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Abstract

Hydrogels have gained significant attention as effective vehicles for transdermal applica-
tions offering significant advantages in pharmaceutical and cosmetic applications. Their
unique polymeric network structure enables efficient encapsulation and controlled release
of active ingredients, making them ideal for therapeutic drug delivery systems (TDDs)
and topical skincare formulations. In pharmaceutical approaches, hydrogels facilitate the
transdermal transport of therapeutic agents into systemic circulation, improving bioavail-
ability and patient compliance. In cosmetics, they enhance skin hydration and support the
delivery of bioactive compounds, contributing to improved product performance and user
satisfaction. Among various hydrogel-forming polymers, Hyaluronic Acid (HA) stands out
as the most often used polymer in this field due to its biocompatibility, moisture-retention
properties, and ability to penetrate the skin. This review explores the dual role of HA-based
hydrogels in pharmaceutical and cosmetic application, detailing their structural charac-
teristics, preparation methods, and mechanisms of active ingredient loading and release.
Furthermore, the review presents the details on hydrogels and how they are used as TDDs.
Special attention is given to hyaluronic acid (HA) in this field, and this review discusses
the properties, preparation methods, and applications of HA-based hydrogels as a deliv-
ery system, including methods of loading the actives and the releasing of these actives
from them.

Keywords: hydrogels; TDD; hyaluronic acid; dermatology; cosmetics; skin; loading; release

1. Introduction
Hyaluronic acid (HA) is a naturally occurring biopolymer that plays a significant role

in maintaining skin hydration, elasticity, and structural integrity. It has unique physico-
chemical properties such as an ability to retain water and interact with the body’s extracel-
lular matrix components that have allowed it to be a cornerstone in both pharmaceutical
and cosmetic formulations. Among its many delivery systems, HA-based hydrogels have
gained vital attention as the most skin-targeted therapeutical systems [1].

Despite the growing research and literature on HA-based hydrogels, most studies
tend to focus on the discussion of either pharmaceutical or cosmetic applications, without
bridging the two domains. The aim of this review is to uniquely fill that gap by providing a
comprehensive analysis of their dual functionality in transdermal drug delivery and topical
skin applications.

The review discusses hydrogel properties, preparations, and applications in the phar-
maceutical and cosmetic sectors. In addition, it delves into skin physiology, the transdermal
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delivery system revolution, and integrative analysis of HA-based hydrogels used in trans-
dermal drug delivery systems (TDDs) and topical cosmetic skin applications. Particular
attention is placed on the HA polymer, which is considered a key ingredient nowadays in
transdermal and topical skin applications.

1.1. Overview of Skin Physiology

The skin is the interface between the internal and external environment of the body,
providing a physical barrier against trauma, harsh weather conditions, hazardous chemi-
cals, microorganisms, and UV radiation such as the sun (or artificial radiation) [2]. It also
plays essential physiological functions, including excretion of wastes, thermoregulation,
and sensation. The skin is a large, complex organ composed of the epidermis, dermis,
and hypodermis [2]. The epidermis is the first outer layer. It is a vascular multilamellar
multi-layered epithelial tissue consisting mainly of epidermal cells known as keratinocytes.
The stratum corneum (SC) is the outer layer of the epidermis. It functions as an epidermal
permeability barrier, preventing the loss of water and electrolytes from the skin [3,4]. The
SC is a heterogeneous tissue consisting of non-nucleated, flat, protein-enriched corneocytes
and lipid-enriched intercellular areas [2–4]. The lipid-rich domain playing the barrier
function is formed by the synthesis of lipids in the keratinocytes of the nucleated epidermal
layers and subsequent storage in the lamellar bodies of these cells. During the transition,
the contents of lamellar bodies are excreted through the exocytosis process into the inter-
cellular spaces between the corneum and stratum granulosum (SG) to the SC, forming
continuous membrane bilayers [3].

Other skin components, including melanins, structural proteins in the SC and epider-
mis, free amino acids, and many other small molecules, have essential roles in the skin’s
protective barrier function [3–5].

The skin plays a significant role in pharmaceutical transdermal delivery of the drugs,
whether it is for local or systemic treatment. On the hand, topical cosmetic treatments are
used directly on the skin surface. This organ’s layered architecture, hydration mechanisms,
and permeability directly influence how a HA-based hydrogel systems interact with the
skin—affecting absorption, retention, and therapeutic efficacy. This section outlines the key
physiological features of the skin that underpin the performance of HA hydrogel systems
in dermatological applications [6].

1.1.1. Dermatological Conditions and Skin Diseases

Due to its extensive surface area for external exposure, the skin is susceptible to various
dermatological conditions and diseases. Common skin conditions and diseases include
eczema and inflammatory conditions, such as atopic dermatitis, psoriasis, and seborrheic
dermatitis, which can occur at any age [7–9].

These skin pathologies arise due to many factors, including genetic disorders, envi-
ronmental exposure, immune system dysfunction, and infections. They vary in symptoms,
severity, and treatment choices. The treatment of these conditions often involves the use
of various topical and systemic medications [10]. These skin conditions can be treated
through various methods, including medical treatments and cosmetic approaches. De-
pending on the severity of these conditions, dermatologists can determine if a specific
condition needs a personalised treatment plan, such as medical treatment in combination
with cosmetic products, or if the condition could require continuous use of specific cosmetic
products. Overall, cosmetic products may be approached in any manner and prescribed for
dermatological purposes [7,10].

Hydrogels usually used and been promise in treating acne.
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From the other side, the skin itself needs special care, for example, skin wrinkles form
as a normal part of the skin ageing process. Skin ageing is a progressive process in which
environmental damage combined with aged skin determines the final skin appearance.
There are two different types of ageing. Chronological or intrinsic ageing is due to the
genes we inherit and the passage of time. Extrinsic ageing is due to environmental factors,
including sun (UV) exposure and chemical irritants. While environmental variables sig-
nificantly impact skin ageing, age does not determine the condition of mature skin. For
example, skin tone, elasticity, and epidermal regeneration capacity do not deteriorate until
advanced age in skin areas not exposed to sunlight. However, this occurs early in exposed
skin areas [11–13].

1.1.2. Role of Skin Hydration and Cosmetic Formulations Used for Skin Hydration

Most of the skin conditions are characterised by loss of skin moisture, causing skin
dryness. Topical products containing skin-hydrating properties are essential in treating and
manageing various skin conditions. Topical formulations with skin hydration benefits can
be divided into four categories: moisturising agents, protective agents, anti-inflammatory
agents, and itchiness-soothing agents. The type of skin condition and anatomical location
determine the formulation choice. For example, creams, lotions, and drying pastes work
better in wet or sticky skin conditions.

On the other hand, ointments and oils are more suitable for dry and scaly condi-
tions. Gels and foams are more appropriate for scalp or other hairy skin areas because
they penetrate easily and leave little residue following their generous or frequent appli-
cation. Moisturisers, or emollients, are essential in manageing dry skin conditions; they
assist in restoring the skin barrier to prevent water loss from the skin. Therefore, formu-
lations that hold water in their structure are more efficient in such skin conditions such
as hydrogels [14,15].

2. Overview of Hydrogels
Hydrogels, composed mainly of water-absorbing polymers, have gained attention

in cosmetology and dermatology due to their superior hydration and skin regenerative
properties [15]. They can retain a large quantity of water within their network and provide
a moist environment, helping to replenish and maintain skin moisture [16]. Hydrogels may
be used in skin care products and transdermal applications, offering a potential solution to
skin conditions characterised by severe skin dryness and wrinkles. Furthermore, hydrogels
are effective delivery systems for various substances, including skincare ingredients and
medications. They are ideal for immediate and controlled release applications. In skincare,
hydrogels can deliver hydrating compounds, antioxidants, or other active ingredients to
the skin, promoting better absorption and targeted delivery [16]. This makes hydrogels
valuable in enhancing the efficacy of skincare products and ensuring a more sustained
impact on skin hydration and health.

2.1. Introduction to Hydrogels

Hydrogels are networks of hydrophilic polymers that swell in water and retain it
within their structure without dissolving [17,18]. Hydrogels may comprise one or more
polymers, which are cross-linked three-dimensional (3D) chains [19]. The spaces between
the macromolecules fill with water, swelling the compound to form a hydrogel. Covalent
cross-links prevent the dissolution of the hydrogel in water [19] (Figure 1).
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Figure 1. Figure Schematic representation of hydrogel synthesis illustrating the three-dimensional
cross-linked polymer network responsible for water intake and swelling behaviour.

2.2. Classifications of Hydrogels

Hydrogels are classified based on their origin (natural versus synthetic), polymer
composition (e.g., copolymer and homopolymeric hydrogels), biodegradability (biodegrad-
able hydrogels versus non-biodegradable hydrogels), and configuration (crystalline, non-
crystalline, hydrocolloid aggregates, and semi-crystalline) [20,21]. Hydrogels can also be
classified according to their type of cross-linking (chemically and physically cross-linked
hydrogels), physical appearance (matrix and microsphere), as well as the network’s electri-
cal charge (neutral, anionic, cationic) [20,21]. Hydrogels can also be classified according to
their method of preparation (e.g., irradiation, UV radiation) [20].

2.3. Rheological Properties of Hydrogels

The mechanical strength of hydrogels is fundamental for pharmaceutical, cosmetic,
and biomedical applications. Hydrogels should have the necessary mechanical strength
to be suitable for these applications. Several biomedical applications such as tissue engi-
neering, tendon and ligament repairs, wound healing, and drug delivery systems require
hydrogels to have specific mechanical strength and rheological properties. However, hydro-
gel mechanical strength depends on the incorporated polymer structure and the crosslinker
used for the cross-linking mechanism. In addition, the crosslinking degree determines the
rheological properties of the hydrogel [22].

The term rheology refers to the viscoelastic behaviour of materials which can be
investigated by a rheometer. Rheology is also defined as the science that studies the
deformability and flowability of materials under stress or strain. A material is considered
elastic when it undergoes changes in shape upon applying force and causes an elastic strain
but returns to the original shape after removing the force. Conversely, viscous materials
shape irreversibly changes after the force is removed because the force causes irreversible
strain and allows the viscous material to flow. Furthermore, most hydrogels are neither
fully viscous nor completely elastic but show a viscoelastic nature. While most rheological
studies are conducted within the linear viscoelastic region (LVR) of the hydrogels, the
deformation in viscoelasticity is small because it is more related to the polymer molecular
arrangement within the hydrogel [22]. Therefore, the rheological behaviour of hydrogels
is mostly dependent on the molecular structure of its polymers [23]. According to Di
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Giuseppe et al. [24], the consistency and the elasticity of hydrogel improve when polymer
concentration increases. While a higher shear-thinning behaviour is indicated with a
decrease in polymer concentration. Snetkov et al. mentioned the rheological properties of
four hyaluronic acid (HA) solutions with concentrations of 20 mg/mL and with different
molecular weights (77 kDa, 640 kDa, 1060 kDa, 2010 kDa). They found that HA solutions
exhibit non-Newtonian shear-thinning behaviour, and the solution with 2010 kDa HA has
the most significant decrease in viscosity with increasing shear rate. Meanwhile, the shear-
thinning effect was much less pronounced in the solution with 77 kDa HA solution [25].

2.4. Characterisation of the Physical and Chemical Properties of the Hydrogels

The characterisation of hydrogels depends on the gel bonding type. Physical or
reversible hydrogels are formed by molecular entanglements or secondary bonds (e.g., ionic,
H-bonding, stereo-complexation, and hydrophobic forces). In contrast, chemical hydrogels
are irreversible and formed by covalent cross-linking (chemical functionalisation), which
are stronger and have higher mechanical properties [26]. The chemical composition also
influences the response of the hydrogel to stimuli, such as pH, temperature, and light [27].
Due to the unique properties of hydrogels, they are an excellent choice for transdermal drug
delivery systems, offering improved efficacy, patient comfort, and versatility compared
to many traditional approaches. Table 1 represents common actives and drugs loaded for
pharmaceutical and topical cosmetic application.

Table 1. Overview of application of hydrogel-based formulation in different pharmaceutical and
cosmeceutical skin applications. The table represents how different polymers enable controlled
drug release, improved bioavailability, enhanced skin permeation, and improved therapeutic or
cosmetic outcomes.

Hydrogel
Polymer

Drug/Active
Ingredient

Therapeutic
Application

(Pharmaceutical or
Cosmetic Use)

Main Outcome/Benefit References

HPMC

Etofenamate,
Ibuprofen

Anti-inflammatory-
Analgesic

Provided controlled
drug release with

improved skin
permeation; reduced

systemic adverse
reaction and enhanced
local anti-inflammatory

action.

Labie et al., Mancini
et al. [28,29]

Chlorphenesin Antifungal

Enhanced local drug
delivery with minimised

the irritation; enabled
drug retention at
infection site and

improved antifungal
efficacy.

Mohammed
et al. [30]
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Table 1. Cont.

Hydrogel
Polymer

Drug/Active
Ingredient

Therapeutic
Application

(Pharmaceutical or
Cosmetic Use)

Main Outcome/Benefit References

Carbopol 940

Terbinafine Antifungal

Improved drug stability
and skin adherence;

facilitated prolonged
antifungal activity with

reduced dosing
frequency.

Sheikh et al. [31]

Diclofenac,
Mefenamic acid

Anti-inflammatory-
Analgesic

Enhanced transdermal
penetration and

controlled drug release;
reduced gastrointestinal

side effects that
associate oral NSAIDs.

Rajalakshm et al. [32]

Betamethasone,
salicylic acid Psoriasis

Enabled dual-action
delivery—anti-

inflammatory and
keratolytic; enhanced
lesion clearance and
reduced recurrence.

Zagorska et al. [15]

Polyacrylamide Platensimycin Antibacterial

Provided targeted
antibacterial action with

reduced cytotoxicity;
hydrogel matrix

enhanced drug stability
and skin compatibility.

Wang et al. [33]

Chitosan Silver sulfadiazine Burns
Accelerated wound

healing and
antimicrobial effect

Almoshari et al. [34]

Pluronic F-127 Platelet lysate Wound healing

Accelerated wound
healing and tissue

regeneration; offered
antimicrobial protection
and moisture retention

at burn sites.

Bernal et al. [35]

HA

Vitamin B3

Antioxidant,
brightening, skin
hydrating, reduce

fine wrinkles
(Cosmetic

applications)

Enhanced skin
hydration and barrier

repair; reduced fine lines
and improved skin tone

through deep dermal
delivery.

Rashid et al. [16]

Baicalin Antioxidant,
anti-inflammatory

Enhanced transdermal
absorption and

bioavailability; reduced
inflammation and

oxidative stress in skin
tissues.

Wei et al. [36]
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Table 1. Cont.

Hydrogel
Polymer

Drug/Active
Ingredient

Therapeutic
Application

(Pharmaceutical or
Cosmetic Use)

Main Outcome/Benefit References

HA Tannic acid
Antioxidant, anti UV,
suncream (Cosmetic

applications)

Enhanced delivery and
supported

multifunctional
performance—-UV

protection, antioxidant
activity, cooling effect,

and skin hydration—all
in a stable,

biocompatible
formulation.

Gawak et al. [37]

Xanthan gum Quercetin Antioxidant,
antibacterial

Enhanced delivery of
quercetin and stabilised

it; improved the
solubility and functional

performance.

Yazidi et al. [38]

Salicylic acid
Skin exfoliating
agent (Cosmetic

application)

Provided controlled skin
exfoliation with reduced
irritation; improved skin
clarity and reduced pore

congestion.

Rashid et al. [16]

Hydroxyethyl
cellulose Rosmarinic acid

Anti-ageing skin
products (Cosmetic

application)

Delivered antioxidant
with high skin

compatibility; reduced
oxidative damage and

improved elasticity and
hydration.

Marafon et al. [39]

PVP
(polyvinylpyrroli-

done) and
chitosan

Vitamin C

Antioxidant,
whitening agent,
reduce dark spots

(Cosmetic
applications)

Improved skin
brightening and

collagen synthesis;
stabilised vitamin C and
enhanced its penetration

and efficacy.

Kedzierska at al. [40]

3. Hyaluronic Acid-Based Hydrogels: Properties and Preparation
3.1. Introduction to Hyaluronic Acid

Hyaluronic acid (HA) is a non-sulphated glycosaminoglycan comprising repeating
polymeric disaccharides of N-acetyl-D-glucosamine and D-glucuronic acid [1,18]. These are
linked together by alternative beta-1, 3, and beta-1,4 glycosidic bonds [41]. It is a naturally
occurring biopolymer identical in molecular and chemical form in all tissues and has
significant biological functions in all living cells. It is found in the body’s connective tissues,
joints, and skin. HA contributes to tissue hydration, lubrication, and cellular signalling. In
the skin, it helps maintain moisture and elasticity. Additionally, HA is involved in wound
healing, inflammation regulation, and other physiological processes across different cell
types, making it a versatile and significant component of the body (Figure 2) [42].
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Figure 2. Chemical structure of HA showing repeating disaccharide units: N-acetyl-D-glucosamine
and D-glucuronic acid (drawn using ChemDraw i16).

3.2. Classification of HA

HA can be classified into low and high MW based on HA molecular size. High MW
HA has a molecular mass of more than 1000 kDa [43]. Low molecular weight HA is HA
with a molecular mass of less than 500 kDa [43]. The MW of HA is dependent primarily on
its source. For example, the weight of HA in rabbit vitreous is generally high, in the range
of 2000–3000 kDa [44]. The biological effects of HA may differ depending on the molecular
weight [25]. Different molecular weights may influence how HA interacts with cells and
tissues. Generally, high molecular weight (HMW) HA is known for its hydrating and
lubricating properties. It forms a protective barrier on the skin’s surface, helping to retain
moisture and maintain elasticity. Meanwhile, low molecular weight (LMW) HA is believed
to penetrate the skin more easily. It may have anti-inflammatory effects that can influence
cellular processes, such as promoting wound healing and modulating inflammation [45].

3.3. Physical and Chemical Properties of HA

HA has hydroxyl and carboxyl groups and can form a hydrogel under mild conditions,
such as mixing it with water [46]. The degree of cross-linking and modification determines
its physical and chemical properties. Hydrogen atoms around the axis of the structure are
non-polar and hydrophobic, while the side chains are more polar and hydrophilic [46]. Hy-
drogen bonding stabilises the conformation of HA in solution. However, temperature and
pH can easily disrupt these bonds. HA behaves like most other polymers at intermediate
pH levels, with no remarkable intermolecular interactions. Still, as pH reduces towards 2.5,
HA forms a gel due to decreasing carboxylate dissociation and increased intermolecular
interaction [47]. HA must be chemically modified into a less degradable gel to be practically
useful in biomedical applications [47].

3.4. Preparation of HA-Based Hydrogels
3.4.1. Effect of Temperature on Preparation and Gelation Mechanism of HA-Based Hydrogel

Gelation of HA is temperature-sensitive, a typical characteristic of thermo-reversible
(sol–gel-sol) hydrogels. They have a gelation temperature and a gelation concentration.
HA is non-gelling, but Fujiwara et al. found it can form hydrogels if annealed in the sol
state [48]. The authors studied the effect of annealing on the gelation of HA in an aqueous
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solution. They found that HA solutions of higher concentration (3% w/w) formed a gel at
60 ◦C if given more than 6 h, but not at lower concentrations (1% w/w and 2% w/w) [48].

Qiao et al. developed a novel technique for inducing gelation in (HA) solutions using
alternate compression–decompression cycles. However, this method was using mechanical
pressure on HA solutions instead of relying on chemical cross-linkers or thermal annealing,
which triggered rapid gelation within minutes. The method enhanced intermolecular
hydrogen bonding and chain entanglement, resulting in hydrogels with improved mechan-
ical strength and elasticity. Their approach provides a rapid and reversible route to HA
hydrogel formation, useful for biomedical applications [49].

Additionally, other researchers reported the temperature influence on the formation of
temperature-sensitive HA hydrogels. HA has a low critical solution temperature above
which it becomes less soluble or insoluble in water [20]. For example, a thermo-responsive
hydrogel comprising HA and poly (N-isopropyl acrylamide) (PNIPAAm) phase transition
occurred at around 30–33 ◦C [48]. Above 35 ◦C, the viscosity of the hydrogel increased [48].
HA hydrogels (cross-linked with thiol end-capped Pluronic F127 copolymer) were solid at
room temperature but transitioned to a gel state at body temperature [50]. Such materials
have numerous applications in drug and cell delivery [50].

3.4.2. Effect of pH on Preparation and Gelation Mechanism of HA-Based Hydrogel

The gelation mechanism of HA hydrogels’ formation and behaviour is highly depen-
dent on pH. It has a significant impact on the polymer’s charge density, intermolecular
interactions, and structural conformation. At neutral pH, HA typically remains in solu-
tion due to strong electrostatic repulsion between negatively charged carboxylate groups.
While, in acidic pH levels—particularly around pH 2.5—these carboxylate groups become
protonated, reducing the net charge and leading to more polymeric chains interaction.
This results in hydrogen bonding and physical entanglement, forming a gel-like structure
without the need for chemical cross-linkers [51]. Conversely, at extremely low pH (<1.6)
or high pH (>12), HA undergoes hydrolysis and depolymerization, compromising its
molecular integrity and reducing viscosity. Such behaviour will help in designing HA
hydrogels with tailored mechanical properties and stability for biomedical applications.
However, pH alteration by reducing or raising has been employed in numerous studies to
induce the cross-linking reaction between HA and cross-linkers, such as divinyl sulfone
(DVS), glutaraldehyde, methacrylate, and 1,4-butanediol diglycidyl ether (BDDE) [52,53].

The pH of the medium partly influences the uptake of water and, thus, the swelling
of the HA hydrogel. Preparation methods for HA hydrogels in mediums of different pH
levels should be carefully performed because the behaviour of the gel changes with pH.
Larraneta et al. prepared HA hydrogels using 5% w/w of HA and varying concentrations
of Gantrez S97 (cross-linker). The polymer with a lower cross-linker concentration had a
higher water swelling capacity than PBS. In contrast, those with higher concentrations of
the cross-linker had a lower swelling capacity in water than PBS. The cross-linker comprises
poly-acids (pKa1 = 3.47 and pKa2 = 6.47), but only a few groups can react with the HA to
form the hydrogel [54]. The remaining functional groups are ionised depending on the pH
of the medium. Deionised water is slightly acidic compared to PBS, which explains the
different swelling behaviour [54].

3.4.3. Effect of HA Molecular Weight on Preparation and Gelation Mechanism of
HA-Based Hydrogel

The molecular weight (MW) of HA is one of the factors that determines the viscosity
and elasticity of the gel formed. HA of high MW can preferably be used as a gelling agent.
These gels can be reversible (pH or temperature-induced gelation) or irreversible (covalent
cross-links using cross-linking agents). In contrast, HA of low MW is used as an active
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ingredient. The preparation of HA hydrogels using HA of different molecular weights
differs depending on the material produced and the gelling agent used. In a study by Chun
et al., HA hydrogels of various MWs were prepared. The concentration of the solutions
was 0.5% w/v; the molecular weights were low (69 kDa) and high (1058 kDa) [55]. The
sodium hyaluronate for the two compounds of different molecular weights is dissolved in
sodium hydroxide, and the pH is adjusted. A cross-linker was added, and the hydrogels
dried at 60 ◦C for two hours. The cross-linked HA microspheres of the lower molecular
HA were larger than those of the higher molecular weight HA [55].

The molecular weight (MW) HA is one of the factors that determine the rheological
properties, mechanical strength, and biological performance of HA-based hydrogels. High
molecular weight HA (HMW-HA) is widely favoured as a gelling agent due to its ability
to form more viscous and elastic networks in the hydrogel structure, especially when
covalently cross-linked using agents such as 1,4-butanediol diglycidyl ether (BDDE). In
contrast, low molecular weight HA (LMW-HA) is often incorporated for its bioactivity
and ease of diffusion. Xue et al. prepared hydrogels by mixing HMW-HA and LMW-
HA at various ratios and cross-linking with BDDE. The authors found that a 4:1 ratio of
HMW to LMW HA resulted in hydrogels with improved mechanical integrity and reduced
cytotoxicity, making them suitable for biomedical applications [56]. Luo et al. highlighted
that the choice of HA molecular weight influences not only the gelation behaviour but also
the degradation rate and tissue compatibility, with different crosslinking methods yielding
reversible or irreversible hydrogels depending on the intended use [47].

3.5. Preparation of HA-Based Hydrogels Using Cross-Linking Agents

Preparation of HA hydrogels typically involves the addition of cross-linking agents
to form a stable three-dimensional polymer network structure. HA itself can be a gelling
agent. However, other gelling agents that facilitate the cross-linking of polymers into vis-
coelasticity and give a gel its structure for different applications have been reported [57–59].
In our previous work [42], we explored the use of pentaerythritol tetra-acrylate (PT) as
a chemical cross-linker to prepare injectable HA-based hydrogels, demonstrating that ef-
fective gelation occurred under alkaline conditions, with oven heating yielding partially
crosslinked hydrogels that vary in their rheological behaviour and are useful for different
applications. Luo et al. highlighted the importance of modifying HA’s hydroxyl, carboxyl,
and N-acetyl groups to enhance its reactivity and cross-linking [47]. The resulting hydrogels
exhibit improved mechanical strength and biological compatibility, particularly when they
covalently cross-linked. These chemically modified hydrogels have a stabilised matrix and
act as injectable formulations with self-healing properties, as discussed by Yadav et al.,
enabling them highly suitable for tissue engineering and regenerative medicine [60].

Another cross-linking agent that is used to form HA-based hydrogels is boronic
acid. Pérez et al. highlighted the boronic acid-based cross-linking strategies, especially
phenylboronic acid derivatives, used to form a covalent cross-linking through the formation
of boronated ester bonds between boronic acid groups and the cis-diols present on the HA
backbone. However, this was considered a physical interaction that is reversible and pH
sensitive. The resulting hydrogel exhibited self-healing, injectability, and stimuli-responsive
behaviour under physiological conditions useful for biomedical applications such as drug
delivery, wound healing, and tissue engineering [46].

4. Hydrogels Applications in Pharmaceutical Transdermal Delivery Systems
4.1. Uses of HA in Pharmaceutical and Biomedical Applications

HA is used as a drug delivery system due to its biocompatibility, non-immunogenicity,
and biodegradability [1]. it has been used in numerous pharmaceutical applications, such



Cosmetics 2025, 12, 265 11 of 23

as osteoarthritis treatments providing joint lubrication, in ophthalmology for many eye
dryness conditions, and as a drug delivery system by targeting the drug to the tumour
cells in cancer treatment. In addition to its use in wound healing and tissue engineering
applications, HA can interact with receptors, such as CD44 (cluster of differentiation 44)
antigen, a cell-surface glycoprotein expressed in many types of tumour cells. Thus, it
is a candidate for the delivery of imageing and anticancer agents [61]. HA can embed
the fibroblast growth factor and be used to make scaffolds that can be used to promote
wound healing [61].

4.2. Overview of Transdermal Delivery Systems

The most common drug or active pharmaceutical ingredient (API) delivery routes
are via oral and parenteral routes, with oral delivery being the most common route for
small molecule drugs [62,63]. The main pros of the oral route are pre-determined doses,
portability, and patient self-administration, which explains why the oral route is the most
convenient for delivering medications [62]. In other cases, some APIs, such as therapeutic
peptides and proteins, are unsuitable for oral route delivery because they rapidly degrade
in the stomach and have size-limited transport across the epithelium [63]. Therefore,
the parenteral route could efficiently deliver these macromolecules [64]. However, the
parenteral route also has some limitations, notably lower compliance by patients due
to the invasive nature of injections and the associated pain. Additionally, parenteral
administration requires officially trained medical personnel, which can increase treatment
costs [64]. Reasonably, to overcome these disadvantages, other advanced API delivery
methods have been developed, such as transdermal drug delivery (TDD) [65].

Transdermal drug delivery (TDD) delivers API to the body system by applying an API
formulation onto an appropriate intact and healthy skin site, thereby mitigating painful
injection [66,67]. Firstly, the API will penetrate the outer layer of skin through the SC and
pass through the deeper layers without accumulation of the API in any of the dermal layers
of skin. Once the API reaches the dermal layer, it will be absorbed systemically via the
dermal microcirculation [65–67].

Furthermore, the transdermal delivery route has many benefits over other routes.
Being a non-invasive technique, it is a suitable alternative to parenteral routes, which
addresses patient compliance issues related to trypanophobia (needle phobia) [65,67]. The
large surface area of the human skin provides multiple skin sites for transdermal deliv-
ery of API [66]. Looking at the pharmacokinetic aspects of API, TDD provides a lower
risk of toxic side effects due to more stable and consistent drug release and absorption.
Other advantages of the TDD method are enhanced patient compliance because it min-
imises dose frequencies and is suitable for administering to unconscious patients or those
who cannot swallow and rely on self-administration [65]. The transdermal drug delivery
system avoids pre-systemic metabolism (first-pass hepatic metabolism), improving the
drug bioavailability [67].

Transdermal patches are now considered potential pharmaceutical, topical, and thera-
peutical delivery systems, with significant consideration given to the diffusion area and
skin hydration level [68]. The transdermal delivery system transfers API through the skin
to the body depending on the dose, skin area, and drug delivery vehicle or device [65,68].
The transdermal drug delivery system has undergone significant evolution and market
growth since its early stages in the 1990s. They have evolved from the growth in skin
science, technology, and development trials [68–70]. Figure 3 represents the evolution of
the TDD system over the years.
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Figure 3. Evolution of transdermal delivery systems. Adapted and modified from Pastor et al. [69]
and Grand View Research [70].

4.2.1. API Delivery via Transdermal Patches

Transdermal patches are a dosage form that adheres to the skin and delivers API
through the skin and into the bloodstream [69]. Not all APIs may be suitable for loading in
the patches due to incompatibilities and physicochemical properties. For example, APIs
with large peptides, certain lipophilic drugs, and susceptibility to degradation in the patch
matrix due to pH instability are unsuitable for this delivery mode. Clinical potency and
safety requirements are among the main points that regulatory authorities consider when
approving a drug for transdermal application before releasing it to the market. Many
parameters of the APIs, such as the molecular weight (MW) and solubility, determine the
skin penetration, diffusion and flux from the SC to the dermis and hypodermis layers [67].
The molecular size of any API is critical for its transdermal penetration efficiency. High
MW drugs, such as large proteins, are difficult to administer Via transdermal patches [65].
Drugs with low MW (<500 Da), balanced lipophilicity, and partition coefficient (log P) of
preferably 1–3 are suitable for transdermal delivery.

Furthermore, a high rate of transdermal penetration of an API may depend on a
two-pathway (polar and lipid) model for API transportation through the SC layer of the
skin [69]. In addition, for an API candidate to be feasible for transdermal delivery, it must be
of high pharmacological potency. This helps minimise the amount of the API required to be
loaded on the patch, reducing the risk of skin irritation and enhancing patient compliance.
Examples of such drugs are fentanyl and nitroglycerin, which have high potency and are
commonly delivered via transdermal patches [69].
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4.2.2. API Loading in Hydrogel Patches as TDD System

Hydrogel patches are considered an innovative form of transdermal drug delivery sys-
tem that provides API delivery through specific skin sites of the body at a more controlled
rate. The API distribution within a hydrogel structure can be manipulated and, therefore,
modified for immediate drug release [71]. The API entrapment is directly connected with
the process of swelling/deswelling mechanisms of the hydrogel films [72]. Thus, swelling
governs the uptake of the drug into the hydrogel and influences the release of the API from
the same hydrogel matrix to the skin site. The API in the hydrogel film matrices can be
loaded through post-loading and in situ loading methods [73].

4.2.3. Post-Loading (Osmosis Dependent Loading) Method in the Hydrogel Patches

Commonly, with the post-loading method, the drug-loading process is performed
by immersing the hydrogel films in the dry state into the API solution (usually aqueous),
depending on their swelling behaviour [73]. The API molecules diffuse and incorporate into
the hydrogel structure via the osmosis process, which depends on the hydrogel swelling
rate and the time it takes to reach equilibrium [72,73]. Hence, many factors affect the
amount of drug incorporated into the hydrogel, such as the MW of the desired API and the
physicochemical properties. The disadvantages of this method appear particularly in high
MW drug molecules. When the drug molecules are too large, they will not efficiently move
through the hydrogel polymer network, resulting in drug loading failure.

Moreover, hydrophobic drugs that solubilise only in organic solvents, such as ethanol,
methanol, and dimethyl sulfoxide (DMSO), require additional detoxification steps. Most
organic solvents are potentially toxic and must be removed to minimise their harmful
effects and ensure the biocompatibility of the loaded drug [74]. Therefore, it is crucial to
optimise the drug-loading method of hydrogels to maximise the drug-loading capacity to
enhance matrix swelling and drug release [71].

4.2.4. In Situ Loading Method in the Hydrogel Patches

The in situ loading method involves initially adding the drug or API to the solution
during transdermal patch preparation. During in situ loading, a polymer precursor solution
is mixed with a drug or drug-polymer conjugated solution with or without a cross-linker
and allowed to polymerise. Incorporating the drug within the matrix allows simultaneous
hydrogel network formation and drug or API encapsulation as shown in Figure 4 [75].
Similarly to Pastor et al., who used in situ loading of dimenhydrinate (DMH) to form a
DMH transdermal patch, this method has the advantage of overcoming many limitations
of osmosis loading. The in situ loading method allows the loading and incorporation of
higher amounts of drugs and API than the post-loading method. Thus, in situ loading
achieves a higher drug delivery efficiency than the post-loading method. Additionally,
it overcomes the physicochemical incompatibilities, such as pH associated with osmotic
uptake [75]. Furthermore, this method enables drug delivery in controlled or modified
release due to the entrapment of the loaded drug in the hydrogel polymer network, leading
to slower drug diffusion from the hydrogel structure to the skin site [71].
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Figure 4. Schematic of in situ drug loading during hydrogel patch preparation, using solvent
casting method.

4.2.5. API Release from the Hydrogel Patch

There are three primary API delivery or release mechanisms: diffusion, erosion, and
swelling [76]. Hydrogels have various characteristics, such as water absorption, swelling,
and degradation aspects, and these properties can significantly improve the utilisation
rate of API and help control their release as desired [77]. An example of the advantages
of hydrogels based on drug-controlled release systems has been demonstrated in tissue
engineering [77]. Many studies describe the connection between the duration and release
rate of an API from a hydrogel matrix with some of the structural properties of the hydrogel
network, such as (crystallinity of the substances, swelling degree, molecular weight (MW)
between the cross-linking points, cross-link density, and chemical structure of polymer
chains inside the hydrogel) [76,78,79]. The influence of one or more of the hydrogel polymer
network parameters upon the release of the drug, such as network structure made up of
meshes of different sizes as a result of a cross-linking process (for example, cross-linking
copolymerisation or irradiation) and chains with functional groups that distribute randomly,
are also reported [76,78,80].

Generally, API release studies are carried out in vitro, followed by in vivo and human
trials. In vitro drug release studies test a range of mathematical equations to model the
release kinetics of drugs from polymeric carriers. The drug release follows Fick’s first or
second law of diffusion [79]. According to Fick’s first law of diffusion, the diffusion from a
reservoir environment of the hydrogel has a direct relationship with time without depend-
ing on the drug concentration. This is now well known as the zero-order release kinetics,
characterised by a constant release rate from a drug delivery system or device [76,78,79].
According to Fick’s second law, diffusion from a matrix-style and swellable system im-
mediately reaches the swelling equilibrium when the rapid uptake from surrounding
media happens. In addition, the dispersed drug will then diffuse through the swollen
network [76,78,79]. Numerous models were developed to estimate API release from multi-
layered hydrogel composites such as multi-layer devices to produce dual active release.
For this model, Fick’s second law of diffusion was employed to predict the drug release
profiles. Furthermore, the diffusion equations were derived to account for constant or
non-constant diffusivities. Multi-layer matrices can also be utilised to reduce the cause
of burst release, which is a prevalent problem in API delivery from the system that is
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associated with protein delivery. Lastly, since more advanced release devices are produced,
such as (affinity hydrogels, microparticle systems, and in situ forming gels), additional
mathematical modelling strategies are required to describe the associated mechanisms
controlling API release from these systems [76].

Overall, many types of polymers are used to synthesise the hydrogels for TDD and
topical skin applications, which may be natural or synthetic in composition. Synthetic
polymers that are used commonly to graft the hydrogel matrix include poly (vinyl pyrroli-
done) (PVP), poly (vinyl alcohol) (PVA), poly (lactic acid) (PLA), poly (ethylene oxide)
(PEO), poly (ethylene glycol) (PEG), and polycaprolactone. Natural polymers include
polysaccharides, polynucleotides, and polypeptides. These polymers are considered non-
toxic and biodegradable and have other beneficial biological properties. In addition, they
are accessible, numerous, and inexpensive. Polysaccharides are the most naturally occur-
ring polymers that are extensively used in hydrogel synthesis. They possess exceptional
structural characteristics; they are formed from long-chain carbohydrate molecules of
repeated monomers connected by glycosidic bonds. Hyaluronic acid, cellulose, starch,
chitin, chitosan, carrageenan, alginates, dextran, and pectin are natural polysaccharides
that are extensively used for industrial, medical, tissue engineering, pharmaceutical, and
cosmetic applications [76,78,79].

4.3. Recent Advances in Transdermal Delivery Systems

Microneedles (MNs) are one of the recent advances in the delivery system through
the skin. They are designed to physically bypass the dermal barrier, enhancing drug
permeability [81]. MNs consist of needle arrays and base, are minimally invasive, and elicit
the lowest pain and discomfort [81]. Thereby, the local administration of MNs transdermally
provides patients with a convenient and pain-free approach to self-medication by allowing
them to overcome the intravenous route [82]. This is especially valuable for individuals
requiring prolonged drug administration [83]. The system allows the penetration of the
arrays through the stratum corneum while ensuring to minimise contact with nerve endings
and blood vessels, which results in reduced pain during microneedle application [84]. Array
designs depend on their application and possess specific properties. For instance, the length
of MN arrays is dependent on their specific function and intended application. Usually,
they range from 250 to 1500 µm in size [85]. The largest advantage of the MNs is the
formation of micropores on the skin’s surface, which thus enhances the penetration of
macromolecular actives into the stratum corneum and facilitates the direct delivery of active
molecules to the dermis [84]. In addition, it enhances a more controlled release of actives,
with the tip design playing a significant role in controlling the kinetics of the actives’ release.
However, the large difference between individuals’ SC thickness and the skin layers can
cause inconsistent penetration and drug delivery. In general, microneedles are categorised
as solid, coated, dissolving, hollow, and hydrogel-forming depending on their composition
with various materials and preparation methods [84]. All these types are useful to deliver
actives for therapeutic and cosmetic applications. Du et al. fabricated a HA hydrogel
microneedle loaded with methotrexate for psoriasis management. The authors aimed to
decrease its systemic toxicity compared to oral administration [86]. Miura et al. designed
a new HA microneedle system for biomedical application; however, they found the MW
of HA significantly influenced its solubility and permeability, highlighting the potential
effectiveness of MNPs as actives delivery systems. It was also represented that the material’s
MW directly effects the MNP’s mechanical strength [81,86]. Snetkov et al. highlighted the
materials with HMW hold stronger intermolecular interactions and form higher mechanical
structuring, ensuring better puncture properties in areas of hard skin [25,81], in contract to
the LMW of a polymer that is less useful for MN skin application [81].
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Nano-carrier-based transdermal delivery systems are a recent advance and develop-
ment in skin applications [14,87,88]. Nanocarriers are nano-scaled delivery systems consist-
ing of nano-sized active ingredient particles encapsulated with lipids or polymers [87,89].
The most common types are vesicular nanocarriers (liposomes, niosomes, and transfero-
somes), lipid-based nanocarriers (solid lipid nanoparticles, nanostructured lipid carriers),
emulsion-based nanocarriers, polymeric nanocarriers, inorganic nanoparticles, and inclu-
sion complexes, which are utilised extensively in topical dermal application to deliver
various actives [87].

Incorporating nanocarriers in HA hydrogels provides a platform with synergistic
action for enhanced therapeutic efficacy and patient compliance. Due to HA’s specific
characteristics such as biocompatibility and hydrophilicity, it serves as an ideal matrix for
embedding nanocarriers providing excellent skin permeability and moisture-retaining prop-
erties [90,91]. Liposomal nanocarriers, solid lipid nanoparticles, and polymeric nanoparti-
cles, when combined together, facilitate controlled and sustained actives release, improved
dermal penetration, and minimised systemic adverse reactions [87].

Extensive reviews by Trombino et al. and Fu et al. provide a valuable insight of
HA-based hydrogel drug delivery systems developed for targeted cancer treatment [90,91].

Kang et al. highlighted the importance of the hybrid systems that leverage the de-
formability and tunable surface charge of nanocarriers to disrupt the SC and enhance drug
penetration, making them powerful and effective for treating dermatological conditions
and delivering high molecular weight biologics [87].

Furthermore, researchers highlighted the role of HA-based hydrogels in minimising
immunogenicity and enabling targeted delivery, allowing them to be the most advanced
solutions in the TDD applications [88].

4.4. HA-Based Hydrogels in Transdermal Delivery

HA-based hydrogels are increasingly used in transdermal drug delivery systems
for pharmaceutical and biomedical applications due to their excellent biocompatibility,
hydration capacity, and ability to enhance controlled release of therapeutic molecules [92].
These hydrogels with HA bases enhance skin permeability by using advanced formulation
techniques and are suitable for delivering anti-inflammatory agents, peptides, and other
drug molecules. Their rheological behaviour and swelling properties can be tailored to
optimise drug release kinetics, making them ideal for treating chronic skin conditions and
systemic diseases [34].

Recent innovations in TDDs include conjugating HA in microneedle-based systems
that improve transdermal penetration and target delivery to specific skin layers, espe-
cially for bio-ingredients. For instance, HA-based microneedle systems have been used
for antibody delivery and non-invasive vaccination, demonstrating improved bioavail-
ability and reduced systemic side effects [93]. In addition, HA has been introduced to
nanotechnologies. HA-coated nanoparticles and liposomes have demonstrated promise
in enhancing drug stability and targeting CD44 receptors on skin cells, further improving
therapeutic outcomes [93].

Furthermore, crosslinking strategies for hydrogels, such as acrylation of HA-based
hydrogels and the use of agents like BDDE that act as a crosslinker, allow improving the
hydrogel properties, reducing degradation rate, and enhancing mechanical strength, which
are essential for tailoring drug release profiles [25]. These characteristics make HA-based
hydrogels highly effective for treating chronic dermatological conditions, localised pain,
and systemic diseases via transdermal routes.

Salih et al. has introduced HA-modified liposomes as advanced carriers for the
controlled release of vitamin E in skin wound therapy. The formulation structured not



Cosmetics 2025, 12, 265 17 of 23

only extends the half-life of the active ingredient but also reduces its toxicity, making the
treatment safer and more effective. Furthermore, HA incorporation in liposome enhances
the permeability of the skin barrier, allowing for deeper penetration of vitamin E and
improved therapeutic outcomes [93].

4.5. HA-Based Hydrogel Phase Transition by Changing the pH for Full Absorption via the Skin

Some HA hydrogel formulations for use on the skin are made to change phase
when applied to the skin after or during the application by pH or temperature (thermo-
responsive) [35]. Hydrogels with thermo-induced gelation systems consist of interpene-
trating networks of polymer chains that transition into a gel-sol state due to temperature
change. The drugs are loaded at room temperature, but once the formulation is injected into
the body, the gel shrinks, traps the other contents, and facilitates drug release [94]. Other
mechanisms include pH change, solvent exchange or crystallisation, UV light exposure,
thickening after removal of injection shear, and ionic cross-linking [95]. Ionic cross-linking
of hydrogels is cross-linking under mild conditions, such as physiological pH and room
temperature [96]. This can be easily reversed with a slight change in the conditions, leading
to the release of the loaded materials. HA hydrogels have specific behaviour in low, high,
and intermediate pH. This can be exploited to facilitate the release of drugs, for example, in
the stomach where the pH is low. Electro-sensitive hydrogels respond to changes in the
electric field and may shrink or swell when the surface of the hydrogel is in contact with
the electric field [97]. Light-sensitive hydrogels change phases due to changes in light and
have applications in ophthalmic drug delivery systems [97].

Some of the limitations and problems associated with the use of HA are rapid degra-
dation and clearance and a short half-life of about 12 h, as it undergoes rapid degradation
by the hyaluronidase enzymes present in body tissues [6]. Therefore, cross-linking of HA
in the formulations was approached to overcome the above limitation and achieve lower
enzymatic degradation rates and lower swelling ratios compared to linear HA polymers
due to the presence of covalent bridges and intermolecular bonds between the HA polymer
chains and the chemical cross-linker, which allows the applications to last longer [53,98].
Other limitations are allergic reactions from individuals; although they are rare, Bhojani-
Lynchet et al. represented clinical cases of a late-onset inflammatory response toward HA
that occurred 3 months after an uneventful injection of HA dermal [99].

5. Hydrogels Applications in Cosmetic Skin Topical Applications
5.1. Uses of HA in the Cosmetic Field

HA in the cosmetic industry has gained widespread usage in limiting or reducing
skin ageing [100]. HA is coupled with the modern cosmetic world. Due to its specific
characteristics, it has become one of the most significant moisturisers and humectant
ingredients in skincare products. HA is employed as an effective anti-ageing agent. It
restores skin hydration and elasticity, potentially reducing the appearance of wrinkles
and fine lines. Injectable HA dermal fillers are widely used to volumize the lips, lift
cheeks, soften lines, and enhance the skin. HA formulations of different molecular weights
(50, 130, 300, 800, and 2000 kDa) are used in products promoting wound healing and
wrinkle reduction. Low molecular weight HA (50, 130 kDa) significantly improved wrinkle
reduction. It is also used as filler to shape lips, model cheeks, and correct facial lines [53,101].

Usually, the range of HA concentrations in cosmetic formulations is 0.01% to 2%, with
serums and creams having the highest concentrations (0.1–1%) [102]. The effectiveness
of HA is supported by clinical research, which showed that a thermosensitive hydrogel
mask greatly improved skin moisture after only one application and even more after four
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applications [103]. Furthermore, over a 56-day period, wrinkle elasticity and depth were
enhanced by a combination of topical and oral HA treatments [104].

5.2. HA-Based Hydrogels in Cosmetic Applications

In cosmetic and topical applications, HA, specifically hydrogel formulations, serve
as powerful moisturisers and delivery systems for active ingredients such as vitamins,
antioxidants, and botanical extracts. Their ability to bind with water molecules and retain
it to form a protective barrier improves skin elasticity and reduces the appearance of fine
lines and wrinkles. HA hydrogels are commonly used in facial masks, under-eye patches,
and anti-ageing products, offering both immediate and long-term skin benefits [93,102].
The molecular weight of HA significantly influences its performance within hydrogel
formulation that is intended for cosmetic performance. High molecular weight HA forms a
protective hydrogel film on the skin surface, providing immediate plumping and hydration,
which is widely employed in products as under eye patches and facial masks, while low
molecular weight HA penetrates deeper layers, stimulating collagen synthesis and cellular
regeneration [25]. However, they can either be made in serums and dermal fillers or
incorporated into facial masks and under-eye patches for the same purposes [25].

Advanced formulations such as HA-based microneedles offer targeted delivery and
enhanced skin absorption of antioxidants, contributing to improved skin barrier function
and protection against environmental stressors such as UV radiation [93]. Due to HA’s
adaptability and proven safety, it remains a foundational ingredient in modern cosmetic
and dermatological products, especially in hydrogels.

A study by Xue et al. [56] developed five different HA-based hydrogel formulations
using high molecular weight (HMW, 2000 kDa) and low molecular weight (LMW, 200 kDa)
HA. They used 1,4-butanediol diglycidyl ether (BDDE) to produce the hydrogels were
chemically crosslinked and evaluated for their enzymatic degradation behaviour in the
presence of hyaluronidase enzyme. They found the hydrogels with a 4:1 ratio of HMW to
LMW HA had the highest resistance to enzymatic hydrolysis, which suggested more stable
structural integrity, while hydrogels with higher proportions of LMW HA degraded more
rapidly. This was attributed to the cooperative entanglement of HA chains, which reinforced
the hydrogel network and slowed enzymatic breakdown. Such findings highlighted the
importance of molecular weight composition in designing HA- based hydrogels with better
mechanical strength for biomedical applications [56].

6. Conclusions
Hyaluronic acid (HA)-based hydrogels represent a transformative advancement in

skin applications for both pharmaceutical and cosmetic applications. Their ability to
absorb water and maintain it in their structure made them superior to many conventional
formulations for skin applications. In addition, HA hydrogels can provide more hydration
to the skin, which allows them to be ideal for skin cosmetic product applications ranging
from facial masks to injectable fillers and in pharmaceutical sectors as effective transdermal
delivery systems for localised and systemic treatment.

This review has highlighted the strategic design considerations, cross-linking tech-
niques, and functional enhancements that overcome many limitations such as fast enzy-
matic degradation and difficult transdermal permeation for biological actives.

The future research developments should focus on smart hydrogel systems that can
respond to physiological stimuli including pH, temperature, or electric fields to allow more
personalised and accurate drug delivery. Biodegradable and eco-friendly hydrogels are
designed to assist with sustainability concerns, and combining them with nanotechnology,
microneedles, and bioactive carriers will make them more effective for both medical and
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cosmetic purposes. These improvements will make HA-based hydrogels an important part
of the next generation of drug delivery and skin care systems.
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