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Hydrogels: a promising therapeutic platform for
inflammatory skin diseases treatment

Huali Cao, †ab Ming Wang, †a Jianwei Ding a and Yiliang Lin *a

Inflammatory skin diseases, such as psoriasis and atopic dermatitis, pose significant health challenges due

to their long-lasting nature, potential for serious complications, and significant health risks, which requires

treatments that are both effective and exhibit minimal side effects. Hydrogels offer an innovative solution

due to their biocompatibility, tunability, controlled drug delivery capabilities, enhanced treatment adherence

and minimized side effects risk. This review explores the mechanisms that guide the design of hydrogel

therapeutic platforms from multiple perspectives, focusing on the components of hydrogels, their

adjustable physical and chemical properties, and their interactions with cells and drugs to underscore their

clinical potential. We also examine various therapeutic agents for psoriasis and atopic dermatitis that can be

integrated into hydrogels, including traditional drugs, novel compounds targeting oxidative stress, small

molecule drugs, biologics, and emerging therapies, offering insights into their mechanisms and advantages.

Additionally, we review clinical trial data to evaluate the effectiveness and safety of hydrogel-based

treatments in managing psoriasis and atopic dermatitis under complex disease conditions. Lastly, we

discuss the current challenges and future opportunities for hydrogel therapeutics in treating psoriasis and

atopic dermatitis, such as improving skin barrier penetration and developing multifunctional hydrogels, and

highlight emerging opportunities to enhance long-term safety and stability.

1 Introduction

Human skin is a complex, multi-functional organ that is
essential for maintaining systemic homeostasis. Primarily,
the epidermal barrier serves as the first line of defense against
exogenous threats, such as microbial and physical agents, and
it also regulates water loss. Additionally, the skin plays an active
role in immune responses by releasing cytokines and chemo-
kines, acting as a sentinel organ to alert immune cells in the
event of skin damage or infection.1 Skin and subcutaneous
disorders have become significant health challenges, ranking
as the fourth most prevalent cause of non-fatal health issues.2

In 2013, skin conditions accounted for 1.79% of the global
burden of disease, measured in disability-adjusted life years
from 306 diseases and injuries.2 The increasing prevalence of
dermatological conditions and the associated healthcare costs
for treatment, along with the impact on patients’ quality of life,
have become increasingly significant issues for global health.3,4

Among various skin conditions, inflammatory skin diseases,
such as psoriasis5 and atopic dermatitis (AD),6 have garnered
significant attention due to their prolonged course, serious
complications, and major health risks. These critical condi-
tions profoundly impact both individual and public health,
significantly influencing clinical practices and the focus of
biomedical research.3 The chronic visibility and potential
stigma associated with these diseases often lead to substantial
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psychological distress, increasing the likelihood of depression
and anxiety. The continuous itch and pain typical of these
conditions can severely disrupt daily life, affecting work per-
formance and social interactions. The consequences also
impact the families of patients, who may experience consider-
able emotional and financial stress due to ongoing treatment
and care responsibilities. Moreover, psoriasis and AD are
associated with numerous comorbidities, including cardiovas-
cular issues in psoriasis and the increased infection risk in AD,
further intensifying the overall health burden.7,8

The primary goal of treating psoriasis and AD is to reduce
the presence of skin lesions, minimize symptom flare-ups, and
alleviate the overall burden of symptoms. For mild to moderate
cases, topical treatments are typically employed, and for more
severe cases, systemic therapies are considered due to their
potential for greater adverse events.9 Consequently, topical
therapy remains a cornerstone in managing these conditions
due to its benefits, including ease of application and a lower
risk of gastrointestinal irritation or systemic side effects.10

Nonetheless, conventional topical treatments, like vitamin D
derivatives for psoriasis, corticosteroids, and calcineurin inhi-
bitors for both conditions,11–13 may not always provide optimal
effectiveness, due to the limited drug penetration14 and safety
concerns related to prolonged use.15,16

Hydrogels are showing significant promise in improving psor-
iasis and AD topical therapy by minimizing systemic adverse
effects. Their high biocompatibility, capability to encapsulate
and release therapeutic agents, and high water content similar
to natural tissues make them particularly suitable for this use.12–14

Hydrogels consist of water-rich, crosslinked hydrophilic polymer
networks, and can be engineered specifically for topical treatment

of psoriasis and AD, incorporating several key characteristics
(Fig. 1): (1) excellent biocompatibility with extracellular matrix
mimicking properties; (2) tunable porosity and degradability
to modulate cellular behavior and control drug delivery;
(3) adjustable stiffness and viscoelasticity to regulate cell function-
alities; (4) customizable adhesiveness through specific physical
interactions and chemical linking; (5) effective moisture retention
with inherent therapeutic activity, essential for skin barrier repair –
a fundamental non-pharmacological approach for psoriasis and
AD;17 (6) enhanced drug-loading capacity and efficacy with
reduced toxicity, attributed to their ability to prevent drug leakage
and degradation, thereby ensuring controlled release of a wide
range of therapeutic compounds, including chemodrugs, proteins,
siRNA, and plasmids under mild conditions.18,19

This review examines the components of hydrogels, their
adjustable properties, the therapeutic agents that can be loaded
into them, and the challenges associated with their application.
It delves into how these elements combine to make hydrogels a
versatile and promising option for targeted treatment strategies
in medical applications, particularly for skin-related therapies.

2 Overview of psoriasis and atopic
dermatitis
2.1 Pathogenesis and treatment goals of psoriasis and atopic
dermatitis

Psoriasis is a prevalent chronic inflammatory skin disease
characterized by scaly, erythematous plaques, often accompa-
nied by systemic symptoms, which affects approximately 2–4%
of the global population.5,20 Psoriasis is typically associated

Fig. 1 Distinctive characteristics of hydrogels as a topical therapeutic platform for inflammatory skin diseases. Hydrogels feature tunable porosity,
tunable stiffness/viscoelasticity, tunable degradability, excellent adhesiveness, controlled drug delivery ability, and moisturizing capability, collectively to
achieve skin barrier repair. Additionally, hydrogels can be utilized as drug delivery platforms, particularly as nanocarriers, to deliver therapeutic agents
directly to inflammatory sites, either extracellularly or intracellularly. These features make hydrogels a highly effective option for the localized treatment
of conditions like psoriasis and atopic dermatitis. The figure is made with BioRender (https://biorender.com/).
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with multiple comorbidities, significantly affecting patients’
quality of life. Specifically, individuals with psoriasis are more
than three times as likely to suffer from depression and anxiety,
primarily due to the pruritic, painful, and socially stigmatizing
nature of the skin lesions.21 Chronic plaque or psoriasis
vulgaris, results from a combination of genetic susceptibility
and environmental triggers such as streptococcal infection,
stress, smoking, obesity, and alcohol consumption.

Histologically, psoriasis vulgaris is characterized by several
distinctive features: the thickening of the epidermis, known as
acanthosis, with downward elongation of the rete ridges; a thinned
or absent granular layer; elongated and dilated capillaries; and
suprapapillary thinning. Additionally, there is a notable presence
of T cells infiltrating in both dermis and epidermis, and some-
times clusters of neutrophil in the parakeratotic scale.22 The
central mechanisms of psoriasis involve the crosstalk between
the innate and adaptive immune systems (known as feed-forward
amplification of psoriasis inflammation), the critical role played by
interleukin (IL)-23 and the responses of helper T cell type 17
(Th17),23 and the contribution from the tumor necrosis factor
(TNF)-a through keratinocyte activation (Fig. 2).24 Treatment stra-
tegies for plaque psoriasis are typically tailored based on the
severity of the psoriasis, psoriatic arthritis, other related health
condition, and patient’s preference and satisfaction.

Atopic dermatitis (AD) is another common chronic pruritic
inflammatory skin disease25 affecting around 15–30% of chil-
dren and approximately 2–10% of adults.26,27 It is characterized
by inflammation, impaired skin barrier function, and dysbio-
sis, leading to pruritus and the formation of eczematous
areas.28,29 AD is generally influenced by both environmental
and genetic factors. The impaired terminal differentiation of

keratinocytes leads to barrier dysfunction, allowing the penetra-
tion of cutaneous antigens that initiate AD.30 AD significantly
impacts the quality of life for both patients and their families
and increases the risk of developing allergic comorbidities.31

In AD, epidermal barrier dysfunction is characterized by the
reduced expression of terminal differentiation markers, an
increased permeability defect caused by skin lipid film impair-
ment, and the increased trans-epidermal water loss.32 This
dysfunction makes AD-affected skin more susceptible to the
invasion of external agents that are harmful to keratinocytes.33

When these agents invade, damaged keratinocytes release epi-
dermal alarmins, such as IL-33, IL-25, and thymic stromal
lymphopoietin (TSLP), which subsequently activates dendritic
cells (DCs) and type 2 innate lymphoid cells (ILC2s).34,35 These
cells, in turn, produce IL-5 and IL-13, thereby leading to the
activation of eosinophils and Th2 cells. This cycle of local Th2
polarization further impairs the skin barrier and sustains itch-
ing, thereby exacerbating skin barrier dysfunction and promot-
ing dysbiosis.36 Targeting these pathways by blocking IL-4, IL-
13,37 IL-3138 and inhibiting Janus kinase activity39 has been
effectively shown to improve the outcome of AD patients.

In the skin affected by AD, microbial diversity typically
decreases significantly. Predominantly, pathogenic Staphylococ-
cus aureus, together with Candida and Trichophyton, become
prevalent and play a key role in the progression of AD.40,41 An
associated complication is the deficiency of the sphingolipids
and antimicrobial peptides in diseased skins, as these two
components constitute the epidermal permeability barrier
(EPB), providing a broad-spectrum defense against multiple
pathogens.42 The complexity of this disease (as illustrated in
Fig. 3) suggests that a multifaceted approach targeting various

Fig. 2 Pathogenesis and pathophysiology of psoriasis plaques. The development of a psoriasis plaque involves the participation of plasmacytoid dendritic
cells and type I interferons, which lead to a marked thickening of the epidermis, known as acanthosis, club-shaped elongation of the rete pegs, and growth
and dilatation of blood vessels in the dermal papillae. Various immune cell subsets, including IL-17 secreting group 3 innate lymphoid and Th17 and Tc17
cells, IFN-g secreting Th1 and Tc1 cells, and neutrophils are drawn into the skin, along with activated macrophages and dendritic cells. Through the
involvement of skin draining lymph nodes, the initial immune response creates a self-sustaining cycle of inflammation, maintaining disease activity. DC:
dendritic cell. ILC: innate lymphoid cell. Neu: neutrophil. Tc: cytotoxic T cell. Th: helper T cell. The figure is made with BioRender (https://biorender.com/).
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aspects of the immune response and skin microbiome dysbio-
sis may be beneficial.43

2.2 Rationale for topical hydrogels in psoriasis and AD

All psoriasis and AD patients benefit from the liberal application of
emollients. Hydrogel, as an emollient, offers several advantages: it
improves localized drug delivery, enhances skin barrier repair, and
reduces inflammation, specifically targeting the pathology of
inflammatory skin lesions. By creating a moist environment,
hydrogels promote healing, reduce trans-epidermal water loss,
and prevent the penetration of harmful agents. They can deliver
anti-inflammatory and immunomodulatory drugs directly to
affected areas, minimizing the release of alarmins and subsequent
inflammation. Moreover, hydrogels can restore microbial diversity
and reduce pathogenic microorganisms by incorporating antimi-
crobial peptides or sphingolipids. They also provide immediate
relief from itching and discomfort, helping to break the cycle of
scratching and further skin damage.

3 The properties of hydrogels and their
effects on topical therapy

Hydrogels, synthesized through physical or chemical crosslink-
ing of polymers, exhibit a remarkable ability to take up and
retain fluids, with absorption capacities typically ranging from

70–99%. This notable feature is largely attributed to their
porous matrix and hydrophilic 3D network, which allows
hydrogels to closely mimic the physical attributes of biological
tissues.44 Emulating the biomimetic characteristics of the
natural extracellular matrix (ECM), hydrogels play a critical role
in skin barrier repair.45 They replicate the soft, hydrated
environment of the ECM through their 3D porous hydrophilic
polymer networks and significant hydrophilic capacity. This
structural similarity enhances cellular activities and creates an
optimal microenvironment for the physiological processes of
resident skin cells, highlighting their significance in dermato-
logical interventions.46 The versatility of hydrogels extends to a
wide range of tunable properties that are critical for therapeutic
applications in inflammatory skin diseases. These properties
include the sources of the polymers used, adhesive properties,
occlusivity, mechanical stiffness, viscoelasticity, porosity,
micro/nanostructure and degradation kinetics. Additionally,
the interactions between hydrogels and skin or hydrogels and
drugs play a critical role in the therapeutic effect of hydrogels in
inflammatory skin disease treatment. By exploring and opti-
mizing these properties, hydrogels can be tailored to effectively
address the complex needs for inflammatory skin diseases
treatment, making them a powerful and adaptable tool in
dermatological therapeutics.

3.1 Hydrogels components

Hydrogels for inflammatory skin diseases can be generally
classified into three main types based on their origins: natural,
synthetic and hybrid hydrogels (Fig. 4).47 Natural biopolymeric
hydrogels, typically composed of natural polymers like alginate
and gelatin, are valued for their biocompatibility and biode-
gradability, aligning with the principles of regenerative medi-
cine. Meanwhile, synthetic polymeric hydrogels, made from
materials such as polyvinyl alcohol and polyacrylic acid, offer
enhanced mechanical strength and adjustable drug release
mechanisms, fulfilling a wide range of pharmacotherapeutic
demands. Hybrid hydrogels, which incorporate the advantage of
natural and synthetic polymers, exhibit a diverse compositional
framework that highlights their transformative potential in the
therapeutic management of inflammatory skin disorders.48

3.1.1 Hydrogels from natural polymer. Hydrogels synthe-
sized from natural polymers, including collagen, gelatin, poly-
peptides, DNA, alginate,49 hyaluronic acid, cellulose,50 and
chitosan,51 are widely recognized for their high biocompatibility
and biodegradability. These natural materials are preferred for
many biomedical uses, including tissue engineering and drug
delivery systems, because they are derived from substances that
are naturally occurring in the body or the environment. This
compatibility makes them ideal for integration into biological
systems, as they can be broken down by the body’s own
processes without causing harmful side effects. Moreover, their
natural origin often means they interact very well with biological
tissues, facilitating effective and safe therapeutic applications.

3.1.1.1 Collagen. Collagen is a fibrous protein consisting of
three polypeptide chains twined around one another, acting as

Fig. 3 Pathogenesis and pathophysiology of atopic dermatitis. In lesional
AD skin, key immune cells such as Langerhans cells, dermal dendritic cells,
and inflammatory epidermal dendritic cells (bearing specific IgE bound to
the high-affinity receptor for IgE), play a crucial role by taking up allergens
and antigens. The type-2 cytokines IL-4, IL-13, and IL-31 directly activate
sensory nerves, which promotes pruritus, a hallmark symptom of AD. As
the condition becomes more chronic, there is a progressive increase of
keratinocyte-derived and Th-cell-derived cytokines, further exacerbating
the inflammatory response and symptom severity in affected skin areas.
DC = dendritic cell. IL = interleukin. TSLP = thymic stromal lymphopoietin.
The figure is made with BioRender (https://biorender.com/).
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a natural scaffolding in the human body.52 Primarily sourced
from animal tissues like skin and cartilage, collagen is
renowned for its excellent biocompatibility and biodegradabil-
ity, making it highly suitable for biomedical applications.53 In
the context of skin diseases, hydrogels incorporating collagen
are particularly valuable due to their robust mechanical proper-
ties, essential for accommodating movement and stretching.
Moreover, the abundant functional groups on collagen’s side
chains allow for easy modification and multifunctionalization,
enhancing its utility in various therapeutic applications.54

Additionally, collagen is pivotal in wound healing as a hemo-
static agent, being a primary activator for platelet response
immediately after an injury.55

Collagen can spontaneously transform into hydrogels via pH
and temperature-dependent self-fibrogenesis processes under
physiological conditions, which is beneficial for ease of use in
clinical settings. Moreover, collagen fibrils contain cell adher-
ence peptide ligands such as collagen triple-helical ligands and
arginine-glycine-aspartic acid (RGD), which can bind to cell
membrane receptors, such as a1b1 and a2b1 integrins. This
binding promotes rapid cellular growth and migration within
the hydrogel matrices, and ensures sustained drug release,
offering a comprehensive approach to skin therapy.56

In specific applications like wound healing, collagen-enriched
hydrogels provide significant benefits. For instance, studies on
antibiotic-loaded silica nanoparticles/collagen composite hydro-
gels have shown that collagen helps maintain optimal hydration
levels in the wound bed, crucial for effective healing. It also
facilitates cell colonization and remodeling into neotissue due to
its biocompatible, biodegradable, and hemostatic properties.
Additionally, the fibrillar structure of collagen hydrogels supports
keratinocyte and fibroblast migration, essential for effective
wound repair. These multifunctional properties make collagen

a cornerstone material in the design of hydrogels for dermatolo-
gical and broader biomedical applications.57

3.1.1.2 Gelatin. Gelatin, a natural polymer derived from
Collagen I found in animal skins, bones, and tendons, stands
out due to its ready availability and cost-effectiveness, positioning
it as a polymer with significant commercial potential. Its high
biocompatibility and biodegradability, coupled with non-toxic
byproducts upon degradation, make gelatin an excellent candi-
date for hydrogel for medical applications.58,59 Specifically, Gela-
tin can be biodegraded by cell-derived enzymes (e.g., matrix
metalloproteinases (MMPs)), facilitating cell-mediated stroma
remodeling via ECM protein deposition and cell contraction
force-induced network rearrangement. Furthermore, in the realm
of biomedical hydrogels, where multifunctionality is crucial, the
amino acid residues on the gelatin chain provide abundant sites
for chemical modification.60 With molecular composition iden-
tical to collagen, gelatin is a preferred substitute for various
applications due to its biocompatible, biodegradable, non-
immunogenic properties, and its natural abundance.61 In addi-
tion, gelatin contains the cell-binding motif arginylglycylaspartic
acid, enhancing cell encapsulation and growth factor delivery
within gelatin-based hydrogels.62 This is particularly beneficial
for the treating skin inflammatory diseases, where growth factors
and antibodies are proving to be effective therapeutic agents.63

Moreover, gelatin improves the hydrogel’s mechanical proper-
ties, increasing their elasticity and durability, which is critical for
maintaining the integrity of the wound dressing during the
healing process. The biodegradability of gelatin allows the hydro-
gel to gradually degrade, reducing the frequency of dressing
changes and minimizing disturbance to the healing wound. An
example of its application is the use of a gelatin-based hydrogel
film for treating AD, where the gelatin composite reduces the

Fig. 4 Classification, advantages, and limitations of hydrogels from different polymer sources, including natural polymers, synthetic polymers and
hybrids. The figure is made with BioRender (https://biorender.com/).
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hydrophilicity of the film, enhancing the stability of the hydrogel
and improving drug entrapment efficiency through interactions
with other compounds, such as 1,4-anhydro-4-seleno-D-talitol.64

This multifaceted functionality makes gelatin a valuable compo-
nent in the design and implementation of advanced therapeutic
hydrogels.

3.1.1.3 Polypeptides and DNA. Polypeptides are a class of
polymers composed of amino acid monomers and their derivatives
linked together by peptide bonds. Similar to proteins, peptides
possess stable secondary structures (a-helix or b-sheet),65 which for
the design of responsive hydrogels with novel structures and
functionalities, offering advantages over synthetic polymers.66

Additionally, amino acids, such as glutamic acid and lysine, which
constitute polypeptides, can be readily functionalized to achieve
specific functionalities to the hydrogels.67 Polypeptide-based
hydrogels are characterized by their nontoxicity, biodegradability,
and low immunogenicity as well as easy modification,68 making
them extremely suitable for biomedical applications.69 For exam-
ple, a polypeptide-based hydrogel crosslinked by 6-arm polyethy-
lene glycol-amide succinimidyl glutarate has demonstrated
antibacterial properties and cell adhesive behaviors, making it a
promising option for facilitating wound healing processes. This is
particularly relevant for AD patients, who often suffer from
increased susceptibility to microbial skin infections due to
impaired expression of antimicrobial peptides (AMP).70

Similarly, DNA (deoxyribonucleic acid) is a fundamental
biomolecule serving as a block copolymer and polyanion that
harbors essential genetic information for nearly all organisms. Its
structural units consist of nucleotides, each comprising three
molecular components: a nucleobase (cytosine [C], guanine [G],
adenine [A], or thymine [T]), a deoxyribose sugar, and a phosphate
group,71 linked together by phosphodiester bonds. DNA’s suscepti-
bility to specific enzymatic cleavage by restriction endonucleases
and DNA ligases makes it uniquely amenable to precise modifica-
tions and functionalization compared to synthetic polymers.72

Utilizing these specific enzyme cleavage sites within DNA polymers
has led to the development of various enzyme-assisted or enzyme-
triggered DNA hydrogels. For instance, DNA hydrogels have been
utilized for the co-delivery of small-molecule drugs and macro-
molecular biologics in cancer photoimmunotherapy.73,74 By
incorporating photosensitizers directly onto the DNA backbone
via predesigned phosphorothioate modification sites, it’s pos-
sible to assemble a DNA tetrahedron framework efficiently. This
framework can encapsulate programmed death ligand-1 (PD-L1)
small interfering RNA (siRNA), creating a synergistic nanogel
that enhances the efficacy of therapeutic interventions.

3.1.1.4 Alginate. Alginic acid is a linear polymer composed
of D-mannuronic acid and L-guluronic acid residues, arranged
in blocks within the polymer chain, and can be cross-linked by
divalent cations like Ca2+.75 Alginates, derived from brown
seaweed, are natural polysaccharide polymers known for their
exceptional biocompatibility, hydrophilicity, and low immuno-
genicity, making them highly suitable for treating skin
diseases.76 Moreover, the gentle gelling behavior is beneficial

for encapsulating a variety of substances without causing signifi-
cant tissue trauma.77 Hydrogels based on alginates are effectively
used in designing skin drug delivery systems. For example, an
alginate solution was mixed with ceria nanoparticles (CeNPs),
CaCO3 microparticles, and glucono-d-lactone (GDL) to form
CeNP-loaded, Ca2+-cross-linked hydrogel for the treatment of AD.
This therapeutic hydrogel, embedded with reactive oxygen species
(ROS)-scavenging CeNPs, exhibited cytoprotective effects in highly
oxidative conditions.49 Mouse model studies of AD showed this
approach resulted in reduced epidermal thickness and lowered
levels of AD-associated immunological biomarkers, pointing to
enhanced therapeutic outcomes. In another study, incorporating
alginate into hydrogels significantly boosted skin moisturization
by aiding water retention, which is vital for the dry and compro-
mised skin characteristic of AD. Alginate formed a semi-
interpenetrating network with polyvinyl alcohol within the hydro-
gel, ensuring its prolonged adherence to the skin. Moreover, the
mildly crosslinked nature of alginate facilitated the controlled
release of prednisolone, a corticosteroid, thereby providing sus-
tained anti-inflammatory effects.78 This versatility and efficacy
underline the potential of alginate-based hydrogels in advanced
dermatological treatments.

3.1.1.5 Hyaluronic acid (HA). Hyaluronic acid (HA) is a type
of glycosaminoglycan composed of alternating units of N-acetyl-
D-glucosamine and glucuronic acid.79 Hyaluronic acid is pri-
marily extracted from animal tissues,80 and it can be cross-
linked through various physical and chemical methods to create
hydrogels.81 Hyaluronic acid molecules are rich in carboxyl and
hydroxyl groups that form intra- and intermolecular hydrogen
bonds in aqueous solutions, providing strong hydrating proper-
ties. These characteristics make hyaluronic acid a popular
choice in the treatment of skin diseases, particularly for its
ability to facilitate tissue repair by promoting the migration and
differentiation of mesenchymal and epithelial cells.82 Further-
more, hyaluronic acid hydrogel also form exhibits collagen-
stimulating properties, thereby promoting collagen synthesis
in the skin and supporting tissue regeneration.83 The efficacy of
HA is augmented by its interaction with cells that express the
CD44 receptor, which plays a significant role in cell prolifera-
tion, migration, and differentiation. This interaction is funda-
mental to the development of HA-based hydrogels, which have
demonstrated potential in modulating cell behavior, including
inducing the spontaneous polarization of M2-like monocyte/
macrophage through CD44-mediated STAT3 activation in THP-1
cells.84

In topical drug delivery, HA-based hydrogels offer significant
benefits, particularly for treating inflamed psoriatic skin. For
instance, HA-modified ethosomes (HA-ES) are an effective
delivery vehicle for curcumin, a poorly water-soluble drug. HA
enhances the formation of a gel network on the surface of HA-
ES, minimizing drug leakage and controlling the release of
curcumin.85 In another study, HA is employed as a matrix in
nanocrystal-based hydrogel (NC-gel) for the delivery of thera-
peutic agents like indirubin. These formulations target the
overexpressed CD44 protein in psoriatic inflamed tissues,
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thereby improving the efficacy of topical treatments.86 The
utilization of HA not only enhances the bioavailability of drugs
but also leverages its intrinsic properties to mitigate inflamma-
tory responses, exemplifying its unique advantages in hydrogel-
based therapeutic applications.

3.1.1.6 Cellulose. Cellulose is a linear polysaccharide poly-
mer composed of D-anhydroglucopyranose units (AGU) linkded by
b-1,4 glycosidic bonds, forming a chain with a 1801 alternating
steering structure.87 Within the cellulose macromolecular chain,
each AGU unit contains three reactive hydroxyl groups (–OH),
making them prime sites for various chemical modifications. As
the most abundant biomass resource on Earth, cellulose is derived
from a wide range of sources, including wood, bamboo, cotton,
hemp, agricultural by-products as well as sea squirts, periphyton,
algae and bacteria.88 Its renewability, biodegradability, biocompat-
ibility, high strength, non-toxicity and low-cost make cellulose an
invaluable natural polymer for hydrogel networks.89 Furthermore,
cellulose hydrogels stand out for their multi-scale design (macro,
micron, nano and molecular sizes), customizable high mechanical
strength, excellent thermal stability, and efficient water retention.
However, cellulose itself is poorly soluble due to inter- and intra-
molecular hydrogen bonding and van der Waals forces, so it is
mostly used in derivative forms in hydrogels. These hydrogels play
a crucial role as excipients in pharmaceutical formulations, help-
ing to modulate drug release kinetics to maintain optimal drug
concentrations.90

In particular, one type of cellulose, nanocellulose (NC), offers
significant enhancements in mechanical strength and surface area
due to its nanometric scale, promoting interaction with biological
tissues. The abundance of hydroxyl groups and a negatively
charged surface on NC facilitate tissue adhesion through electro-
static interactions. Its natural abundance and modifiability make
NC an excellent candidate for developing bespoke hydrogels for
managing inflammatory skin diseases.91 For instance, hydrogels
based on cellulose nanocrystals (CNCs) provide a strategy for
treating AD by forming film-like hydrogel barriers that conform
directly to the skin, mitigating the compromised barrier function
inherent in AD and retaining the moisture. This is critical for
relieving the common symptoms and dryness associated with AD.
Incorporating CNCs with natural polymers like alginate or pectin
enables the encapsulation of therapeutic agents such as beta-
methasone dipropionate, enhancing the hydrogel’s functionality
as a drug delivery system, demonstrated effectively in vitro on both
synthetic and porcine skin models.92 Additionally, hydrogels based
on cellulose nanofiber (CNFs) are used for the controlled release or
topical delivery of drugs. These hydrogels can also be labeled with
technetium-99m for tracking and monitoring drug delivery in vivo
over time, while the CNFs can facilitate the local application of
metabolic enzymes to break down into nutrients such as glucose.93

Moreover, cellulose, particularly bacterial cellulose (BC), when
integrated into hydrogels for skin wound treatment, offers addi-
tional advantages. BC-based hydrogels loaded with silver nano-
particles (AgNP) produced via a green synthesis method show
significant antimicrobial activity against common pathogens,
including Staphylococcus aureus, Pseudomonas aeruginosa, and

Candida auris, which are often implicated in chronic wound
infections. The incorporation of cellulose into hydrogels not only
enhances their suitability for wound dressing by creating a moist
healing environment and delivering antimicrobial agents directly
to the wound site but also allows for non-invasive monitoring of
the healing process due to their transparent nature.94

3.1.2 Synthetic hydrogels. Unlike natural hydrogels, which
often have properties limited by their biological origins such as
a weak mechanical strength, synthetic hydrogels offer unpar-
alleled tunability in both chemical and physical dimensions.
This flexibility is achieved through the selection of monomers,
precise adjustment of cross-linking agents’ types and ratios,
and manipulation of polymer chain lengths during the fabrica-
tion process.95,96 These steps enable the engineering of hydro-
gels with specific, tailored functionalities. For example, the
mechanical properties of synthetic hydrogels, such as tensile
strength and elasticity, can be finely controlled by managing
the cross-link density within the polymer matrix. This allows for
the creation of hydrogels that can precisely match the mechan-
ical properties of different types of tissue, accommodating
various moduli. This level of control makes synthetic hydrogels
particularly valuable for diverse applications, including those
in biomedical fields where matching the mechanical properties
to the surrounding or interfacing tissues is crucial.97,98

3.1.2.1 Polyethylene glycol (PEG). Polyethylene glycol (PEG) is
an inexpensive water-soluble linear ether polymer composed of
repeating glycol units [–(CH2CH2O)n]. It is synthesized through the
ring-opening polymerization of ethylene oxide reactive anions with
a hydroxyl initiator and can be produced in molecular weights
ranging from 0.4 to 100 kDa.99 Despite PEG’s simple linear
structure with only two terminal hydroxyl groups, which limits
direct functional modification, it has spurred the development of a
variety of derivative products with varying degrees of polymeriza-
tion and activated functional groups to enhance its utility.

PEG shows high hydration capacity, structural flexibility,
biocompatibility, and amphiphilicity, and devoid of any steric
hindrances at the molecular level.100 These properties make it
highly suitable for forming hydrogels through methods like radia-
tion cross-linking,101 free radical polymerization of its acrylate
derivatives,102 and specific chemical reactions such as Michael-
type addition and click chemistry and condensation.103 PEG-based
hydrogels are known for their non-toxic properties, biocompatibility,
low immune response, tailored degradation rates, and ability to
sustain drug release, making them ideal for biomedical applica-
tions, especially in drug delivery systems that require precise release
kinetics104,105 Their effectiveness and tolerance in dermatological
contexts highlight their value, offering substantial benefits for
managing sensitive skin conditions and enabling extended treat-
ment regimens. The unique properties of PEG allow it to form
hydrogels that can efficiently deliver drugs at controlled rates, which
is essential for treating chronic skin diseases effectively and mini-
mizing the frequency of application, thereby enhancing patient
compliance and overall treatment success.106

Incorporation of PEG into hydrogels significantly enhances
the treatment of psoriasis by improving the solubilization of
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tacrolimus (TAC), a hydrophobic immunosuppressive drug. This is
achieved using nanocarriers made from methoxy poly(ethylene
glycol)-hexyl substituted poly(lactic acid) (mPEGhexPLA) as the
nanocarriers. This formulation approach not only improves the
drug’s topical delivery to psoriatic lesions, but also enhances
patient-friendly application and ensures superior local bioavail-
ability, compared to traditional paraffin-based ointments. The
presence of PEG in the hydrogel facilitates the controlled release
of TAC, maintaining a steady anti-inflammatory effect crucial for
managing psoriasis. Additionally, this composite hydrogel demon-
strates good tolerance and safety profiles, even with repeated
topical administration in animal models, demonstrating no signs
of immediate toxicity.107 Moreover, the inclusion of PEG in hydro-
gels has been found to improve the appearance and symptoms of
psoriasis by reducing epidermal thickness and suppressing kera-
tinocyte proliferation. These effects are achieved through the
down-regulation of Th17 cells and myeloid-derived suppressor
cells (MDSCs), crucial in the inflammatory pathways that exacer-
bate psoriasis.108 PEG moderates these cells’ activity, reducing pro-
inflammatory cytokines and mediators that contribute to epider-
mal thickening. Consequently, these actions collectively enhance
the therapeutic efficacy of PEG-based treatments in controlling
psoriasis progression, establishing it as a valuable component in
advanced dermatological therapies.

3.1.2.2 Polyvinyl alcohol (PVA). Polyvinyl alcohol (PVA) is
characterized by its relatively simple chemical structure, which
includes multiple pendant hydroxyl groups on a carbon–carbon
linked polymer chain.109 Its monomer, vinyl alcohol, is
unstable for free-radical polymerization, so PVA is synthesized
by free-radical polymerization of vinyl acetate in an alcohol
solution instead, followed by partial hydrolysis of the resulting
poly(vinyl acetate).110

PVA hydrogels are generally prepared through various cross-
linking methods, such as physical, chemical and radiation cross-
linking, or by advanced processing techniques like directional
freezing, stretching, and spinning. One common physical
method involves repeated freezing–thawing cycles, which is
widely used to prepare PVA hydrogels due to its effectiveness in
enhancing the gel’s properties.109 PVA hydrogels are particularly
suitable for dermatological applications due to their excellent
water solubility, biodegradability, and biocompatibility.111 The
freeze–thaw method results in a semi-crystalline structure within
the PVA hydrogel, creating a balance between crystalline and
amorphous domains that can be finely tuned by adjusting
process parameters.112 This balance is crucial for optimizing
the chemical stability and mechanical properties of the hydro-
gels, making them valuable in medical applications where these
qualities are essential.113 An example of an innovative application
involves enhancing PVA hydrogels with vanillin (V) and fungal-
derived carboxymethyl chitosan (FC) through freeze–thawing.
This method improves the properties of the hydrogel, making
it suitable for skin wound dressing applications. The enhance-
ments include strengthened bonding due to Schiff’s base reac-
tions between V and FC, and hydrogen bonding among PVA, FC,
and V, which contribute to increased thermal stability.114

PVA-based hydrogels have been engineered to modulate the
ROS-mediated inflammatory microenvironment, particularly
for treating AD.115 PVA not only shows an efficient ROS scaven-
ging capacity but also forms aryl borate polymers through
quaternization reactions with ROS-responsive linkers. This
structure is susceptible to cleavage under ROS influence, yield-
ing phenols that actively reduces the concentration of ROS in
the tissue. This reduction in ROS is vital for alleviating the
oxidative stress that can exacerbate AD conditions. Addition-
ally, the PVA network can be integrated with antibacterial Zn–
metal organic framework materials, which release Zn2+ to
disrupt bacterial integrity, therefore demonstrating sustained
antibacterial activity. These properties offer a promising ther-
apeutic strategy for AD by providing localized control of the
inflammatory cutaneous microenvironment to improve the
condition effectively.115

3.1.2.3 Polyacrylic acid (PAA). Polyacrylic acid (PAA) is a
polymer synthesized from acrylic acid monomers, featuring a
carboxyl group attached to the vinyl group at the end of each
repeating unit. PAA hydrogels are typically synthesized by free
radical polymerization of acrylic monomers in aqueous solution.
The abundance of ionizable carboxyl groups in the PAA molecular
chain endows it with super-absorbency and pH-sensitivity and
thermal responsiveness.116–118 Additionally, the carboxyl groups
facilitate bio-mucosal adhesion and various chemical interactions
(e.g., hydrogen bonding, ion–ion, electrostatic, and dipole–ion
interactions), enhancing the hydrogel’s multi-functionality.119,120

For instance, the formation of hydrogen bonds of PAA with the
sialic acid –COOH groups of mucus glycoproteins leads to an
increase in viscosity, thereby improving the drug’s residence time
and bioavailability at the site of application.121

Recognized for their biodegradability, biocompatibility and
low toxicity, PAA hydrogels find extensive use in biomedical
applications, including products like Carbopol, medical-grade
acrylic adhesives. PAA hydrogels, especially in the forms of
Carbopol, plays a crucial role in creating hydrogels for topical
drug delivery systems. Their significant bioadhesiveness ensures
prolonged contact with biological tissues, enhancing local drug
concentration at the target site and thereby improving the
efficacy of treatments for skin conditions by increasing drug
bioavailability and reducing the frequency of application.122 One
specific application of Carbopols 980 is in microemulsion (ME)
gel and nanoparticle (NP) gel formulations to deliver oat-derived
phytoceramides into the skin’s stratum corneum. The incorpora-
tion of Carbopols 980 enhances the formulation’s ability to
localize ceramides into the upper epidermal layers, concentrating
the therapeutic agents in the stratum corneum (SC) where they
are most needed, thus improving the skin barrier function and
offering targeted delivery of oat ceramides deep into the lipid
matrix of the skin.48 Carbopol is also versatile in its ability to
integrate various pharmacologically active agents. For instance,
in the development of Celastrol Noisome hydrogel (Cel Nio gel)
for psoriasis treatment, Carbopol serves as the foundational gel
matrix, optimizing the delivery and cutaneous adherence of
therapeutic agents.98 Moreover, a variant of PAA polymer,
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Carbopol 940, has been employed in the design of a self-nano
emulsifying drug delivery system, incorporating azelaic acid as a
gelling agent. This selection is based on its mechanical proper-
ties, such as viscosity and thixotropy, crucial for maintaining the
stability and effectiveness of the nano-emulsion within the
hydrogel, making it an ideal choice for topical treatments of
conditions like atopic dermatitis.123

3.1.3 Hybrid hydrogels. Hybrid hydrogels represent a
unique category that blends the characteristics of both natural
and synthetic hydrogels, creating formulations that surpass the
limitations of traditional hydrogels. This classification encom-
passes various combinations, including natural polymer-synthetic
polymer hydrogels, gel-inorganic material hybrids, gel-organic
material hybrids, and gel-bioactive ingredient hybrids. These
hydrogels are synthesized by integrating different building blocks
with diverse chemistry (such as natural and synthetic polymers),
functionality (like conductive or magnetic properties), and mor-
phology (ranging from nano- to micron-sized particles).124 The
primary aim is to engineer hydrogels that meet the demands for
high-performance applications by leveraging the strengths of each
component to enhance overall multifunctionality, including
improved mechanical strength, responsive behaviors, and smart
properties.90,95,96

Hybrid hydrogels address the limitations of conventional
hydrogels in terms of drug loading and controlled release, as well
as mechanical properties, by integrating various materials.125

For example, an alginate–polyacrylamide tough hydrogel was
developed as a drug delivery system for the delivery of the
corticosteroid triamcinolone acetonide, commonly used for
inflammatory skin diseases. The integration of LAPONITEs

nanoparticles or poly(lactic-co-glycolic acid) (PLGA) microparti-
cles within this system allows for refined control over the
release of triamcinolone acetonide, enhancing the hydrogel’s
effectiveness.126 In another study, a hybrid hydrogel specifically
designed for treating skin wounds incorporates glycyrrhizic
acid (GA) to harness its immunoregulatory properties. This
GA-based hydrogel comprises interpenetrating polymer net-
works of self-assembled GA induced by Zn2+ and photo-
crosslinked methyl acrylate silk fibroin (SF), resulting in a
scaffold that exhibits both superb injectability and mechanical
strength. The immunomodulatory capabilities of the hybrid
hydrogel directly modulate macrophage responses within the
inflammatory microenvironment, reducing the need for addi-
tional additives.127

Additionally, a hybrid hydrogel combining gelatin methacry-
loyl (GelMA) with polydopamine-modified fullerene nanocom-
posites (C60@PDA) leverages the ROS-scavenging properties for
wound healing. The GelMA provides a biocompatible matrix,
while C60@PDA introduces antioxidant capabilities. This syner-
gistic combination results in a hydrogel that not only demon-
strates enhanced mechanical properties but also exhibits
favorable cytocompatibility, hemocompatibility, and antibacter-
ial abilities, crucial for effective wound healing.128 These exam-
ples highlight the versatility and potential of hybrid hydrogels in
advanced biomedical applications, particularly in improving
therapeutic outcomes for various skin conditions.

3.2 Bioadhesion of hydrogel

The effectiveness of topical hydrogels is heavily influenced by
their ability to adhere well to the skin, particularly to its complex
outer layer, the stratum corneum. Bioadhesive hydrogels emerge
as a potent tool in drug delivery and topical therapy, primarily
due to their capacity to maintain prolonged and intimate contact
with biological tissues, which enhances drug absorption and
retention.129 This increased contact time allows for better per-
meation through the stratum corneum, overcoming the skin’s
barrier properties and facilitating deeper penetration of active
ingredients. Consequently, bioadhesive hydrogels improve the
efficacy of topical treatments by ensuring more consistent and
targeted delivery of medications to affected areas, thereby enhan-
cing therapeutic outcomes for conditions such as psoriasis and
atopic dermatitis. However, the challenge lies in achieving effi-
cient bioadhesion on such intricate and varied surfaces.

Bioadhesion in hydrogels is generally facilitated through
two main types of interactions: physical and chemical. Physical
interactions include van der Waals forces, hydrogen bonding,
and interpenetration, which may offer limited diffusion and
entanglement with the tissue, sometimes resulting in less-than-
optimal adhesion. On the other hand, chemical interactions,
such as covalent bonding, provide stronger adhesion but
typically lack the flexibility and reversibility offered by physical
interactions. Therefore, designing bioadhesive hydrogels often
involves finding a balance between these interactions to ensure
both robust and reversible adhesion.130

Several innovative strategies have been explored to enhance
the bioadhesive properties of hydrogels. For instance, dopamine
has been grafted onto hyaluronic acid to enhance its skin tissue
adhesion properties through imide formation or Michael-type
reactions between catechol and quinone groups on the hydro-
gels and amino or thiol groups on proteins.131 Furthermore,
ultrasound-mediated strategies have been employed to improve
the adhesion of hydrogels, enabling not only stronger attach-
ment but also on-demand detachment for applications, which is
particularly useful in transdermal drug delivery. In these sys-
tem, chitosan, a polymer abundant in amine groups, acts as a
bridging agent to enhance both physical and chemical bonding
with tissue substrates (Fig. 5A).132 Additionally, the integration
of chitosan with alginate acrylamide hydrogel has demonstrated
a significant increase in bioadhesion, utilizing a unidirectional
manner to optimize contact and bonding (Fig. 5B).133 Another
notable development involves a double-network material that
comprises PAA grafted with N-hydroxysuccinimide (NHS) ester
and chitosan (Fig. 5C).134 This bioadhesive employs a duel
mechanism: it initially rapidly forms physical bonds (e.g.,
hydrogen bonds) upon contacting with wet tissue surfaces,
and subsequently develop covalent bonds forms between NHS
ester groups and primary amine groups on the tissue. Upon
hydration, this bioadhesive layer transitions into a hydrogel,
exhibiting mechanical properties akin to soft tissues, thus
enhancing adhesion strength and stability.135 Such advance-
ments highlight the potential of bioadhesive hydrogels in
enhancing the efficacy of topical treatments through improved
delivery and retention of therapeutic agents.
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3.3 Occlusive effect of hydrogel

Occlusivity in dermatology refers to the ability of a substance to
form a protective barrier over the skin, which helps to retain
moisture by preventing transepidermal water loss (TEWL). This
barrier mimics the function of the skin’s natural lipid layer,
providing a seal that slows water evaporation and maintains
hydration levels within the stratum corneum (SC). The efficacy
of topical formulations in maintaining skin hydration is inti-
mately connected to their occlusivity, which is essential for
regulating water loss from the stratum corneum.136 This prop-
erty is particularly important in treating conditions like psor-
iasis and atopic dermatitis (AD), where maintaining skin
hydration can significantly mitigate symptoms and improve
skin aesthetics, impacting the pathology of these conditions
directly. The effect of occlusivity on skin hydration and drug
delivery is quantitatively evaluated through the measurement
of TEWL.137 Under occlusive conditions, which ensure the SC is
fully hydrated, the permeation of drugs through the skin can
vary. This variation is influenced by changes in the skin’s
hydrophilic/hydrophobic balance, affecting the resistance to
diffusion depending on the drug’s properties.138

Hydrogels offer several distinct advantages compared to
highly occlusive products like Vaseline that primarily protects
against dehydration without adding moisture. They maintain
the skin’s respiratory capacity while providing additional moist-
ure to affected areas. Due to their hydrophilic nature, hydrogels

are easily removed from the skin, provide a cooling effect, and
are effective at absorbing excess exudate often present during the
acute phases of psoriasis and AD (Fig. 6). Compared to creams or
lotions, hydrogels designed with strategic consideration can achieve
prolonged contact with the skin, resulting in enhanced occlusivity
and improved drug absorption. For example, a randomized study
involving 20 participants with mild-to-moderate atopic dermatitis
revealed that a hydrogel vehicle enhanced skin hydration more
effectively than a moisturizing lotion, without further impairing
the epidermal barrier function.139 In another comparison, a hydro-
gel formulation containing 0.1% mometasone furoate demon-
strated bioequivalence to a lotion form but provided superior
moisturization.140 It significantly reduced TEWL by 43% within 2
hours, maintaining a 29% reduction after 24 hours, and also
increased skin hydration by 38% above baseline after 24 hours.
Given its benefits, the hydrogel formulation was anticipated to
improve patient adherence to the regimen, echoing findings from
prior preference studies. Further comparative analysis of different
galenic formulations revealed that hydrogels provided higher tissue
breathability and hydration compared to semi-occlusive ointments
and petrolatum-based products. Unlike these, hydrogels preserved
tissue breathability and effectively moistened the skin, attributed to
their composition of water, carbomer, and propylene glycol.141

These properties make hydrogels a preferred option for delivering
therapeutic agents in dermatological treatments, offering efficient
hydration and enhancing the overall treatment efficacy.

Fig. 5 Bioadhesion of hydrogels. (A) Schematic of skin with barrier effects limiting passive diffusion and impairing bioadhesion. Ultrasound actively
propels and anchors primer agents into a tissue substrate, causing spatially confined tough adhesion between hydrogel and tissue. Reproduced with
permission from ref. 132 Copyright 2022 American Association for the Advancement of Science. (B) The adhesive surface of a tough hydrogel was
achieved by the unilateral coupling of the amine-rich bridging polymer chitosan. Reproduced with permission from ref. 133 Copyright 2022 Springer
Nature. (C) The illustrated schematic of the multilayer composition of the bioadhesive patch. The patch comprises a textured bioadhesive fused with an
antifouling polymer layer on the non-adherent side and is wetted with a hydrophobic fluid layer on the adherent side to repel body fluids. Reproduced
with permission from ref. 134 Copyright 2021 Wiley-VCH.
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3.4 Tunable stiffness of hydrogel

The tunable stiffness of hydrogels plays a critical role in mod-
ulating the mechanical environment around skin cells, particu-
larly in the context of inflammatory skin diseases. This property
is essential in inflamed skin, where increased tissue stiffness can
significantly influence cellular behavior and exacerbate disease
progression.142 The stiffness of a hydrogel, often quantified by its
elastic modulus, acts as a crucial physical determinant that
influences how tissues respond to mechanical stress. This is
especially relevant as different tissues naturally exhibit varying
stiffness levels, from the softness of brain tissue to the rigidity of
bone tissue. (Fig. 7A).142

Topically applied hydrogels directly interact with the stra-
tum corneum of the skin. Keratinocytes, the primary cell type in
the stratum corneum, not only form the skin’s protective
barrier but also proliferate and differentiate to repair damaged
tissue upon injury. Additionally, keratinocytes can sense exter-
nal stimuli, release inflammatory mediators, and play pivotal
roles in skin inflammation and immune regulation, which are
critical in the pathogenesis of psoriasis and AD.146

Hydrogels can be strategically designed to influence cellular
behaviors by mimicking or counteracting changes in tissue rigid-
ity. Cells can sense the stiffness of an external hydrogel matrix and
translate these mechanical cues into biochemical signals, which in
turn influence their biological activities and homeostasis through
mechanotransduction signaling.147 Such hydrogels can profoundly
influence cell behaviors,143 such as cell proliferation,148

migration,149 maintenance of stemness,150 and differentiation
(Fig. 7B).151 Consequently, hydrogels play a pivotal role in various
tissue pathological processes, including inflammation, matrix
deposition, and fibrosis.152 In inflammatory conditions, elevated
tissue stiffness can intensify cellular strain, triggering altered
intracellular signaling pathways. In one study, PAA hydrogels with
varying substrate stiffness were used to incubate bone marrow-
derived macrophages (BMM). Hydrogel with low stiffness increase
CD86 expression and promote IL-1b and TNF-a secretion,

indicating a shift toward M1 macrophages. Conversely, medium
stiffness hydrogels enhanced CD206 expression and increase IL-4
and TGF-b secretion, suggesting a transition toward M2 macro-
phages, which is influenced by the ROS-initiated NF-kB
pathway.153 A specific example involves time-dependent matrix
stiffening in chondrocyte physiology through epigenetically regu-
lating the expression of a-Klotho, a protein associated with aging.
Specifically, increased matrix stiffness leads to the methylation of
the Klotho promoter, which in turn downregulates Klotho gene
expression and accelerates chondrocyte senescence (Fig. 7C).144

Additionally, another study demonstrated that matrix stiffness
modulates hematopoietic stem cell (HSC) niche factor expression
in bone marrow stromal cells (BMSCs). The increased stiffness
activated Yap/Taz signaling and promoting BMSC expansion in 2D
culture. However, this effect is reversed in 3D culture using soft
gelatin methacrylate hydrogels, highlighting the importance of
three-dimensional context in cellular responses to mechanical
cues (Fig. 7D).145 Based on the observed effects of hydrogel
stiffness on immune cells,153 chondrocytes,144 and stem cells,145

it is inferred that hydrogel stiffness could similarly affect kerati-
nocytes through mechanotransduction mechanisms. Given the
critical roles of keratinocytes in skin barrier function, repair, and
inflammation, modulating hydrogel stiffness might influence
keratinocyte proliferation, differentiation, and release of inflam-
matory mediators, thereby playing a significant role in the treat-
ment of psoriasis and AD. These examples underline the critical
role of hydrogel stiffness in designing materials that can effectively
mimic or modulate the cellular microenvironment, thereby guid-
ing cell function and fate. This capability is crucial for developing
advanced therapies for inflammation, aging, and tissue regenera-
tion, leveraging the physical properties of hydrogels to achieve
desired biological outcomes.

3.5 Tunable porosity of hydrogels

The structure of hydrogels is characterized by a crosslinked
polymeric network that encapsulates water within its matrix at

Fig. 6 Occlusive effect of hydrogels. Hydrogels provide skin lesions with additional moisture while allowing gas exchange to maintain occlusive effects.
The figure is made with BioRender (https://biorender.com/).
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the nanometer scale. This structure forms open spaces known
as mesh size or porosity, which are crucial for facilitating the
diffusion of liquids and small molecular solutes. The porosity
of a hydrogel is a key factor in understanding how cells behave
within the hydrogel environment and how drugs diffuse
through it.154

Recent research highlights how the porosity of hydrogels,
through the design of 3D microniches with controlled geometries,
significantly affects human mesenchymal stem cell (hMSC) beha-
vior. Studies have demonstrated that the cell volume and shape
within these microniches can affect various cellular components
and functions, such as actin filaments, focal adhesions, nuclear
shape, YAP/TAZ localization, cell contractility, nuclear accumulation
of histone deacetylase 3, and lineage selection. These findings
illustrate that cellular responses are highly sensitive to changes in
their physical environment, especially the spatial configuration
offered by the hydrogel (Fig. 8A).155 Another study further exempli-
fies the influence of hydrogel porosity on cellular behavior, particu-
larly in the context of regenerative wound healing. Specifically,
microporous annealed particle scaffolds, particularly those with

larger pores, showed that such structures promote regenerative
wound healing by inducing a balanced pro-regenerative macro-
phage response. This response facilitates mature collagen regenera-
tion and reduces inflammation, leading to improved healing
outcomes (Fig. 8B).156 In drug delivery applications, the porosity
of hydrogels plays a critical role in determining the diffusion
pathway of drugs, thereby influencing the interactions between
the drugs and the polymer network. This property is harnessed to
design hydrogels as controllable drug release platforms, which can
be tailored to meet specific therapeutic needs. The relationship
between the mesh scale features and the molecular interaction
within the hydrogel is crucial for achieving controlled drug release
(Fig. 8C). An illustrative example of this principle is observed in
triblock copolymer hydrogels, where the release of proteins (BSA or
IgG) was prolonged from 6 to 14 days as the polymer concentration
was increased from 20% to 35%.157 This ability to decouple hydrogel
porosity from its macroscopic properties allows for the independent
customization at different length scales, thereby catering to specific
application requirements and enhancing the functionality of hydro-
gels in biomedical contexts.

Fig. 7 The impact of matrix stiffness on cell behavior and function for inflammatory skin diseases treatment. (A) Different tissues have varying levels of
stiffness, ranging from soft brain tissue to rigid bone tissue. Reproduced with permission from ref. 142 Copyright 2016 Elsevier Inc. (B) Mechan-
otransduction converts mechanical stimuli-such as substrate rigidity (through contractile units or mature integrin adhesions), stretching (through cell–
cell contacts or integrin adhesions) or shear stress (not shown) – into chemical signals to regulate cell behavior and function. Reproduced with
permission from ref. 143 Copyright 2014 Springer Nature. (C) Time-dependent matrix stiffening in articular cartilage initiates pathogenic mechan-
otransductive signaling pathways. This process leads to dysfunction in chondrocytes and compromised integrity of the cartilage, primarily through
hypermethylation of Klotho promoter. Reproduced with permission from ref. 144 Copyright 2023 Springer Nature. (D) Matrix stiffness negatively
regulates the HSC niche factor expression by BMSCs. Reproduced with permission from ref. 145 Copyright 2023 Elsevier Inc.
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3.6 Tunable viscoelasticity of hydrogels

The viscoelasticity of topical hydrogels may have a significant
impact on keratinocytes in the stratum corneum of the skin,
with mechanisms similar to how the viscoelasticity of the extra-
cellular matrix (ECM) regulates behaviors of other cell types.
Keratinocytes play a crucial role in the pathogenesis of psoriasis
and atopic dermatitis, making the modulation of their behavior
particularly relevant in the treatment of these conditions. The
viscoelastic properties of hydrogels can mimic those of the ECM,
including stress relaxation and creep, are fundamental in regu-
lating cell behaviors such as proliferation, migration, and
spreading.158 These behaviors are regulated through the activa-
tion of various proteins (FAK, ROCK, MLCK), pathways (phos-
phatidylinositol 3-kinase (PI3K), ERK, and Rho), and
transcription regulators (YAP, p27, Sp1, RUNX2, and EGR1).159

The ability to tune the stress relaxation of hydrogels, indepen-
dently from their initial stiffness, plays a crucial role in influen-
cing mesenchymal stem cell (MSC) differentiation and activity.
Studies have shown that hydrogels with faster stress relaxation
rates promote enhanced cell spreading, proliferation, and osteo-
genic differentiation, underscoring the importance of a hydro-
gel’s mechanical properties in guiding stem cell fate decisions.
This suggests that the ability of a hydrogel to mimic the dynamic
nature of the ECM through stress relaxation is significant in stem
cell biology and tissue engineering (Fig. 9A).160 For instance,
hydrogels with dynamic crosslinks that have a high dissociation
rate constant allow for cell-induced network alteration, leading to
accelerated stellate spreading, assembly, mechanosensing, and
differentiation of the encapsulated stem cells compared to hydro-
gels with slower dissociating dynamic crosslinks. The swift and
precise attachment of cell adhesive ligands facilitated by these
quick-dissociating crosslinks is vital for extremely rapid stellate
spreading (within 18 hours post-encapsulation) and enhanced
stem cell mechanosensing in a 3D setting (Fig. 9B).161 The
hydrogel’s viscoelasticity can also induce symmetry breaking of

spheroidal tissues, subsequently leading to the formation of
invading finger-like protrusions and epithelial-to-mesenchymal
transition. Through computational modeling, it is found that the
morphological changes are closely linked to matrix viscoelasti-
city, tissue viscosity, cell motility, and cell division rate. This
highlights how the viscoelastic nature of the matrix influences
tissue proliferation and disrupts spheroidal symmetry, promot-
ing invasive growth and YAP nuclear translocation dependent on
the Arp2/3 complex (Fig. 9C).162 Furthermore, the viscoelasticity
of the ECM can also regulate immune responses. For instance,
functionally distinct T-cell populations can be generated from T
cells receiving the same stimulation by altering the viscoelasticity
of their surrounding ECM. By employing a model ECM based on
norbornene-modified collagen type I, whose viscoelasticity can be
adjusted independently from its bulk stiffness via bioorthogonal
click reactions, researchers found that ECM viscoelasticity influ-
ences T-cell phenotype and function through the activator-
protein-1 signaling pathway, a key regulator of T-cell activation
and fate.163 These examples highlight the profound impact of
hydrogel viscoelasticity on cellular behavior and tissue dynamics,
offering promising strategies for designing materials that effec-
tively influence biological processes for therapeutic applications.

3.7 Tunable degradation of hydrogels

The tunable degradation of hydrogels is a critical feature that
significantly impacts their effectiveness in treating inflamma-
tory skin conditions, by directly affecting cellular activities
essential for tissue healing and disease control, such as cell
proliferation, apoptosis, migration,164 and stemness.89 The
degradation process of hydrogels can influence the local micro-
environment, modulating the behavior of keratinocytes and
immune cells, which are pivotal in the pathogenesis of these
skin diseases. On the other hand, as hydrogels degrade, their
mesh size expands, which facilitates the diffusion of drugs out
of hydrogel. This degradation can occur either in the polymer

Fig. 8 The effect of hydrogel porosity on tuning cellular behavior and controlling drug delivery. (A) Schematic of the method to encapsulate single cells
in a 3D microniche. Reproduced with permission from ref. 155 Copyright 2017 Springer Nature. (B) Schematic illustrations of the immune responses to 40
mm, 70 mm, and 130 mm MAP scaffolds in the subcutaneous implantation model and the wound healing model. Reproduced with permission from ref. 156
Copyright 2023 Wiley-VCH. (C) Porosity mediates drug diffusion at different scales. The figure is made with BioRender (https://biorender.com/).
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Fig. 9 The impact of hydrogel viscoelasticity on cellular behaviors. (A) Hypothesis for how initial elastic modulus and stress relaxation properties of
matrix regulate cellular behaviors. Reproduced with permission from ref. 160 Copyright 2015 Springer Nature. (B) Immunofluorescence staining revealed
differences in F-actin, nuclei, and YAP expression in hMSCs encapsulated in hydrogels with varying HA-ADA and HA-CA ratios after 3 days, alongside
analyses of cell shape and nuclear YAP intensity. Reproduced with permission from ref. 161 Copyright 2021 Springer Nature. (C) A schematic illustrates a
theoretical model for tissue growth within a passive viscoelastic matrix, highlighting the adjustability of tissue and matrix viscosities alongside matrix
elasticity. Reproduced with permission from ref. 162 Copyright 2023 Springer Nature. (D) The scRNA-seq UMAP density plots revealed distinct
localization of CD8+ T cells cultured in fast-relaxing or slow-relaxing collagen matrices. Violin plots were utilized to compare the expression levels of the
selected genes. Reproduced with permission from ref. 163 Copyright 2023 Springer Nature.
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backbone or at crosslink junctions, predominantly through
mechanisms such as hydrolysis or enzymatic activity. For exam-
ple, employing ester bonds, known for their hydrolytic suscepti-
bility, allows for the development of biodegradable polyethylene
glycol (PEG) hydrogels that result in prolonged protein release.
Such hydrogels have been engineered to have protein release
half-lives extending up to 17 days, showcasing their ability to
provide sustained therapeutic effects.165 Moreover, the hydrogels
can be designed with controlled degradability, offering an advan-
tage in protecting labile drugs from premature breakdown. This
characteristic makes them excellent platforms for facilitating a
myriad of physiochemical interactions that determine drug
release dynamics. A notable example is the design and synthesis
of a series of ester linkers with hydrolytic half-lives ranging from
4 hours to 4 months. By incorporating these linkers into hydro-
gels, it is possible to precisely control the degradation rate of the
hydrogel, thereby tailoring the subsequent release profile of
encapsulated proteins. The release duration and kinetics in these
hydrogels are thus determined by the cleavage rate of the ester
linkers, allowing for fine-tuned control over the therapeutic
payload.166 This tunable degradation of hydrogels offers targeted
and controlled treatment options that align closely with the
physiological needs of inflamed or damaged tissue for advanced
drug delivery and regenerative medicine.

3.8 Tunable interactions between hydrogels and drug/tissues

The tunability of hydrogel-tissue and hydrogel-drug interactions
play a vital role in the development of hydrogels for treating
inflammatory skin diseases. These interactions, governed by the
choice and functionalization of ligands, are crucial for modulating
cellular responses and optimizing drug delivery effectiveness.

One significant example of this is the exploration of engi-
neered peptide assemblies to control cell migration. By precisely
regulating the presentation of integrin ligands derived from the
ECM, bidirectional control of cell migration was achieved. The
self-assembled nanofibers exhibited an ultra-high ligand density,
inhibiting cell migration by preventing the disassembly of integ-
rin/actin at the cell rear, which offers innovative strategies for
tackling issues like tumor metastasis and provides valuable
insights into creating hydrogels that can precisely regulate cel-
lular functions (Fig. 10A).167 Similarly, another study elucidated
how the density of RGD ligands in alginate hydrogels affects
interactions between cells and polymers, influencing the mor-
phogenesis of human induced pluripotent stem cells (hiPSCs) in
3D cultures. A high RGD density alongside rapid stress relaxation
fosters hiPSC viability, proliferation, polarization, and lumen
formation. In contrast, a reduced RGD density paired with slow
stress relaxation leads to hiPSC apoptosis (Fig. 10B).168

In drug delivery applications, the chemical composition of
hydrogels drives interactions between the drug and the polymer
chains, and these interactions can be made specific by incor-
porating multiple binding sites for targeted drug–polymer
interactions. An effective strategy involves forming chemical
bonds between drug molecules and polymer chains, utilizing
medium- to high-affinity interactions to control drug release
rates and minimize uncontrolled diffusion through the

hydrogel matrix.154 For example, covalent binding methods
have been employed to attach engineered variants of vascular
endothelial growth factor (VEGF) to fibrin hydrogels. This
approach prevents the rapid depletion of growth factors and
fosters localized, controlled angiogenesis.170 Additionally, elec-
trostatic interactions are frequently utilized to strengthen the
affinity between drugs and polymer chains. An example of this
is the controlled release of heparin-binding proteins achieved
by integrating sulfated heparin into the hydrogel, optimizing
therapeutic efficacy (Fig. 10C).169 These studies highlight the
sophisticated engineering behind hydrogel formulations,
demonstrating how molecular control over interactions within
the hydrogel matrix can lead to improved outcomes in skin
disease therapy and drug delivery applications.

4. Therapeutic agents loaded in
hydrogels for inflammatory skin
diseases

Hydrogels, owing to their specialized physicochemical proper-
ties, are highly effective for targeted drug delivery in the treat-
ment of inflammatory skin diseases such as psoriasis and atopic
dermatitis.171 Their utility stems from several key features: (1)
polymer composition and structure: hydrogel’s polymer compo-
sition, degree of cross-linking, and adjustable pore sizes are
conducive to encapsulating therapeutic agents of varying sizes,
from small molecule drugs to large biomolecules such as pro-
teins, and even whole cells, accommodating their diverse sizes
and biological activities.172,173 (2) Controlled release capabilities:
the mesh size of hydrogels, combined with tunable degradation
rates and the introduction of specific functional groups, allows
for the effective encapsulation and controlled release of thera-
peutic agents. This controlled release is crucial for maintaining
effective therapeutic levels over extended periods, which is parti-
cularly beneficial for chronic conditions like psoriasis and atopic
dermatitis.174 (3) Biocompatibility and stability: the predomi-
nantly aqueous environment within hydrogels minimizes the
risk of drug denaturation—a common issue with organic sol-
vents—thus preserving the biological activity of the therapeutic
agents. This aspect is especially important for protein-based
drugs and other sensitive molecules. (4) Drug loading for diverse
molecule types: hydrogels are capable of being loaded with
various types of drugs, including hydrophilic and hydrophobic
drugs.175–177 Hydrophilic drugs can be released directly through
the hydrogel’s porous structure, while hydrophobic drugs can be
effectively loaded and released by modifying the hydrogel’s
hydrophilic/hydrophobic balance or by using nanoparticles to
encapsulate the drugs before incorporating them into the
hydrogel matrix.178 (5) Smart hydrogels with responsiveness:
smart hydrogels can dynamically adjust their mechanical prop-
erties—such as swelling, hydrophilicity, and permeability—in
response to specific triggers like temperature, pH, and pro-
teases, which are commonly elevated in inflammatory
conditions.179 Integrating smart hydrogels with wearable sen-
sors and AI-driven models enhances treatment outcomes. These
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sensors monitor hydrogel states like swelling and permeability,
transmitting data wirelessly for analysis.180 AI models analyze
this data to predict patient responses, optimizing treatment
protocols. This technology improves treatment precision, per-
sonalizes care, and provides real-time feedback on disease
progression and therapy responses.

Here, we provide a comprehensive overview of therapeutic
agents that have been successfully encapsulated in hydrogels
for the topical treatment of inflammatory skin diseases.
The therapeutic agents include conventional therapeutic
agents,181,182 novel compounds targeting oxidative stress path-
ways, small molecule drugs, and biologics such as antibodies
(Fig. 11). Each of these categories represents a crucial compo-
nent of the current therapeutic landscape, offering unique
mechanisms of action that are central to managing the complex
pathology of these skin conditions. Furthermore, we will
explore the therapeutic agents not previously incorporated into
hydrogels, such as emerging therapeutic modalities like small
interfering RNA (siRNA), to offer insights for delivering a more

precise approach to treatments with potentially fewer side
effects.

4.1 Conventional drugs

A range of commercial topical formulations, including cortic-
osteroids,13 vitamin D3 analogues,183 calcineurin inhibitors,107

keratolytics, and combination topical agents (e.g., corticosteroid
with vitamin D3), which are available in forms such as creams,
ointments, foams, or gels, are utilized to treat inflammatory skin
diseases.184 However, these traditional methods often fall short in
providing the desired drug release kinetics and distribution pro-
files. To address this, recent research has focused on developing
hydrogel-based delivery systems for conventional drugs such as
dithranol, tacrolimus (TAC), methotrexate (MTX), and betametha-
sone. These hydrogel systems are engineered to deliver precise
drug dosages with controlled release rates, thereby improving
therapeutic efficacy and enhancing patient compliance.

A notable example from early 1992 involved the develop-
ment of a dithranol-impregnated hydrogel for psoriasis

Fig. 10 Tunable interactions between hydrogels and drugs/tissues for skin therapy and drug delivery. (A) Schematic summary of outside-in regulation of
HuH-7 cell motility via precise control of ligand density on nanofilaments, and the restoration of cell motility via intracellular signaling. Reproduced with
permission from ref. 167 Copyright 2022 Springer Nature. (B) Hydrogel ligand density and stress relaxation regulate hiPSC viability. Reproduced with
permission from ref. 168 Copyright 2021 Wiley-VCH. (C) Hydrogel design using selectively desulfated heparin derivatives as hydrogel building blocks.
Reproduced with permission from ref. 169 Copyright 2015 Elsevier.
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treatment, which utilized a slow-release mechanism through
integration into a polyurethane urea film, showing significant
improvements in clinical efficacy.185 Additionally, Carbomer hydro-
gels incorporating nanostructured lipid carriers (NLCs) have been
used for delivering MTX, a low-concentration anti-inflammatory
immunosuppressant. This formulation reduces skin irritation com-
monly associated with topical MTX applications by entrapping the
drug within NLC and solid–lipid nanoparticle (SLN)-containing
hydrogels, significantly decreasing irritation compared to traditional
MTX hydrogels.97 Moreover, a betamethasone-loaded hydrogel (B-
Gel) was effectively developed to entrap steroids and sustain drug
release.19 The hydrogel, synthesized by heating and cooling a
mixture of betamethasone and A6 gelator, effectively addressed
challenges such as inefficient steroid entrapment, burst drug
release, poor skin permeability, and high toxicity, thereby alleviating
symptoms associated with psoriasis.

In addition to pre-clinical research, clinical trials also under-
score the potential of hydrogel formulations in treatment settings
(Table 1). For example, a double-blind, single-center controlled
trial involving 30 patients observed that occlusive hydrogels had an
increased therapeutic effect on 0.005% calcipotriene-0.064% beta-
methasone malonate ointment without causing skin irritation.
Moreover, patients with palmoplantar lesions exhibited high

tolerance to topical MTX (0.25%) preparations in a hydrogel base,
suggesting that formulations with higher concentrations and
enhanced penetration may yield better outcomes.186 A proof-of-
concept, open-label clinical study of a novel doxycycline topical
formulation for treating dermatologic conditions in AD patients
confirmed that the application of NanoDOXs Hydrogel 1% led to
significant clinical improvements and pruritus relief without
adverse effects, emphasizing the potential of hydrogel formula-
tions in revolutionizing dermatological treatments.187

4.2 Anti-oxidative stress agents

ROS-induced oxidative stress plays a critical role in the patho-
genesis of inflammatory skin diseases, such as psoriasis and
atopic dermatitis (AD). A high level of ROS promotes the release
of pro-inflammatory cytokines and T-cell differentiation, result-
ing in the onset and deterioration of psoriasis188 and AD.189

Hydrogels, loaded with a variety of antioxidant drugs, offer a
promising therapeutic approach. These antioxidants include
ceria nanoparticles, MnO2 nanosheets, fullerenol, and organic
compounds with phenol groups, each selected for their ability
to counteract oxidative stress (Fig. 12A).190

Numerous studies have focused on therapeutic hydrogels
designed to suppress the elevated oxidative stress observed in

Fig. 11 A summary of therapeutic agents loaded in hydrogels for inflammatory skin diseases. The figure is made with BioRender (https://biorender.
com/).

Table 1 Clinical trials involving hydrogels for the treatment of inflammatory skin diseases

Hydrogels NCT number Payload(s) Features Disease Status

Topical desonide hydrogel 0.05% NCT00690833 Desonide 0.05% Corticosteroids AD Completed
Nanodox 1% (doxycycline
monohydrate hydrogel)

NCT02910011 1% doxycycline monohydrate Antibiotics AD Completed

Hydrogel vehicle NCT01065714 Hydrogel vehicle Maintaining
epidermal barrier

AD Completed

Aurstat anti-itch hydrogel NCT01905631 Unknown Unknown AD Completed
PH-10 NCT01247818 Rose bengal disodium Unknown Psoriasis Completed
DLX105 Hydrogel NCT01936337 Unknown Unknown Psoriasis Completed
Topical 1% ZL-1102 hydrogel ACTRN12620000700932 Anti-interleukin-17A

antibody fragment
Antibody Psoriasis Completed

DLX105 hydrogel NCT01595997 and
NCT01936337

Single-chain anti-TNF-a-
PENTRAs-antibody

Antibody Psoriasis Completed

Hydrogel patch NCT00924508 Non Hydrogel patch as
occlusion

Eczema Terminated

Journal of Materials Chemistry B Review

Pu
bl

is
he

d 
on

 2
4 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/2

7/
20

25
 4

:0
1:

43
 A

M
. 

View Article Online

https://biorender.com/
https://biorender.com/
https://doi.org/10.1039/d4tb00887a


8024 |  J. Mater. Chem. B, 2024, 12, 8007–8032 This journal is © The Royal Society of Chemistry 2024

skin lesions. For example, a hydrogel incorporating polydopamine
nanoparticles (PDA NPs) has proven effective ROS scavenging
capability. This hydrogel also includes a liposome-encapsulated
hydrophobic focal adhesion kinase inhibitor (FAKi-lipo), which not
only possesses adhesive, stretchable, and self-healing properties
but also synergistically reduces AD symptoms, restores the skin
barrier, and decreases inflammation (Fig. 12B and C).51 In addi-
tion, the hydrogel can be integrated with other functional materi-
als as composites for psoriasis treatment. In one specific
composite hydrogel, ZnO nanoparticles anchored with silver (Ag)
particles (ZnO/Ag) are integrated into the hydrogel matrix to
enhance immunoregulatory properties. Experimental results have
demonstrated that ZnO/Ag nanoparticles exert a self-therapeutic
effect by inactivating the p65 subunit in pro-inflammatory macro-
phages and reducing adaptive cytokine secretion in keratinocytes.
This effect is mediated through the downregulation of ROS-
induced STAT3-cyclin D1 signaling, which demonstrates the
potential of these nanoparticles to directly target the inflammatory
pathways implicated in skin diseases.191 The multi-functional
approach highlights the versatility and efficacy of hydrogels in
delivering targeted treatments that address both the symptoms
and underlying mechanisms of inflammatory skin conditions.

4.3 Hydrogels incorporating other anti-inflammatory agents

Hydrogels are being increasingly explored for their capability to
encapsulate and deliver a wide range of therapeutic agents,
including natural products with anti-inflammatory properties
(such as curcumin and indirubin),18,192 small molecule drugs193

and biologics,194 in treating psoriasis and AD. One specific strategy
involves hydrogels incorporating hydrophobic drug-loaded (e.g.,
curcumin) PLGA nanoparticles to improve their transdermal deliv-
ery. This hydrogel was employed to topically treat imiquimod-
induced psoriasis-like mice, for promotion of drug permeability

across skin and enhancement of anti-psoriatic activity.18 Similarly,
a hydrogel-based microemulsion drug delivery system for indiru-
bin demonstrated improved moisture retention, drug penetration,
and retention in the skin, thereby achieving better therapeutic
effects.192 For more severe cases of psoriasis, the systemic admin-
istration of biologics targeting TNF-a,195 IL-17,196,197 the p40
subunit of IL12 and IL-23, or p19 subunit of IL-23 significantly
ameliorated skin lesions.23,198,199 However, long-term systemic
administration of these biologics poses a greater risk of adverse
effects compared to topical treatments.200 To mitigate these risks,
embedding these biologics in a hydrogel matrix creates a localized
drug reservoir that can release the therapeutic agent directly to the
affected skin areas in a controlled manner.194,201 Additionally, the
hydrophilic nature of hydrogels facilitates the encapsulation of
large, complex molecules like proteins without compromising
their structural integrity or biological activity. This feature is crucial
for protein-based biologics, whose therapeutic efficacy depends
heavily on maintaining their three-dimensional conformation. For
example, a single-chain anti-TNF-a-PENTRAs antibody (DLX105)
was incorporated into hydrogels for topical psoriasis treatment.
Clinical studies indicated significant reductions in proinflamma-
tory cytokine mRNA levels compared to placebo. Enhanced effects
were observed following weekly tape stripping of plaques to
increase drug penetration.194 Another example involved the inte-
gration of an anti-interleukin-17A antibody fragment (ZL-1102)
into hydrogels for topical psoriasis treatment. A randomized,
double-blind, placebo-controlled phase Ib study showed greater
improvements in local PASI scores with ZL-1102 hydrogel com-
pared to the vehicle, highlighting its efficacy and tolerability.201

With further understanding of psoriasis and AD pathogenesis, new
molecules such as ruxolitinib,202 delgocitinib,203 roflumilast,204

tapinarof,200,205 benvitimod206 and retinoic acid receptor-related
orphan receptor-g agonists207 are emerging as new, safer, and

Fig. 12 Hydrogels regulating oxidative stress. (A) Major strategies of ROS-scavenging hydrogels and therapeutic mechanisms to suppress inflammatory
responses. Reproduced with permission.190 Copyright (2021) American Chemical Society. (B) Schematic of hydrogel for AD treatment. The left schematic
depicts the inflammatory response and scratching-induced exacerbation of AD, while the right shows the hydrogel dressing treating AD by scavenging
reactive oxygen species and inhibiting FAK phosphorylation. (C) Schematic illustration of crosslinking mechanisms and adhesive mechanisms of
hydrogels. Reproduced with permission.51 Copyright (2023) Springer Nature.
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effective topical agents for inflammatory skin diseases, which can
be integrated into hydrogel platform systems. Ongoing preclinical
studies are also exploring the potential of integrating hydrogels
with new topical anti-inflammatory drugs, including interleukin-2
inhibitors, RNA modulators, and amygdalin analogues.200 Addi-
tionally, small interfering RNA (siRNA), plasmid DNA, and bacter-
iophages have shown effectiveness as a topical therapy for
inflammatory skin diseases, suggesting that hydrogels could also
be adapted to load and deliver them, leveraging their versatile
delivery capabilities to enhance treatment outcomes for these
challenging conditions.208,209

4.4 Design of hydrogels for cell encapsulation, expansion and
delivery

Hydrogels, due to their tissue stroma matrix-mimicking properties,
serve as excellent platforms for cell encapsulation and expansion,
both in vitro and in vivo, enabling high-efficient tissue
regeneration.159 Various cells, including stem cells210 and endothe-
lial cells (ECs),211 can be encapsulated in hydrogels where they can
proliferate while maintaining their functional characteristics. This
technology holds significant potential for the treatment of psor-
iasis and atopic dermatitis, where localized delivery of therapeutic
cells or bioactive molecules can enhance skin repair and reduce
inflammation. For instance, hydrogels can be designed to encap-
sulate keratinocytes or fibroblasts, which play crucial roles in skin
homeostasis and wound healing. Once cultured, these cells can be
transferred to specific disease sites, acting as localized factories
producing proteins and factors that sustainably promote tissue
regeneration and repair. A notable application of this technology is
the one-step method used to fabricate cell sheets integrated with a
biomimetic hydrogel for skin wound healing. In this process, cell
sheets composed of human skin fibroblasts (HSFs) or human
umbilical vein endothelial cells (HUVECs) are combined with a
biomimetic hydrogel to create a cell sheet-laden hydrogel (CSH).
The hydrogel is fabricated using UV crosslinking and ionic cross-
linking, which allows for easy release of the gel and cell sheet film
from the substrate. When implanted into full-thickness skin
defects, the CSH promotes enhanced wound healing by accelerat-
ing the formation of granulation tissue and the development of a
new dermis complete with skin appendages (Fig. 13A).212 In
another study, calcium-crosslinked alginate hydrogel dressings
were designed to deliver murine macrophages or their secretome
to enhance impaired wound healing in diabetic mice. The design
of these alginate hydrogel dressing features a microporous struc-
ture that not only facilitates even cell loading but also supports
prolonged cell survival and controlled cell release after the dres-
sings are placed on wounds. (Fig. 13B).213

5. Challenges, opportunities, and open
questions

The innovative utilization of hydrogels as platforms for topical
therapeutic systems in inflammatory skin diseases highlights
their significant potential and the complexities involved in
their application. With over half a century of industrial use, a

wide array of hydrogel formulations are currently available on the
market for transdermal drug delivery, serving various therapeutic
purposes.214 These hydrogels enhance the skin permeation of
drugs primarily through skin hydration, leveraging their moist-
urizing effects, which makes them particularly suitable for topical
applications. Notable commercial examples include products
from the Neutrogenas family by Johnson & Johnson, which
utilize hydrogels to control the delivery of active ingredients
through the skin. Another example is the Collagen Hydrogel
Mask by Skin Republic, a serum-infused mask designed to
restore skin moisture, elasticity, and radiance, enriched with
sea minerals to nourish and hydrate the skin. These products
highlight the practical applications of hydrogels in both thera-
peutic and cosmetic contexts.

Despite their proven ability to enhance drug permeation,
control release, and provide targeted treatment for inflamma-
tory conditions, several challenges and opportunities remain to
be addressed to fully exploit their capabilities, especially for
hydrogel therapeutics in inflammatory skin diseases. Several
challenges and opportunities are discussed below.

5.1. How to improve skin barrier penetration of hydrogels?

Improving the skin barrier penetration of hydrogels is crucial
for enhancing the efficacy of topical treatments, particularly for
conditions like psoriasis where deep skin layers must be reached.215

However, achieving effective penetration without compromising
skin integrity or causing irritation remains a challenge. Here are
some potential advanced strategies and considerations for enhan-
cing the penetration of hydrogels: (1) chemical penetration enhan-
cers (CPEs): the use of CPEs216 such as fatty acids, urea, and
surfactants can disrupt the lipid matrix of the stratum corneum,
facilitating the deeper penetration of therapeutic agents into the
skin. These enhancers work by altering the skin’s barrier properties,
increasing the permeability and thereby allowing more drug to
reach its target. (2) Keratolytic agents: incorporating keratolytic
agents like salicylic acid into hydrogels can help by removing scales
and reducing the thickness of hyperkeratotic plaques, which are
common in psoriasis. This not only aids in drug penetration but
also helps in the symptomatic relief of scaling.217 One study reports
the incorporation of betamethasone dipropionate and salicylic acid
(SA) into cubosomes, unique nanoparticulate systems known for
their biocompatibility and penetration efficacy, to enhance the
management of scalp psoriasis.218 (3) Nanocarrier systems: encap-
sulating active ingredients in nanocarriers123,219 such as liposomes,
niosomes, and solid lipid nanoparticles is a promising approach.
These nanocarriers can protect the drug during penetration,
enhance absorption by altering the interaction between the drug
and the skin surface, and provide controlled release properties. (4)
Other innovative technologies: exploring new technologies such as
microneedles,220 integrated with hydrogel systems, or iontophoresis
where a mild electrical charge is used to drive drugs into the skin,
can also be considered to enhance delivery efficiency.

5.2. How to better design multifunctional hydrogels?

Ideally, the hydrogel itself should possess inherent anti-
inflammatory properties, potentially through the incorporation
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of bioactive molecules or the engineering of the polymer net-
work to interact beneficially with the skin’s biochemistry.
Hydrogels that are endowed with these properties offer a dual
function in both drug delivery and therapeutic action, making
them highly advantageous.

Looking forward, the trajectory of hydrogel therapeutics in
inflammatory skin diseases is set to include the exploration of
smart hydrogels that can respond to biological stimuli, as well as
the integration of diagnostic features for monitoring treatment
response, and the development of more robust and patient-
friendly application systems. Notably, the incorporation of nano-
particles within hydrogels has been shown to improve drug

delivery capabilities and enable responsiveness to environmental
stimuli such as pH, temperature, or enzymes present in inflam-
matory lesions, thus adding a new dimension to their
functionality.221 The versatility of hydrogels enables the tailoring
of patient-specific treatments, which can be precisely customized
according to the severity and type of inflammatory skin condi-
tion. Given the dynamic nature of inflammatory skin diseases,
designing the ideal topical medication is complex, requiring a
formulation that can adapt to the evolving requirements of lesion
resolution throughout the treatment course. This approach
ensures that hydrogel therapeutics remain effective and relevant
in managing diverse and changing skin conditions.

Fig. 13 Hydrogels for cell encapsulation, expansion and delivery. (A) Schematic illustration of the formation of the biomimetic gel with a triple-network,
the preparation of the cell sheet-laden hydrogel (CSH), and application of the CSH for full-thickness skin regeneration. Reproduced with permission from
ref. 212 Copyright 2023 Elsevier B.V. (B) Descriptive schematic of the dressing fabrication showing cross-linking, lyophilization and cell loading.
Reproduced with permission from ref. 213 Copyright 2022 Elsevier B.V.
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5.3. How to achieve long-term safety?

Although hydrogels are recognized for their biocompatibility,
the long-term safety of their degradation products on both skin
and systemic health requires further investigation. While many
hydrogels show promising rapid results in vitro or in animal
models, their effectiveness and safety must be rigorously evalu-
ated in human trials. The safety assessment of hydrogels involves
a comprehensive approach that incorporates both in vitro and
in vivo methods. This process may begin with cytotoxicity tests on
human skin cell lines and a 3D cultured skin model to evaluate
potential skin irritation and toxic effects. Skin permeation studies
may be conducted using diffusion systems with micropig skin
tissues and artificial membranes to assess the extent of hydrogel
penetration through the skin.222 Hydrogels designed for pro-
longed use in treating inflammatory skin diseases must adhere
to international standards and regulations through comprehen-
sive testing. This includes conducting repeated insult patch
testing (RIPT) to assess allergenicity, along with evaluations for
potential irritation and sensitization. Additionally, regulatory
bodies such as the FDA or EMA require thorough reviews that
cover manufacturing consistency and the stability of hydrogels
over time. Such regulatory approval processes are critical to
ensure that hydrogels are not only effective but also safe for
long-term use in a clinical setting. Moreover, it would be advan-
tageous to underscore the imperative for conducting multi-center
trials or long-term studies to gain deeper insights into the
chronic impacts associated with these treatments, thereby enhan-
cing our understanding of their efficacy and safety profiles.

5.4. How to better store and maintain the stability of
hydrogels?

Storing and maintaining the stability of hydrogels designed for
topical therapeutic systems, especially for the treatment of
inflammatory skin diseases, is a complex task that demands a
multifaceted approach to ensure the hydrogel’s therapeutic
efficacy and structural integrity over time. Given their high-
water content, hydrogels face unique storage challenges com-
pared to dry biodegradable polymers, such as PLGA micro-
spheres. The hydrated nature of hydrogels can make terminal
sterilization difficult, and sterility must therefore be typically
validated for all source materials and fabrication processes.
Improving the way of production is also a strategy, and one
study demonstrated the enhanced physical stability of starch-
based hydrogels via high-pressure processing.223

It’s also crucial to maintain a controlled environment with
optimal temperature (often between 2 1C and 8 1C for many
formulations) and humidity conditions to prevent the prema-
ture swelling or dehydration of the hydrogel. Additionally,
packaging plays a significant role; the use of airtight, light-
resistant containers can protect photosensitive components and
reduce the risk of oxidation. Hydrogels should also be buffered
to maintain a pH that is compatible with both the stability of the
API and the skin’s natural pH. A meticulous design of the
hydrogel network to facilitate reversible physical interactions
can also aid in self-healing properties, contributing to the

resilience of the gel during storage. Lastly, rigorous in-process
quality checks and real-time stability studies should be con-
ducted to determine the shelf-life and to establish appropriate
storage guidelines that ensure the hydrogel will perform as
intended for the duration of its use.

6. Conclusions

Among the various pharmaceutical formulations used for the
topical administration of drugs, hydrogels stand out due to their
excellent physical properties and high patient acceptability. Their
close resemblance to physiological tissue, along with adjustable
physicochemical properties, biocompatibility, and hydrophilicity,
makes hydrogels excellent platforms for both anti-inflammatory
action and drug delivery. This review concisely summarized the
recent advances in hydrogels involved in topical anti-inflammatory
therapy for psoriasis and AD, and highlighted the critical para-
meters necessary to understand, master, and control hydrogel
systems effectively. Hydrogels can be synthesized from a variety
of different natural, synthetic, and hybrid materials and can be
engineered to include many desirable properties. Advancing this
field will require collaborative efforts among material scientists,
pharmacologists, and clinicians, promising new therapeutic
options for patients suffering from inflammatory skin conditions.
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2021, 397, 754–766.

24 A. Chiricozzi, E. Guttman-Yassky, M. Suarez-Farinas,
K. E. Nograles, S. Tian, I. Cardinale, S. Chimenti and
J. G. Krueger, J. Invest. Dermatol., 2011, 131, 677–687.

25 S. M. Langan, A. D. Irvine and S. Weidinger, Lancet, 2020,
396, 345–360.

26 A. Wollenberg, S. Barbarot, T. Bieber, S. Christen-Zaech,
M. Deleuran, A. Fink-Wagner, U. Gieler, G. Girolomoni,
S. Lau, A. Muraro, M. Czarnecka-Operacz, T. Schafer,
P. Schmid-Grendelmeier, D. Simon, Z. Szalai, J. C.
Szepietowski, A. Taieb, A. Torrelo, T. Werfel, J. Ring, t. E.
A. o. D. European Dermatology Forum, t. E. A. o. A.
Venereology, t. E. T. F. o. A. D. E. F. o. A. Clinical
Immunology, t. E. S. f. D. Airways Diseases Patients’
Associations, t. E. S. o. P. D. G. A. Psychiatry, N. Asthma
European and S. the European Union of Medical, J. Eur.
Acad. Dermatol. Venereol., 2018, 32, 657–682.

27 J. I. Silverberg, S. Barbarot, A. Gadkari, E. L. Simpson,
S. Weidinger, P. Mina-Osorio, A. B. Rossi, L. Brignoli,
G. Saba, I. Guillemin, M. C. Fenton, S. Auziere and L. Eckert,
Ann. Allergy, Asthma, Immunol., 2021, 126, 417–428e412.

28 T. Czarnowicki, H. He, J. G. Krueger and E. Guttman-
Yassky, J. Allergy Clin. Immunol.: Pract., 2019, 143, 1–11.

29 S. Ständer, N. Engl. J. Med., 2021, 384, 1136–1143.
30 E. Goleva, E. Berdyshev and D. Y. Leung, J. Clin. Invest.,

2019, 129, 1463–1474.
31 L. F. Eichenfield, W. L. Tom, S. L. Chamlin, S. R. Feldman,

J. M. Hanifin, E. L. Simpson, T. G. Berger, J. N. Bergman,
D. E. Cohen, K. D. Cooper, K. M. Cordoro, D. M. Davis,
A. Krol, D. J. Margolis, A. S. Paller, K. Schwarzenberger,
R. A. Silverman, H. C. Williams, C. A. Elmets, J. Block, C. G.
Harrod, W. Smith Begolka and R. Sidbury, J. Am. Acad.
Dermatol., 2014, 70, 338–351.

32 T. Tsakok, R. Woolf, C. H. Smith, S. Weidinger and
C. Flohr, Br. J. Dermatol., 2019, 180, 464–474.

33 C. N. Palmer, A. D. Irvine, A. Terron-Kwiatkowski, Y. Zhao,
H. Liao, S. P. Lee, D. R. Goudie, A. Sandilands, L. E. Campbell
and F. J. Smith, Nat. Genet., 2006, 38, 441–446.

34 V. Soumelis, P. A. Reche, H. Kanzler, W. Yuan, G. Edward,
B. Homey, M. Gilliet, S. Ho, S. Antonenko and A. Lauerma,
Nat. Immunol., 2002, 3, 673–680.

35 J. Schmitz, A. Owyang, E. Oldham, Y. Song, E. Murphy,
T. K. McClanahan, G. Zurawski, M. Moshrefi, J. Qin and
X. Li, Immunity, 2005, 23, 479–490.

36 E. B. Brandt and U. Sivaprasad, J. Clin. Cell. Immunol.,
2011, 2, 110–125.

37 Y. Renert-Yuval and E. Guttman-Yassky, Ann. Allergy,
Asthma, Immunol., 2020, 124, 28–35.

38 J. P. Thyssen and P. Schmid-Grendelmeier, Lancet, 2023,
401, 172–173.

39 J. P. Thyssen and S. F. Thomsen, Lancet, 2021, 397, 2126–2128.
40 R. Castillo-González, I. Fernández-Delgado and

P. Comberiati, Allergy, 2022, 77, 1331–1333.
41 S. J. Nolan and N. K. Archer, Cell Host Microbe, 2023, 31,

573–575.
42 T. Nakatsuji, T. R. Hata, Y. Tong, J. Y. Cheng, F. Shafiq,

A. M. Butcher, S. S. Salem, S. L. Brinton, A. K. Rudman

Review Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 2
4 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/2

7/
20

25
 4

:0
1:

43
 A

M
. 

View Article Online

https://doi.org/10.1039/d4tb00887a


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 8007–8032 |  8029

Spergel, K. Johnson, B. Jepson, A. Calatroni, G. David,
M. Ramirez-Gama, P. Taylor, D. Y. M. Leung and
R. L. Gallo, Nat. Med., 2021, 27, 700–709.

43 X. Liu, Y. Qin, L. Dong, Z. Han, T. Liu, Y. Tang, Y. Yu, J. Ye,
J. Tao, X. Zeng, J. Feng and X. Z. Zhang, Bioact. Mater.,
2023, 21, 253–266.

44 T.-C. Ho, C.-C. Chang, H.-P. Chan, T.-W. Chung, C.-W. Shu,
K.-P. Chuang, T.-H. Duh, M.-H. Yang and Y.-C. Tyan,
Molecules, 2022, 27, 2902.

45 T. Liu, Y. Wang, J. Liu, X. Han, Y. Zou, P. Wang, R. Xu,
L. Tong, J. Liu, J. Liang, Y. Sun, Y. Fan and X. Zhang,
J. Mater. Chem. B, 2024, 12, 2282–2293.

46 H. Cheng, M. A. A. Newton, M. Rajib, Q. Zhang, W. Gao,
Z. Lu, Y. Zheng, Z. Dai and J. Zhu, J. Mater. Chem. B, 2024,
12, 2042–2053.

47 P. C. Pires, F. Damiri, E. N. Zare, A. Hasan, R. E. Neisiany,
F. Veiga, P. Makvandi and A. C. Paiva-Santos, Int. J. Biol.
Macromol., 2024, 130296, DOI: 10.1016/j.ijbiomac.2024.130296.

48 E. N. Tessema, T. Gebre-Mariam, G. Paulos, J. Wohlrab and
R. H. H. Neubert, Eur. J. Pharm. Biopharm., 2018, 127,
260–269.

49 Y. E. Kim, S. W. Choi, M. K. Kim, T. L. Nguyen and J. Kim,
Nano Lett., 2022, 22, 2038–2047.

50 H. B. Eral, V. Lopez-Mejias, M. O’Mahony, B. L. Trout,
A. S. Myerson and P. S. Doyle, Cryst. Growth Des., 2014, 14,
2073–2082.

51 Y. Jia, J. Hu, K. An, Q. Zhao, Y. Dang, H. Liu, Z. Wei,
S. Geng and F. Xu, Nat. Commun., 2023, 14, 2478.

52 R. Khan and M. H. Khan, J. Ind. Soc. Periodontol., 2013, 17,
539–542.

53 R. Naomi, H. Bahari, P. M. Ridzuan and F. Othman,
Polymers, 2021, 13, 2319.

54 K. Panduranga Rao, J. Biomater. Sci., Polym. Ed., 1996, 7,
623–645.

55 R. Naomi, H. Bahari, P. M. Ridzuan and F. Othman,
Polymers, 2021, 13, 2319.

56 F. Valipour, E. Z. Rahimabadi and H. Rostamzad, Int. J. Biol.
Macromol., 2023, 126704, DOI: 10.1016/j.ijbiomac.2023.126704.

57 G. S. Alvarez, C. Hélary, A. M. Mebert, X. Wang, T. Coradin
and M. F. Desimone, J. Mater. Chem. B, 2014, 2, 4660–4670.

58 K. Su and C. Wang, Biotechnol. Lett., 2015, 37, 2139–2145.
59 J. Mobika, M. Rajkumar, S. L. Sibi and V. N. Priya, Mater.

Chem. Phys., 2020, 250, 123187.
60 T. Huang, Z.-C. Tu, X. Shangguan, X. Sha, H. Wang,

L. Zhang and N. Bansal, Trends Food Sci. Technol., 2019,
86, 260–269.

61 A. B. Bello, D. Kim, D. Kim, H. Park and S. H. Lee, Tissue
Eng., Part B, 2020, 26, 164–180.

62 Q. Chai, Y. Jiao and X. Yu, Gels, 2017, 3, 6.
63 S. S. Ng, K. Su, C. Li, M. B. Chan-Park, D.-A. Wang and

V. Chan, Acta Biomater., 2012, 8, 244–252.
64 G. T. Voss, M. J. Davies, C. H. Schiesser, R. L. de Oliveira,

A. B. Nornberg, V. R. Soares, A. M. Barcellos, C. Luchese,
A. R. Fajardo and E. A. Wilhelm, Int. J. Pharm., 2023,
123174, DOI: 10.1016/j.ijpharm.2023.123174.

65 C. Bonduelle, Polym. Chem., 2018, 9, 1517–1529.

66 A. Dasgupta, J. H. Mondal and D. Das, RSC Adv., 2013, 3,
9117–9149.

67 K. Bauri, M. Nandi and P. De, Polym. Chem., 2018, 9,
1257–1287.

68 X. Li, J. Liu, H. Chen, Y. Chen, Y. Wang, C. Y. Zhang and X.-
H. Xing, Green Chem. Eng., 2023, 4, 173–188.

69 L. Cai, S. Liu, J. Guo and Y. G. Jia, Acta Biomater., 2020, 113,
84–100.

70 A. Copling, M. Akantibila, R. Kumaresan, G. Fleischer,
D. Cortes, R. S. Tripathi, V. J. Carabetta and S. L. Vega,
Int. J. Mol. Sci., 2023, 24, 7563.

71 F. Li, J. Tang, J. Geng, D. Luo and D. Yang, Prog. Polym. Sci.,
2019, 98, 101163.

72 Y. Dong, C. Yao, Y. Zhu, L. Yang, D. Luo and D. Yang,
Chem. Rev., 2020, 120, 9420–9481.

73 D. Wang, J. Duan, J. Liu, H. Yi, Z. Zhang, H. Song, Y. Li and
K. Zhang, Adv. Healthcare Mater., 2023, e2203031, DOI:
10.1002/adhm.202203031.

74 D. Wang, Y. Hu, P. Liu and D. Luo, Acc. Chem. Res., 2017,
50, 733–739.

75 K. Nahar, K. Hossain and T. A. Khan, Res. J. Pharm.
Technol., 2017, 10, 3195–3204.

76 D. Kothale, U. Verma, N. Dewangan, P. Jana, A. Jain and
D. Jain, Curr. Drug Delivery, 2020, 17, 755–775.

77 J. Sun and H. Tan, Materials, 2013, 6, 1285–1309.
78 H. R. Lee, T. H. Kim, S. H. Oh and J. H. Lee, J. Biomater.

Sci., Polym. Ed., 2018, 29, 1612–1624.
79 A. Sionkowska, M. Gadomska, K. Musiał and J. Piątek,
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P. Quaglino, S. Ribero and P. Dapavo, Dermatol. Ther.,
2022, e15917, DOI: 10.1111/dth.15917.

182 S. Del Rı́o-Sancho, M. Lapteva, K. Sonaje, C. Böhler,
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