees, toes, penis, clavi-
cles, iliac crest, and symphysis pubis [2].
Several factors contribute to the formation
of pressure sores, including shear stress and
friction, an unfavorable microenvironment, de-
creased sensory function, impaired blood sup-
ply, soft tissue swelling, advanced age, high or
low body mass index, malnutrition, and limited
activity due to brain or spinal cord injuries, cog-
nitive decline, and impaired consciousness [3].
The occurrence of pressure ulcers varies sig-
nificantly across different geographic locations
and ranges from 5% to 15%, especially among

patients in intensive care units [4]. In the United
States, approximately 3 million patients devel-
op pressure ulcers annually [5], resulting in an
estimated annual cost of $17.8 billion [6]. In
China, pressure ulcers are more common
among hospitalized patients and long-term
bedridden patients. Furthermore, pressure
ulcers have become a significant cause of
death among elderly patients who are bedrid-
den or have experienced a spinal cord injury [7].
The prevention and treatment of pressure
ulcers is a global challenge faced by healthcare
workers. The primary treatments for pressure
ulcers include assessing and managing risk
factors, redistributing local pressure, applying
dressings or performing debridement, adminis-
tering adjunct therapies, and managing nutri-
tion. Local care, mainly through the use of
dressings, is crucial in the treatment of pres-
sure ulcers [8, 9]. Therefore, the materials and
techniques used for dressing are essential for
the prevention and treatment of pressure ulcers
and warrant further investigation.
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A hydrogel is a highly hydrophilic gel character-
ized by a three-dimensional (3D) network struc-
ture. Hydrogels swell upon absorption of water
and maintain their original structure. Hydrogels
exhibit high flexibility and biocompatibility,
which allows them to support tissue metabo-
lism and facilitate the removal of metabolites.
Consequently, they are suitable for use as
wound dressings and drug delivery carriers.
Furthermore, the network structure of hydro-
gels is similar to that of the extracellular matrix
(ECM), and thus they are ideal as cell scaffolds
in tissue engineering and as tissue fillers, con-
tact lenses, and artificial skin [10]. Moreover,
malleable, flexible, and conductive hydrogels
have been developed as bioelectronic compo-
nents or biosensors for the continuous monitor-
ing of biological signals such as pressure, tem-
perature, and electrical activity [11]. With
advancements in the structure of hydrogels
and their complexes, these materials are
poised to have extensive applications in medi-
cine. For example, hydrogel dressings have
been shown to completely heal scald wounds in
rats within 14 days, leaving no noticeable scars
[12].

Several factors, including the ulcer size, shape,
and depth, influence the healing of pressure
ulcers. Maintaining a moist environment is also
recommended to enhance recovery, as this is
more effective than what is provided by tradi-
tional gauze dressing [13-15]. Hydrogels,
known for their water-retaining properties, are
suggested as effective dressings for uninfected
stage Il, lll, and IV pressure ulcers [9]. However,
further research is needed to validate the ther-
apeutic benefits of hydrogels and their combi-
nations in the treatment of pressure ulcers.
This review aims to provide an overview of pres-
sure ulcer models and summarize advance-
ments in hydrogel dressings, which can aid
health care professionals in understanding the
latest developments and in guiding future
research.

Selection and evaluation of animal or cellular
models of pressure ulcers

Although these patients are ideal subjects for
research, conducting clinical studies on pa-
tients with pressure ulcers can be challenging.
Patient grouping is complicated by various fac-
tors, including the severity of the pressure

1614

ulcers, age, nutritional status, limb mobility,
and local pressure differences. As a result, a
large sample size and an extended timeframe
are necessary to minimize bias. Moreover, slow
patient enroliment can impede the progress of
clinical trials. Therefore, research on pressure
ulcers often requires animal or cellular models,
which can be selected according to specific
research objectives (Table 1).

Cellular models of pressure ulcers

The cellular models used for studying pressure
ulcers include single-cell models, multicellular
coculture systems, combinations of cells with
the ECM, and 3D cell cultures. Each of these
cellular models has distinct advantages. First,
they allow for the direct quantification of the
effects of interventions on cells or ECM in vitro
[16]. Second, researchers can assess the acti-
vation or inhibition of specific signaling path-
ways within particular cell types [17]. Finally,
these models save time and are cost-effective.
They also serve as foundational models for
developing new hydrogels, enabling research-
ers to screen for optimal hydrogels in the pre-
liminary stages. As a result, cellular models
play crucial roles in preclinical studies of pres-
sure ulcers.

The primary cell types commonly used in sin-
gle-cell models include fibroblasts, keratino-
cytes, and vascular endothelial cells. Resea-
rchers have used cell scratch assays on culture
plates to study cell migration and proliferation
[18, 19]. During this assay, a pipette tip creates
is used to generate a scratch on the plate,
which removes the cells in the scratch area and
damages the surrounding cells. After 12 to 24
hours, the distance of cell migration across the
scratch was assessed by microscopic image
analysis using software. This evaluation allows
researchers to analyze the impacts of different
treatments [20]. Additionally, single-cell mod-
els can be used to assess the expression of
specific genes or proteins, cell activity, the
tubule-forming capacity of endothelial cells,
and cell differentiation [21-23]. These models
are beneficial for rapidly detecting toxicity or
effects of newly synthesized hydrogels, which
facilitates the selection of an optimal hydrogel
for further study.

Cell coculture models can be classified into
direct and indirect coculture systems. In an
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Table 1. Summary of pressure ulcer models

Models of pressure ulcers Methods of modeling Characteristic Application in hydrogel research Ref.
Cellular models Single cell Fibroblasts/keratinocytes/vascular endothelial cells. Mimic the specific cells of skin tissue. To evaluate the effects or toxicities of hydrogel  [18-23]
on gene expression, migration and proliferation
of specific cells.
Multicellular co-culture Multiple cells co-cultured in one well directly or Mimic the multicellular status of skin tissue. To evaluate the combined effects of hydrogels [24]
co-culture in a transwell indirectly. on multiple cells and cell communications.
3-D cell culture Single or multiple cells are embedded in type | Mimic the spatial environments in vivo. To provide cell scaffold or assess the effects of [28]
collagen or other mechanical support structures. hydrogels on cellular with in 3D.
Animal models  Periodic ischemia-reperfusion Periodic compression with magnetic plates or Easily manageable, constant pressure. To simulate pressure ulcers at stages | and Il. [31]
elastic clips. Injury to the skin and subcutaneous tissue. [34]
Persistent ischemia Permanent magnetic plates. The magnetic plate was placed deep inthe  To simulate pressure ulcers at stages Il and IV. [32]
tissue and produced constant compression.
Permanent clamping with elastic clips. Easily manageable and constant compres-  To simulate pressure ulcers at stage | or Il [34]
sion via variable pressure.
Local compression with spring screw. Injury deep tissue selectively. To stimulate pressure ulcers at stage IlI-IV. [35]
Spinal cord hemisection. Mimic pressure injury as patients with spinal To simulate pressure ulcers at all stages based [37]
cord injury. on processing time.
Computational pressure control device. Mimic local compression with controllable To simulate pressure ulcers at stages I-IV [38]

pressure.

based on different procedures and pressure.
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indirect coculture system, two different types of
cells are placed in separate chambers of a
Transwell system. One cell type is seeded in the
upper chamber, whereas the other is seeded in
the lower chamber. Although these two cell
types do not have direct contact, they can still
influence each other through the ECM and cul-
ture medium [24]. The migration capacity of the
cells is evaluated by counting the number of
cells that moved from the upper chamber to the
lower chamber under various treatment condi-
tions. Additionally, the cell functions can be
assessed by analyzing the expression of genes
and proteins in both chambers. In contrast,
direct coculture involves the growth of two or
more cell types in the same culture plate. Cell
proliferation and function can be analyzed in
this setup by examining cell morphology, as well
as gene and protein expression. These cocul-
ture models aim to replicate the multicellular
nature of body tissues which allows for the eval-
uation of the combined effects of hydrogels on
different cell types.

In 3D cell culture models, single or multiple
cells are embedded in type | collagen or other
supportive structures to form 3D environments
[25, 26]. This approach allows for the more
accurate replication of in vivo conditions, and
addresses the limitations of 2D cultures that
hinder cell growth [17, 27]. These 3D models
are useful for studying cell migration and inter-
actions with the ECM within a spatial context,
providing a more realistic representation of bio-
logical processes. Hydrogels play crucial roles
as cell scaffolds in these models [28].
Therefore, utilizing hydrogel-based 3D cell cul-
ture presents an ideal system for evaluating the
effects of different hydrogels on cellular func-
tions and could facilitate the translation of
research findings into in vivo applications.

Animal models of pressure ulcers

Animal models are valuable for simulating the
development and progression of pressure
ulcers, and they play a crucial role in the evalu-
ation of the effectiveness of dressings and
other treatments. Various animals, including
mice, rats, pigs, and dogs, can be used as mod-
els for studying pressure ulcers. However, it is
essential to note that no animal model per-
fectly replicates the physiological processes
involved in the formation and healing of pres-
sure ulcers, and each model has advantages

1616

and disadvantages. Therefore, when selecting
an animal model, it is essential to consider vari-
ous factors, including research objectives,
model complexity, and physiological character-
istics. Mice and rats are the most commonly
used animals in these models because of their
ease of manipulation, high success rates, and
relatively quick recovery periods of approxi-
mately 1-3 weeks [29]. Researchers have
developed various animal models based on the
mechanisms of pressure injury, such as pres-
sure ischemia and ischemia reperfusion injury.

The periodic ischemia-reperfusion induced by
specific devices causes ischemic and reperfu-
sion injury to the skin of animals, which resem-
bles the development of pressure injuries in
bedridden patients. Magnetic plates and elas-
tic clips are commonly used devices in pres-
sure ulcer models. In this model, two round
magnetic plates, each measuring 12 mm in
diameter and 5 mm in thickness, are used to
secure the skin, applying a pressure of 50
mmHg through their attraction to one another
[30]. The magnetic plates are positioned on
either side of the mouse’s skin fold after the
hair on its back is shaved. The mouse is then
placed in a cage where it can move freely and
feed. After 12 hours, the magnetic plates are
removed to relieve the pressure for another 12
hours, thus completing three cycles of ischemia
and reperfusion. Furthermore, prolonged pres-
sure from magnetic plates can lead to perma-
nent ischemic injury and the formation of pres-
sure ulcers [31]. To establish a permanent isch-
emic injury, a magnetic plate can be surgically
implanted in the subcutaneous tissue of a
mouse [32]. The animal models described here
primarily exhibit skin and subcutaneous tissue
injuries, and thus they are suitable for simulat-
ing stages | and Il pressure ulcers. To model
stages lll and IV pressure ulcers, a magnetic
plate can be placed beneath the gluteal mus-
cles of rats. Continuous or intermittent mag-
netic pressure can then be applied after the
wound has healed to replicate the pathological
characteristics of deep tissue injury [33].
Additionally, an elastic clamp measuring 7 mm
in length and 5 mm in width, which is easy to
manage and can be used to apply a pressure of
150 mmHg. After the hair is removed from the
back of the mouse or rat, the clamp is posi-
tioned on the skin of the back for 8 hours, fol-
lowed by a removal period of 16 hours. This
cycle is repeated several times to induce a
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pressure injury. During this process, it is essen-
tial to ensure that the clamp does not fall off
due to the animal’'s movements which can be
addressed by modifying the end of the clamp
[34]. Furthermore, prolonged clamping may
lead to permanent ischemic injury to the skin,
affecting both the skin and subcutaneous tis-
sue, thus simulating stage | or Il pressure
ulcers.

The development of ischemic skin injury can
occur due to persistent local compression via
three standard procedures. First, a spring
screw is threaded into a hollow gasket and fixed
into the femoral trochanter of the rat, exerting
approximately 800 mmHg of pressure on the
surrounding skin and subcutaneous tissue.
This compression level can lead to visible dam-
age to the local tissue after 48 hours [35].
Different lengths of screws and gaskets can be
selected for use with rats, pigs, and other ani-
mals. Following this procedure, mice exhibit
regional pressure injuries that affect the under-
lying muscle and bone, as well as simulated
pressure ulcers classified as stage Ill to IV [36].
Second, noninvasive pressure is applied to the
posterior thigh of a rat with monoplegia after 7
days of spinal cord hemisection at thoracic seg-
ments 7 to 9. This technique simulates pres-
sure injuries observed in patients with spinal
cord injuries and can be used to generate vari-
ous stages of pressure ulcers as needed.
Continuous pressure of 250 mmHg for 8 hours
can induce a stage | pressure ulcer, whereas
stages Il, lll, and IV ulcers can be produced at
pressures of 500, 750, or 1000 mmHg, respec-
tively [37]. Finally, some studies have used rab-
bit ears as modeling sites. Continuous or inter-
mittent pressure ranging from 50 to 300 mmHg
is applied to the rabbits’ ears via a computa-
tional pressure control device [38]. This practi-
cal and effective procedure simulates pressure
ulcers that range from stages | to IV.
Furthermore, both ears can be used for model-
ing simultaneously, which facilitates compari-
sons of the effects of different treatments on
the prognosis of pressure ulcers with greater
homogeneity and comparability.

Research progresses of hydrogel dressings

In recent years, significant progress has been
made in the development and application of
hydrogels for the treatment of various types of
wounds, including scalds, burns, incisions, and
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other injuries. However, research on the use of
hydrogels specifically for the treatment of pres-
sure ulcers is still lacking. Therefore, findings
and advancements related to hydrogel dress-
ings used for other wounds can serve as valu-
able references for preclinical and clinical
research on pressure ulcers.

Preventative hydrogel dressings

Recent clinical studies have shown that hydro-
gels effectively reduce facial skin damage and
ulcers caused by positive-pressure ventilation
masks [39]. Hydrogels possess several impor-
tant properties, including strong water reten-
tion, air permeability, and biocompatibility.
Hydrogels can maintain the humidity and tem-
perature of the skin and redistribute local
pressure to reduce wound pressure [40].
Furthermore, their high coefficient of friction
with the skin prevents slippage and increases
patient comfort [41]. Therefore, the application
of hydrogel dressings to common locations of
pressure ulcers in patients can maintain the
local microenvironment and reduce pressure,
which can prevent or delay the incidence and
progression of pressure ulcers.

Recently, hydrogels were verified to be highly
sensitive to electrical or mechanical stimuli
without affecting local sensation. For example,
a modified zwitterionic conductive hydrogel can
function as a skin sensor for real-time monitor-
ing of local pressure. This helps prevent pres-
sure injuries from worsening and promotes the
healing of such injuries [42]. Imidazolidine ionic
liquids possess antibacterial properties and
electrical conductivity and can be incorporated
into polyvinyl alcohol/acrylamide-ionic liquid
hydrogel dressings to fabricate complex hydro-
gels. These multifunctional hydrogels can
sense and transmit the local pressure of
patients’ wounds to nursing staff, thereby
assisting in timely patient positioning [43].
Therefore, hydrogel dressings loaded with high-
ly sensitive materials can be used to monitor
and provide feedback on the local wound micro-
environment, which would be particularly help-
ful for bedridden patients with sensory or
speech disorders.

Curative hydrogel dressings

Some chemical components of hydrogels can
relieve inflammation and accelerate the repair
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of wounds. The combination of hydrogels and
specific substances has unique healing effects
on pressure ulcers and wounds. For example,
hyaluronic acid helps cells migrate and prolifer-
ate, reduces inflammation, and promotes
angiogenesis, which supports wound healing
[44]. A hydrogel composed of collagen, hyaluro-
nan, and high-sulfated hyaluronan (sHA) can
continuously release sHA into the wound to
inhibit inflammatory macrophage activation
and promote healing in diabetic mice [45].
Additionally, sulfobetaine methacrylate hydro-
gels can inhibit the PI3K/Akt/mTOR signaling
pathway, which reduces inflammation and
enhances wound healing by activating autopha-
gy and remodeling of the extracellular matrix
[46]. Pressure ulcers are also susceptible to
bacterial invasions, which significantly hinders
wound healing. The Incorporating of semicon-
ductor-like metal-organic frameworks into sodi-
um alginate hydrogels can generate reactive
oxygen species that inhibit the growth of
Escherichia coli and Staphylococcus aureus,
thus promoting wound healing [47]. A recent
clinical study revealed that a multifunctional
hydrogel containing Olea europaea leaf extract
helped regulate reactive oxygen species and
pH levels to maintain local homeostasis and
accelerate the healing of pressure ulcers and
diabetic sores [48]. Therefore, hydrogels com-
posed of innovative materials can provide spe-
cific therapeutic benefits for the treatment of
pressure ulcers.

Moreover, the combination of hydrogel dress-
ings with other treatments for pressure ulcers
can have synergistic effects. Many polysaccha-
ride or metal ion-containing hydrogels have
demonstrated the ability to produce a photo-
thermal effect [49]. For example, the combina-
tion of chitosan-agarose or Fe®-containing
hydrogels with photothermal therapy can accel-
erate wound healing through thermal treatment
and bactericidal and anti-inflammatory proper-
ties [50, 51]. Several preclinical studies have
demonstrated that hydrogels and photothermal
therapy enhance wound healing [52]. Therefore,
combination therapy may offer significantly bet-
ter outcomes than a single treatment method,
but more clinical trials are needed to confirm
this concept.

Drug-loaded hydrogel dressings

Anti-inflammatory and antioxidant compound-
loaded hydrogel dressings: In addition to their
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function as protective dressings, hydrogels can
simultaneously serve as drug delivery vehicles
that result in improved therapeutic effects [53].
Stress injuries can lead to hypoxia or hypoxia-
reperfusion injury, oxidative stress, and a local
inflammatory response within ulcerated tissue.
Therefore, hydrogel dressings loaded with anti-
infammatory and antioxidant compounds can
accelerate the recovery of pressure ulcers.
Montmorillonite, a clay mineral composed of
hydrated aluminum silicate commonly used to
treat diarrhea, has demonstrated antibacterial
and anti-inflammatory properties in previous
studies and has been shown to aid in tissue
repair [54-56]. The use of complex hydro-
gels containing montmorillonite and bacterial
cellulose significantly reduces redness, swell-
ing, and infiltration by proinflammatory cells.
Additionally, these hydrogels alleviate sponta-
neous hyperalgesia and accelerate regenera-
tion of the epidermis and subcutaneous tissue
[57]. Green tea polyphenol (TP) is an herbal
extract known for promoting wound healing.
However, TP is highly soluble in water and can
oxidize when exposed to air, and thus its
retention in local wounds is challenging.
Encapsulation of TP within a hydrogel helps pre-
vent oxidation and slows its release. A previous
study demonstrated that TP-loaded hydrogels
could modulate the immune response by regu-
lating the PI3BK/AKT signaling pathway, thereby
promoting wound healing in diabetic rats [58].
4 Octyl itaconate (4-0l) has also been identified
as an anti-inflammatory and antioxidant mole-
cule [59, 60]. Hydrogels containing 4-0Ol can
reduce the production of oxidative stress prod-
ucts to aid in the healing of diabetic wounds by
minimizing ischemia or ischemia-reperfusion
injury [61]. Other compounds with antibacterial
and antioxidant effects, such as reductive poly-
dopamine nanoparticles [62], gallic acid [63],
metformin [64], Fe*" cross-catechol [65], and
doxycycline [66], have also shown promising
results. Animal studies have indicated that
hydrogel complexes containing these com-
pounds significantly improve wound healing.
Importantly, certain compounds, such as met-
formin, montmorillonite, and TP, are considered
safe for clinical use. Consequently, hydrogel
complexes incorporating these substances will
likely be safe and feasible for clinical research.

Antibiotic or antimicrobial peptide-loaded
hydrogel dressings: Pressure ulcers can
become infected with bacteria or fungi, which
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can delay the healing process. The use of oral
antibiotics may increase the strain on the liver
and kidneys and lead to antibiotic resistance.
The direct application of antibiotics to wounds
via dressings to avoid these complications is
more effective. Certain hydrogels composed of
specific materials have demonstrated antibac-
terial effects in animal studies. Hydrogels load-
ed with antibiotics can effectively treat infected
wounds by gradually releasing antibiotics and
enhancing their antibacterial properties. For
instance, in one study, a neomycin complex
hydrogel effectively inhibited Escherichia coli
and Staphylococcus aureus [67]. In another
study, gentamicin complex hydrogels effective-
ly inhibited the survival of both gram-positive
and gram-negative bacteria, including Staphy-
lococcus aureus and Escherichia coli, which
accelerated the healing of infected wounds in
mice [68]. Vancomycin, a glycopeptide antibi-
otic, disrupts the synthesis of bacterial cell
walls by degrading peptidoglycans. In one
study, the vancomycin-loaded hydrogel gradu-
ally released the antibiotic, demonstrating anti-
bacterial and anti-inflammatory effects. This
contributed to the healing of infected wounds
in animal models [69]. In addition, sulfon-
amides, quinolones, imidazoles, nitroimid-
azoles, and furan antibiotics can be used to
synthesize complex hydrogels [70]. These anti-
biotic-hydrogel complexes have been shown to
significantly prevent infections and promote
wound healing in animal models, including
mice, rats, rabbits, and pigs. However, clinical
studies using these complexes to treat infec-
tious pressure ulcers still need to be conduct-
ed. Furthermore, additional clinical research is
needed to validate the effectiveness of these
complexes.

The overuse or improper use of antibiotics has
led to the development of drug-resistant bacte-
ria, which significantly delays wound recovery
and causes severe clinical issues. Recently,
researchers have focused on antimicrobial
peptides (AMPs), which serve as innovative
antimicrobial agents. AMPs are short se-
quences of amino acids that the body can pro-
duce to defend against bacterial infections.
These peptides can disrupt bacterial cell mem-
branes, resulting in broad-spectrum antibacte-
rial effects [71]. However, AMPs are susceptible
to degradation by proteases in the body and
the environment. One example of an AMP is the
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LL-37 peptide, which is a member of the human
AMP family. Unfortunately, LL-37 lacks stability
in wound environments. To address this issue,
researchers have developed hydrogels that can
stably release LL-37, which enhances its anti-
bacterial effects and supports deep tissue
recovery in mice [72]. AMPs combined with
hyaluronic acid hydrogels have demonstrated
antibacterial effects both in vitro and in vivo.
This combination accelerates collagen deposi-
tion and epithelial regeneration, thereby pro-
moting the healing of infected wounds [71].
Additionally, Hao Cheng et al. developed a
sprayable hydrogel dressing that contains anti-
oxidant cerium oxide nanoparticles and HHC-
36-AMPs. This hydrogel complex exhibits anti-
microbial and antioxidant properties in vitro,
effectively inhibiting infection and promoting
skin regeneration and remodeling in Sprague-
Dawley rats [73]. Over 20 types of AMP-hydrogel
complexes have been developed [74]. However,
the effectiveness of all these AMP-hydrogel
complexes has only been confirmed through
laboratory studies, and further clinical research
is needed to validate their efficacy.

Growth factor-loaded hydrogel dressings:
Growth factors are a diverse group of peptides
produced by cells that serve as signaling mole-
cules to regulate various cellular functions cru-
cial in wound healing, including cell growth,
migration, differentiation, and proliferation.
Several essential growth factors, including vas-
cular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), transforming
growth factor (TGF), fibroblast growth factor
(FGF), and epidermal growth factor (EGF), play
significant roles in the healing of wounds and
ulcers [75]. However, many of these growth fac-
tors are unstable and can degrade quickly out-
side the body, which limits their clinical use in
wound repair. Hydrogels can effectively protect
these growth factors from degradation and
facilitate their slow release at the wound site.
For instance, studies have shown that a fibrous
hydrogel loaded with VEGF and PDGF can
enhance blood vessel formation in the dermis
layer of wounds in mice [76].

FGF-loaded hydrogel dressings have been
shown to enhance collagen production and tis-
sue epithelialization. They also increase the
expression of CD31 and CD34, which promote
angiogenesis. As a result, these dressings aid
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in the repair of chronic ulcers in diabetic mice
[77]. Similarly, EGF-loaded hydrogel dressings
gradually release EGF, which increase granula-
tion tissue formation and collagen deposition,
and thus facilitate wound recovery in mice [78].
Refractory pressure ulcers pose a significant
challenge for health care professionals because
of the presence of tissue defects and the slow
healing of wounds. The application of exoge-
nous growth factors delivered through hydro-
gels may substantially increase tissue growth
and facilitate the healing of these ulcers.
Consequently, hydrogels loaded with growth
factors have considerable potential for the
treatment of refractory pressure ulcers. How-
ever, clinical trials are necessary to confirm
their effectiveness.

Stem cell-loaded hydrogel dressings: Tissue
defects present significant challenges in older
or malnourished patients with stage Ill to IV
pressure ulcers. Clinicians are currently striving
to identify methods to promote tissue regener-
ation. Stem cells exhibit remarkable abilities to
self-renew and differentiate, both in laboratory
settings and within the body, and thus stem cell
therapy is a promising option for the treatment
of tissue deficiency conditions. The delivery of
stem cells from external sources has been
shown to stimulate tissue regeneration and
restructuring. Recently, hydrogels have emer-
ged as suitable environments for stem cells, as
they enhance the survival of these cells under
laboratory conditions [79]. Therefore, adminis-
tering stem cells via hydrogel dressings may be
used to treat tissue defects caused by pres-
sure ulcers.

Stem cells can promote the healing of pressure
ulcers via multiple mechanisms. First, stem
cells can release substances such as tissue
growth factors, which promote the differentia-
tion of local cells. In one study, a hydrogel con-
taining adipogenic stem cells that expressed
VEGF and TGFB-1 promoted angiogenesis and
cell proliferation, ultimately accelerating the
healing process of wounds in diabetic rats [80].
Second, stem cells can attract autologous stem
cells to injury sites, facilitating wound healing.
Adipose-derived mesenchymal stem cell-load-
ed hydrogels promote the migration and prolif-
eration of autologous bone marrow-derived
mesenchymal progenitor cells, further acceler-
ating angiogenesis and wound healing [81].
Moreover, stem cells can differentiate into
fibroblasts and glial, epithelial, and endothelial
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cells, which promote tissue repair [82].
Consequently, hydrogels containing stem cells
represent promising treatment options for
refractory pressure ulcers.

Nucleic acid-loaded hydrogel dressings: In
recent years, regulating the expression of
nucleic acids, including mRNAs and various
noncoding RNAs, has emerged as a promising
treatment for many diseases. Synthetic small
interfering RNAs (siRNAs) can bind to specific
mRNAs, which leads to their degradation and
inhibits protein expression. However, effective
gene knockdown with siRNAs requires high
concentrations, and siRNAs are prone to degra-
dation by nucleases both in vitro and in vivo. To
address this issue, encapsulation of siRNA
within a hydrogel can protect it from degrada-
tion and enable its slow release into localized
wounds [83]. Matrix metalloproteinase-9
(MMP-9) is involved in the breakdown of the
ECM and is highly expressed in chronic wounds.
Hydrogels loaded with MMP-9 siRNA have been
shown to increase collagen production and pro-
mote angiogenesis in diabetic wounds, thereby
facilitating wound healing [84, 85]. Additionally,
hydrogels containing siRNA-29a have been
shown to inhibit the production of proinflamma-
tory factors while promoting fibroblast prolifera-
tion and angiogenesis, which further acceler-
ates wound healing [86].

Noncoding RNAs can either upregulate or
downregulate the expression of target genes
through epigenetic mechanisms, thereby influ-
encing inflammation, angiogenesis, and wound
tissue regeneration [87-89]. MicroRNAs (miR-
NAs) are noncoding RNA molecules that are 19
to 25 nucleotides in length. Recently, numer-
ous MiRNAs have been found to regulate oxida-
tive stress, inflammatory responses, and apop-
tosis [90]. Hydrogels loaded with miRNA can
maintain RNA stability in oxidizing environ-
ments. For example, hydrogels loaded with
miR-26a, a proangiogenic factor, enhanced
blood vessel formation in diabetic wounds [91].
Additionally, the upregulation of miR-223 in
macrophages increases the expression of the
anti-inflammatory factor Arg-1 while inhibiting
the expression of proinflammatory factors such
as tumor necrosis factor-a (TNF-a), interleukin-
1B (IL-1B), and IL-6. Hydrogel containing miR-
223 enhanced the polarization of macrophages
into the M2 phenotype and promoted the for-
mation of blood vessels and epithelial tissue at
the wound site, thereby accelerating wound
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healing [92]. Circular RNA (circRNA) is a type of
non-coding RNA found widely in various tissues
that is highly stable both in vitro and in vivo.
Additionally, circRNAs are highly conserved
across different species. However, research on
hydrogels loaded with non-coding RNA for the
treatment of pressure ulcers is limited.

Nucleic acid drugs, such as siRNAs and non-
coding RNAs, can be designed to effectively
target new molecular pathways, and their syn-
thesis is manageable and controllable [93]. In
contrast, the design, synthesis, and purification
of chemical drugs are often challenging and
time-consuming. Therefore, hydrogel dressings
infused with nucleic acid drugs have significant
potential applications, but further research is
necessary to explore the clinical potential of
non-coding RNA-loaded hydrogels.

Extracellular vesicle-loaded hydrogel dress-
ings: Extracellular vesicles (EVs) are natural
nanoparticles produced by cells. They are simi-
lar in size, shape, and structure to liposomes,
but EVs have more complex bilayer membranes
and contain higher concentrations of proteins,
carbohydrates, and nucleic acids. In recent
years, EVs have gained attention as novel mark-
ers of diseases and as potential treatment
tools, and therefore they have become a signifi-
cant research focus. Nearly all cell types,
including endothelial cells, fibroblasts, macro-
phages, and keratinocytes, can produce EVs,
which regulate biological processes such as
angiogenesis, collagen synthesis, and inflam-
mation [94]. Previous studies have demonstrat-
ed that the introduction of external EVs can
enhance wound repair [95, 96]. For instance,
EVs secreted by M2 macrophages accelerate
the healing process. Sequencing results indi-
cate that the proteins and miRNAs within these
EVs play crucial roles in regulating cell prolifera-
tion, differentiation, angiogenesis, and immune
responses in tissues [97]. In one study, the con-
trolled release of IncRNA H19 from EVs allevi-
ated the inhibitory effect of microRNA-152-3p
on Pten mRNA, which increased PTEN expres-
sion. PTEN can reduce apoptosis and inflam-
mation in fibroblasts and promote their prolif-
eration and migration, which ultimately enhanc-
es ulcer healing in a mouse model of diabetic
foot injury [98]. In a recent study, Xu et al. uti-
lized a phototriggered hydrogel to deliver EVs
with high concentrations of miR-126-3p to
ensure the sustained release of EVs, which
facilitated epithelialization and wound healing
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[99]. Thus, hydrogels can serve as effective
carries of high concentrations of EVs and can
continuously release them to support tissue
regeneration.

Stem cells and the EVs they produce can pro-
mote the repair of refractory wounds [95].
Hydrogels infused with EVs from adipose-
derived mesenchymal stem cells have been
shown to accelerate the healing process by
enhancing angiogenesis, re-epithelialization,
and collagen deposition. This advancement
presents a promising treatment option for
chronic nonhealing wounds [100]. When adi-
pose-derived stem cells are exposed to hypoxic
environment, they release abundant protective
EVs that contain circRNA-Snhgl1. These EVs
can regulate the miR-144-3p/NFE2L2/HIF1lx
signaling pathway and improve the migratory
and proliferative functions of endothelial cells.
Additionally, the delivery of circ-Snhgl1 via
hydrogels enhances the recovery of diabetic
ulcers [101]. Therefore, stem cells can continu-
ously proliferate and serve as valuable bioengi-
neered sources of EVs.

Conclusion

Pressure ulcers are common problems in
patients who are bedridden for extended peri-
ods, and they lead to a significant burden on
health care systems and clinical staff world-
wide. Additionally, these ulcers also cause dis-
comfort and pain for patients and their fami-
lies. As a result, the prevention, treatment, and
management of pressure ulcers present sig-
nificant challenges for health care workers.
Unfortunately, not all treatments are effective,
especially for elderly or malnourished patients
or for pressure ulcers classified as stage Ill or IV
[9, 102]. Therefore, better treatment methods
for pressure ulcers are needed. Recently,
dressings such as hydrogels have shown prom-
ise in reducing the incidence of pressure inju-
ries and promoting the healing of existing pres-
sure ulcers.

In the present review, we first summarize the
methods for establishing in vitro and in vivo
models of pressure ulcers. Moreover, we dis-
cuss the advantages and disadvantages of
these models to help researchers select suit-
able methods by which the effects of different
hydrogel dressings may be evaluated. Next, we
outline the protective mechanisms of various
hydrogel dressings and categorize them accord-
ing to their materials and functions (Table 2).
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Table 2. Classifications of hydrogel dressings based on ingredients and mechanisms

Classifications of hydrogel dressings based on functions and ingredients Protection mechanisms Functions Ref.
Preventative hydrogel dressings
Simple hydrogels Water retention, air permeability, biocompatibility To prevent the incidence and progression of [39, 40]
and local pressure redistribution. pressure ulcers.
Modified zwitterionic conductive hydrogels Pressure-resistant and anti-bacterial properties, To monitor pressure continuously and protect [42]
sensitivity to stress stimuli. wounds from infection.
Polyvinyl alcohol/acrylamide-ionic liquid hydrogels Antibacterial, pressure-sensitive and electrical To sense and transmit the local pressure and [43]
conductivity. inhibit wound infection.
Curative hydrogel dressings
High-sulfated hyaluronan and collagen hydrogels Promote cell migration and growth, angiogenesis To inhibit inflammation and promote wound [45]
and inhibit the activation of macrophages. healing.
Sodium alginate hydrogels containing semiconductor-like metal-organic frameworks Produce reactive oxygen species to inhibit bacteria. Inhibit bacterial infection. [47]
Sulfobetaine methacrylate hydrogels Inhibit the PI3K/Akt/mTOR signaling pathway and To inhibit inflammation and remodel the [46]
activate autophagy. extracellular matrix.
Multifunctional amorphous hydrogels containing Olea europaea leaf extract Regulate reactive oxygen species and pH levels. To maintain local homeostasis, relieve pain [48]
and inhibit granuloma formation.
Thermoresponsive hydrogels Provide thermal therapy, bactericidal and anti- To promote tissue regeneration and wound [50, 51]
inflammatory effects. healing.
Drug-loaded hydrogel dressings
Anti-inflammatory and antioxidant compound loaded hydrogels Inhibit inflammation and production of reactive To alleviate oxidative stress injury and inflam- [54-66]

Antibiotics or antimicrobial peptide loaded hydrogels

Growth factor-loaded hydrogels

Stem cell-loaded hydrogels

Nucleic acid-loaded hydrogels

Extracellular vesicle-loaded hydrogels

oxygen species.

Hydrogels contain specific antibiotics or antimi-
crobial peptides, which can inhibit the survival of
particular bacteria or destroy bacterial structure.
Hydrogels contain growth factors that promote the
growth, migration, differentiation, or proliferation of
fibroblasts, keratinocytes, or vascular endothelial
cells, as well as the remodeling of ECM.

Hydrogels provide conducive environments for stem
cells to proliferate and differentiate.

Hydrogels prevent the degeneration of non-coding
RNA to regulate the expressions of target genes.

Hydrogels can continuously release EVs to regulate

angiogenesis, collagen synthesis, and infammation.

matory response.

To inhibit bacterial reproduction and survival
with stably high concentrations of antibiotics
or antimicrobial peptides.

[67-70, 72, 73]

To promote the healing of pressure ulcers via [76-78]
multiple growth factors.
To accelerate tissue defect repair, especially [80, 81]

the refractory pressure ulcers at stages |ll
and IV.

Nucleotide drugs can regulate the production
of pro-inflammatory factors, cell proliferation
and angiogenesis.

[84-86, 91, 92]

EVs contain abundant proteins, carbohydrates
and nucleic acids to exert multi-target therapy
for wound repair.

[98-101]
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Figure 1. Hydrogel dressings can prevent or treat pressure injury by multiple mechanisms.

This information will allow clinicians to select
a specific hydrogel dressing according to the
patient’s condition. Finally, we include research
on diabetic wounds and other types of wounds,
which provides a comprehensive overview of
the progress and efficacy of hydrogel dress-
ings. The insights gained from the application
of hydrogel dressings in other wound types can
serve as valuable references for pressure ulcer
treatment, thereby facilitating the clinical trans-
lation of hydrogel dressings.

Recent studies have demonstrated that com-
posite hydrogels are valuable materials with
many applications in animals and humans,
including wounds, tissue repair, and drug deliv-
ery[75, 103]. The Food and Drug Administration
has approved over 20 clinical studies that uti-
lize hydrogels for the treatment of wounds,
including pressure ulcers, diabetic foot ulcers,
infected wounds and burns [104]. As a new
type of biomaterial, hydrogels play a vital role in
wound healing by protecting against external
microorganisms, maintaining moisture, reduc-
ing stress, and facilitating drug release. Clinical
trials have shown that hydrogel dressings are
more effective than foam dressings in the treat-
ment of pressure ulcers [105, 106]. Moreover,
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hydrogels can also simultaneously carry multi-
ple protective factors and drugs. For example,
hyaluronic acid hydrogels that contain FGF-2,
MnO,, and EVs from M2 macrophages have
been shown to release these protective factors
in a steady manner [107]. Composite hydrogel
dressings can enhance wound healing through
various mechanisms, including antibacterial
action, anti-inflammatory and antioxidant
effects, and can promote cell proliferation,
angiogenesis, and re-epithelialization (Figure
1). As a result, hydrogel dressings, particularly
composite dressings, hold significant potential
for widespread use in the treatment of pres-
sure ulcers.

Despite significant advancements, hydrogel
dressings still face several challenges that
need to be addressed. First, clinical studies on
hydrogel dressings for pressure ulcers have
typically involved small sample sizes. Large-
scale, randomized, controlled, double-blind tri-
als are needed to verify the effectiveness of
hydrogel dressings in the treatment of pressure
injuries [106]. Therefore, multicenter clinical
studies are urgently needed to gather sufficient
evidence. Second, the treatment goals should
be tailored to the individual patient and the
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specific stage of the patient’s pressure injury.
Researchers can design various multifunction-
al hydrogels with different properties, such as
electrical conductivity, magnetism, self-healing
capabilities, thermal conductivity, and antibac-
terial or anti-inflammatory functions, to meet
diverse clinical requirements according to each
patient’s condition. Third, coordinating the
monitoring and treatment of pressure ulcers
with specialized dressings can help clinicians
adjust their treatment plans. Consequently, the
integration of components with therapeutic
and biosensing properties with hydrogels can
enhance their functions, achieving both treat-
ment goals and real-time detection. Finally,
recent developments in 3D printing technology
for hydrogels have allowed the fabrication of
personalized hydrogel dressings that adapt to
the unique surface structure of each patient’s
sore [108].

In conclusion, hydrogel dressings show great
promise for the treatment of pressure ulcers
because of their physical advantages and mul-
tifunctional properties. However, additional
clinical research is essential to verify the effec-
tiveness and safety of hydrogel dressings.
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