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Abstract: Hydrogels have gained significant attention as vehicles for transdermal delivery systems. These 

polymeric-structured substances have been implemented in pharmaceutical and cosmetic applications. Many 

factors are employed in their preparation. Light, pH, temperature and specific molecules ligands are commonly 

used in the production of hydrogels. The Transdermal delivery system (TDD) is a widely used route, used to 

deliver actives/drugs via the skin. Hydrogels as a TDD have been shown to be efficient in enhancing the efficacy 

in delivering the actives and drugs. The aim of this review is to discuss the hydrogels application in both 

dermatological therapeutic and cosmetic applications, covering the types, and properties of hydrogel polymer 

networks. Furthermore, this review presents one of the most extensively used polymers (Hyaluronic acid HA) 

in this field and discusses the properties, preparation methods and applications of HA hydrogel patches as a 

delivery system, including methods of loading the actives and the releasing of these actives from them. 

Keywords: hydrogels; transdermal delivery system; polymer; hyaluronic acid; cosmetic; 

dermatology; pharmaceutical application 

 

1. Introduction 

1.1. Overview of Cosmetic and Dermatology Sciences 

Cosmetics may be generally categorized as health and beauty products and are used to improve 

the appearance of a person’s skin [1]. Although cosmetics are used for beautifying and hygiene 

purposes, they may also be used to maintain and enhance skin beauty[2–4]. Currently, there is an 

increasing interest in cosmetic and antiaging preparation techniques as people are becoming more 

concerned regarding their appearance when signs of aging commence. The increased interest is due 

to the need for individuals to have resources by utilising anti-aging products [5]. Cosmetics make the 

skin smooth and supple, hence providing a youthful appearance. Skin aging is a process that takes 

place due to chronological and photo-aging resulting from the influence of external factors. The skin 

produces antioxidants as a defensive mechanism. Therefore, many products have antioxidants as a 

core ingredient that assists in the reduction of wrinkles hence maintaining the smoothness of the 

skin[6,7]. 

Cosmetology has a wide range of products with various types of cosmetics used for specific 

purposes such as cleansing, moisturizing, facial toner, shampoos, hair care products, and oily 

cosmetics that do not contain water, etc. [2,8,9]. While cosmetics are used for the purpose of 

beautifying, perfuming, and cleansing, and have been employed since the early origin of world 

civilization, huge progress has been made during the 20th century in the diversification of these types 

of products in addition to the safety and protection of the consumer [2]. 
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Cosmetic products have a long history and have been noted to be present in every ancient society 

around the world [1,10]. After 1939, cosmetics were started to be regulated as drugs and products 

used for health. This was followed by, the Food and Drug Administration (FDA), through the Federal 

Food, Drug, and Cosmetic Act, which had the authority to regulate cosmetics that were required to 

be safe for the consumer and hypoallergic [1,2,11,12]. 

The term “cosmeceutical” refers to the cosmetic-pharmaceutical hybrids intended to enhance 

the health and beauty of the skin. Due to cosmeceuticals promising future in skin care products, this 

area has made significant advances within the world of dermatological products. They are either 

naturally derived or synthetic, but both have functional ingredients with either therapeutic, disease-

fighting or healing properties [13,14]. The role of cosmetics as positive healing products might be 

exploited by developing formulations to improve the appearance of UV- damaged and wrinkled skin 

in persons with hypersensitive skin. It can be concluded that cosmetic products play a key role in 

everyday life and are used by all genders, thereby creating a significant increase in cosmetic usage 

and scope also [13,15] . Furthermore, cosmetic, are products that are applied daily on parts or all parts 

of the human body and therefore require special knowledge and care when designing appropriate 

formulations. The ingredients used should be combined to achieve the desired therapeutic or 

cosmetic effects and be appropriate for the purpose. Additionally, all cosmetic products must meet 

the standard requirements, such as, being temperature resistant and stable over a sufficient period of 

time, and therefore preservative usage, pH regulators, chelating agents, and antioxidants should be 

considered [9,16]. 

The fact that many cosmetic and skin care products consist of synthetic chemicals may cause 

side effects such as skin irritation, allergic reactions, and dermatitis. Therefore, investigating the 

safety of these products and the protection of the customer is one of the extremely important issues 

in quality control analysis for skin application formulations [17]. However, stability must also be 

controlled, to minimise changes in the colour, smell and viscosity of the product for the users. They 

should have antimicrobial ingredients such as preservatives that maintain the stability of the product 

and last long over the shelf life and avoid secondary pollution after opening the pack [9]. 

Dermatology is the study of everything related to the skin, which includes thousands of skin 

diseases and skin conditions, that vary from mild to severe or even fatal. According to Global Burden 

of Disease (GBD) evaluation, the list of diseases are noted over all the globe, and include eczema, 

psoriasis, acne vulgaris, pruritus, alopecia areata, decubitus ulcer, urticaria, scabies, fungal skin 

diseases, impetigo, abscess, and other bacterial skin diseases, cellulitis, viral warts, molluscum 

contagiosum, and non-melanoma skin cancer [18]. Melanoma is of concern in UK with due to 

increasing incidence in white populations, suspected to be caused by increased sun exposure [19,20]. 

Dermatological treatments vary from mild oral supplementations to enhance skin health to more 

traditional drugs used to treat the skin diseases, while more concerns go to chronic skin diseases that 

are often difficult to treat them such as skin pigmentation disorders, onychomycosis, psoriasis, and 

atopic dermatitis. However, considerable pharmaceutical developments have been achieved in recent 

years [8,18] pharmaceutical industries have put more effort in developing new and more efficient 

topical formulation to treat skin disorder such as skin inflammatory diseases [21]. Hence having 

knowledge and of skin physiology is essential to designing new approaches and developing better 

topical products for skin conditions [8,22] 

1.2. The Skin and Skin Anatomy 

The skin is the interface between the body and the environment. It is composed of the epidermis, 

dermis and hypodermis [23,24]. The epidermis is the outer structure, and it is a vascular multilamellar 

multi-layered epithelial tissue divided into several layers. The epidermis, mostly consists of 

epidermal cells, known as keratinocytes. The stratum corneum (SC), (Figure 1), is the outer layer of 

the epidermis and outlines the epidermal permeability barrier that prevents water and electrolytes 

being lost from the skin [25,26] . SC is therefore the most important layer involved in skin hence, it is 

important to understand the structure and function of the stratum corneum and the epidermal 

barrier. SC is a heterogeneous tissue in its structure and consists of non-nucleated, flat, protein-
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enriched corneocytes and lipid-enriched intercellular areas [25,26]. These lipids that act as barrier 

function are synthesized in the keratinocytes of the nucleated epidermal layers, then their storage is 

held in the lamellar bodies, while, during the transition, expel out into the intercellular spaces from 

the stratum granulosum to the stratum corneum forming a system of continuous membrane bilayers 

[25]. However, other composites such as melanin’s, proteins of the SC and epidermis, and many other 

small components have essential responsibilities in the protective barrier of the skin [25] . This barrier 

acts as defence against sunlight, insects, bacteria, toxins, and allergens and is also responsible for 

variations in skin appearance [26]. 

 [27]. 

Figure 1. Diagram illustrating skin anatomy [20]. 

The dermis layer is approximately 1–3 mm in thickness and it determines elastic properties and 

the flexibility of the skin, whilst also it provides physical strength to the skin. The major component 

of this layer is a protein in the form of collagen fibers (75%) and elastin fibres (2–4%) containing blood 

vessels and lymphatic channels [8,28,29]. The dermis is composed of the papillary dermis and the 

reticular dermis with the papillary dermis lying in direct contact with the epidermis [23,26]. 

Furthermore, in addition to the connective tissue cells, this layer of skin also contains other 

substances, such as glycosaminoglycans and hyaluronic acid, that regulate the amount of water in 

the skin and maintain skin hydration [28,29]. The high-water content in the dermis, comprising 

around 60-70%, is crucial for maintaining skin hydration. As age advances, the skin tends to 

experience a decline in water content, contributing to increased water loss and potentially leading to 

the formation of wrinkles. Skin with lower water levels is more prone to dehydration and the 

development of visible signs of aging [29–31]. The dermis has additional glands such as sebaceous 

glands and sweat glands. These two glands are different in their shape and size in different parts of 

the skin, but they act similarly. Sebaceous glands are distributed throughout the body, but they 

secrete sebum, hence on the skin surface which performs as a preservative and lubricant and protects 

against biological infections [28,30]. 

Hydrogels have gained attention in addressing skin hydration problems. These water-based 

materials can provide a moist environment, helping to replenish and retain skin moisture. Hydrogels 

may be used in skincare products and transdermal applications, offering a potential solution for 

improving skin hydration and combating issues related to water loss, which is often associated with 

dryness and wrinkles. Furthermore, hydrogels serve as effective delivery systems for various 

substances, including skincare ingredients and medications. Their high-water content and ability to 

hold and release substances make them ideal for immediate and controlled release applications. In 
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skincare, hydrogels can deliver hydrating compounds, antioxidants, or other active ingredients to the 

skin, promoting better absorption and targeted delivery. This makes hydrogels valuable in enhancing 

the efficacy of skincare products and ensuring a more sustained impact on skin hydration and health. 

2. Overview of Hydrogels 

2.1. Introduction to Hydrogels 

Hydrogels are cross-linked polymers that swell in water and retain it within their structure 

without dissolving [32]. Hydrogels may be made up of one or more polymers, which are three-

dimensional chains that are cross-linked [33]. The spaces between the macromolecules fill with water 

swelling the compound to form a hydrogel. The polymers have hydrophilic functional groups which 

hydrate in aqueous media and are responsible for the hydrogel’s ability to absorb water [33,34]. 

Covalent crosslinks prevent the dissolution of the hydrogel in water [32,35](Figure 2).  

 

Figure 2. Showing the synthesis of hydrogels by three-dimensional polymerization. 

2.2. Types of Hydrogels 

There are different types of hydrogels depending on their origin (natural versus synthetic 

hydrogels), polymer composition i.e., one or more monomer types (e.g., copolymer, and 

homopolymeric hydrogels), biodegradability (biodegradable hydrogels versus non-biodegradable 

hydrogels) and configuration (crystalline, non-crystalline, hydrocolloid aggregates, and semi-

crystalline) [36,37]. 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 electrical charge (neutral, anionic, cationic) [36,37]. Hydrogels can also be 

classified according to their method of preparation (e.g., irradiation, UV radiation) [36] (Figure 3). 
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Figure 3. Showing the synthesis of hydrogels by cross-linking of ready-made water-soluble 

polymers. 

2.3. Rheological Properties of Hydrogels 

The rheology of hydrogels is mostly dependent on the molecular structure of its polymers [38]. 

According to [39], the consistency and the elasticity of hydrogel improve, when polymer 

concentration increases. While a higher shear thinning behaviour is indicated with decreasing in 

polymer concentration. In Liao et al. it was shown that an increase in HA molecular weight from 

(134.000 to 4 million Da) or decreasing the pH to acidic leads to an increase the rheological behaviour 

[40].  

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

The characterization 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), while chemical hydrogels are irreversible and formed by 

covalent cross - linking (chemical functionalization), which are stronger and have higher mechanical 

properties [41]. The chemical composition also influences the response of the hydrogel to stimuli such 

as pH, temperature, and light [42]. 

3. Hyaluronic Acid 

3.1. Introduction on Hyaluronic Acid 

Hyaluronic acid (HA) is a non-sulphated glycosaminoglycan comprising repeating polymeric 

disaccharides of N-acetyly-D-glucosamine and D-glucuronic acid [43,44]. These are linked together 

by alternative beta-1, 3, and beta-1,4 glycosidic bonds [45]. 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 on the body in 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 in the body. [46]. 

(Figure 4 ) shows the chemical structure of HA [47,48]. 
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Figure 4. Chemical structure of HA. 

3.2. Classification of Hyaluronic Acid 

Based on molecular weight, HA can be classified into low molecular weight and high molecular 

weight HA. High molecular weight HA has a molecular mass of more than 1000 kDa [49]. Low 

molecular weight HA is HA with a molecular mass of less than 500 kDa [50] . The molecular weight 

of HA is mostly dependent on its source [40,51]. For example, the weight of HA in rabbit vitreous is 

mostly high (2000-3000 kDa)[52]. The biological effects of HA may differ depending on the molecular 

weight [46].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. 

While low Molecular Weight (LMW) HA is believed to penetrate the skin more easily. It may have 

anti-inflammatory effects and could potentially influence cellular processes, such as promoting 

wound healing and modulating inflammation[53]. 

3.3. Physical and Chemical Properties of Hyaluronic Acid 

HA has hydroxyl and carboxyl groups, and it can form a hydrogel under mild conditions such 

as mixing it with water [54,55]. 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 [45]. Hydrogen bonding stabilizes 

the conformation of HA in solution. However, these bonds are easily disrupted by temperature and 

pH. At intermediate pH levels, HA behaves like most other polymers with no strong intermolecular 

interactions, but as pH reduces towards 2.5, HA forms a gel due to decreasing carboxylate 

dissociation and increased intermolecular interaction [56]. HA must be chemically modified to form 

a less degradable gel that is used in many biomedical applications [56].  

3.4. Types of Gelling Agents Used for Preparation of Hyaluronic Acid Hydrogels 

3.4.1. Specific Types of Cross-Linking Agents  

While HA itself is a good gelling agent, some literature reports the use of other gelling agents 

that facilitate cross-linking of polymers, which leads to viscoelasticity and gives a gel its structure 

and elasticity for different applications [57]. Cross-linkers or other polymers mostly used to enhance 

the crosslinking, in addition to some effect as gelling agents. Polymers such as alginate, gelatine, and 

chitosan can be used as gelling agents for other polymers to form hydrogels [32] . Gum Arabic 
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aggregates its protein components after exposure to heat, which increases its molecular weight to 

produce a hydrogel with enhanced water binding capability and mechanical properties [57,58]. 

Cross-linkers such as glutaraldehyde, adipic acid dihyadrizide, epichlorohydrin, and aldehyde 

induce reaction of the functional groups of polymers which result in cross-linking and subsequently, 

hydrogel formation [57]. Others include dextran, xanthan gum and hydrocolloids (carrageenan) 

[57,58]. 

3.4.2. Temperature Dependence of Gelation Mechanism to Prepare HA Hydrogels. 

Gelation of HA is temperature sensitive which is a typical characteristic of thermo-reversible 

(sol-gel-sol) hydrogels. They have a gelation temperature and a gelation concentration. HA is non-

gelling, but as Fujiwara et al. found, it can form hydrogels if annealed in the sol. State [59]. The 

authors studied the effect of annealing on the gelation of HA in aqueous solution and found that HA 

solutions of higher concentration (3%wt) formed a gel at 60 ˚C, if given more than 6 hours, but at 

lower concentrations (1%wt and 2%wt) they did not [59].  

3.4.3. pH Dependence of Gelation Mechanism to Prepare HA Hydrogels 

HA degrades slightly in acidic and basic conditions (pH 1.6 and 12.6 respectively). It may 

undergo hydrolysis, depolymerization, and breaking down of its molecular structure into shorter 

fragments, although rheological behaviour is not affected much [60]. However, at pH 2.5, a reduction 

in the net charge of the polymer increases interchain interactions causing the polymer to become gel-

like. Above a pH of 12, the hydrogen bond network partially breaks, which reduces the stiffness of 

the polymer and subsequently, the viscosity [60]. The extent of degradation is greatest at high pH 

[61].  

3.5. Preparation of Hyaluronic Acid Hydrogels Using Cross-Linking Agents 

Preparation of HA hydrogels involves the addition of an agent to promote cross-linking of 

polymer molecules to form a gel. Gelling agents can be natural or synthetic. Methylcellulose (cellulose 

gum) is a gelling agent that facilitates gel formation through thermally induced physical crosslinks. 

The first step in the preparation of hydrogel is to sterilize the HA and methylcellulose. Caicco et al. 

sterilized their polymers by dissolving them in a filtration system comprising of a 0.22µm polyether 

sulfone membrane [62]. Lyophilization processes are then conducted to recover the solid polymers. 

HA (1500) kDa and methylcellulose hydrogel were prepared by dissolving the two components 

together. Different amounts were used, but the gel was strongest when the total polymer content was 

highest [62]. According to Parhi et.al, HA and methylcellulose blends formed H-bonding interactions 

between the two polymers chains. This interaction in addition to the compatibility in the geometry 

of the two compounds improves the hydrogel’s viscoelastic properties [41,63].  

Lv et al. investigated cross-linked HA and a synthetic tri-block copolymer poly(-caprolactone-

co-1,4,8-trioxa [4.6]spiro-9- undecanone)–poly(ethylene glycol)–poly(-caprolactone-co-1,4,8-trioxa 

[4.6]spiro-9-undecanone) triblock copolymers (PECT). The researchers synthesized PECT and freeze-

dried it into a powder to enhance its dispersibility [64]. Sodium hyaluronate was deprotonated 

dissolving in 100ml deionized water and then dialyzed in dilute acid for 12 hours after which it was 

lyophilized [64]. They found combining HA with PECT enhanced the mechanical strength, viscosity, 

and morphological appearance of the hydrogel. [64]. 

3.6. Methods of Preparation for Hyaluronic Acid Hydrogels in Different 

3.6.1. Hyaluronic Acid Molecular Weight 

The molecular weight of HA is one of the factors that determines the viscosity as well as the 

elasticity of the gel formed. Mostly HA of high MW can be used as a gelling agent. These gels can be 

either reversible (pH or temperature –induced gelation) or irreversible (covalent cross-links using 

cross-linking agents), whereas HA of low MW is used as active ingredient [65]. 
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Preparation of HA hydrogels using HA of different molecular weights differs in the type of 

material being produced and the gelling agent used. In Chun et al., HA hydrogels of different 

molecular weights were prepared. The concentration of the solutions was 0.5% w/v; the molecular 

weights were low (69 kDa) and high (1058 kDa) [66]. 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 [66]. 

3.6.2. pH 

The pH of the medium partly influences the uptake of water and thus, the swelling of the HA 

hydrogel. Preparation methods of HA hydrogels in mediums of different pH should be carefully 

done 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 concentration of cross-linker had a higher swelling capacity in water than PBS while those with 

higher concentrations of the cross-linker had lower swelling capacity in water than PBS. The cross-

linker is comprised of poly-acids (pKa1 = 3.47 and pKa2= 6.47), but only a few groups can react with 

the HA to form the hydrogel [67]. The remaining functional groups are ionized depending on the pH 

of the medium. Deionized water is slightly acidic compared to PBS, which explains the different 

swelling behaviour [67]. 

The type of medium is also affected by the pH, whereby, for example, the preparation of HA 

hydrogels in NaOH is likely to result in a product which has different properties than when prepared 

in HCl or any other medium. In [68],HA hydrogels were prepared in aqueous NaOH solutions to 

provide a high pH and facilitate easier disruption of intramolecular hydrogen bonds of the HA 

molecule. This enhances chain flexibility, solubility in water, and cross-linking between HA’s 

functional groups and the cross-linker [68]. 

3.6.3. Temperature 

Temperature influences the formation of hydrogels, particularly for temperature-sensitive 

polymers. These polymers have a lower critical solution temperature above which they become less 

soluble or insoluble in water [69,70]. For example, a thermo-responsive hydrogel comprising of HA 

and poly(N-isopropylacrylamide) (PNIPAAm) phase transition occurred at around 30-33 ˚C [71]. 

Above, 35 ˚C, the viscosity of the hydrogel increased [71]. HA hydrogels (cross-linked with thiol end 

capped Pluronic F127 copolymer) were solid at room temperature but transitioned to gel state at body 

temperature [51]. Such materials have numerous applications in drug and cell delivery [51]. 

3.7. Preparation of High Molecular Weight Hydrogel Platform Loaded with Low Molecular Weight 

Hyaluronic Acid 

High molecular weight hydrogel platforms can be loaded with low molecular weight HA in skin 

care products and procedures. The numerous benefits of HA on the skin are limited by the molecular 

size of HA, which is usually so large that it cannot penetrate the skin [72]. However, fragmenting 

high molecular weight HA into smaller fragments of smaller molecular weight can overcome this 

limitation [72]. 

3.8. Pharmaceutical and Cosmetic Uses of Hyaluronic Acid 

3.8.1. Uses of Hyaluronic Acid in Pharmaceutical Applications and its Advantages 

Due to its chemical and physical properties as well as functions in biological tissues, HA has 

numerous pharmaceutical and cosmetic uses. HA is used as a drug delivery system due to its 

biocompatibility, non-immunogenicity, and biodegradability [73]. HA can interact with receptors 

such as CD44 (cluster of differentiation 44) antigen a cell-surface glycoprotein, which is expressed in 

many types of tumor cells and thus, it is a candidate for the delivery of imaging and anticancer agents 
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[74]. HA can embed fibroblast growth factor and b’e used to make scaffolds, which can be used to 

fasten wound healing [75]. 

3.8.2. Uses of Hyaluronic Acid in the Cosmetic Field and its Advantages 

HA in the cosmetic industry has gained widespread usage in limiting or reducing skin aging 

[76]. Hyaluronic acid formulations of different molecular weights (50, 130, 300, 800, and 2000 kDa) 

respectively, is also used in products that promote skin hydration, which is found low molecular 

weight HA (50, 130 kDa) are a significant improvement in wrinkle reduction. It is also used as filler 

to shape lips, model cheeks, and correct facial lines [77]. 

3.9. Hydrogel Based Hyaluronic Acid Phase Transition by Changing the pH for Full or Completed 

Absorption via 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). Hydrogels with 

thermo-induced gelation systems consist of interpenetrating 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 contents, and facilitates 

their release [78]. Poly(N-isopropylacrylamide) (PNIPAAm) was discussed in Section 1.4.6.3. Other 

mechanisms include pH change, solvent exchange or crystallization, UV light exposure, thickening 

after removal of injection shear, and ionic cross-linking [71]. Ionic cross-linking of hydrogels is cross-

linking under mild conditions such as physiological pH and room temperature [79]. They 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 [80]. Light-sensitive hydrogels change phases due to 

changes in light and have applications in ophthalmic drug delivery systems [80]. 

4. Overview of the Development of Transdermal Delivery Systems 

The most common routes of drug and actives delivery are via oral and parenteral routes, and 

more conventional route is oral delivery for small molecule drugs [81,82]. 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 route for delivering medications[83,84]. In other cases, some drugs 

such as therapeutic peptides and proteins are not suitable to be delivered via the oral route, because 

they rapidly degrade in the stomach, and in addition, have size-limited transport across the 

epithelium [85]. Therefore, these macromolecules could be delivered by parenteral route [81,85,86]. 

However, the parenteral route also has some limitations, such as the invasive nature of injections, the 

pain and lower compliance by patients. Additionally, the administrator requires to be officially 

trained for parenteral administration [86,87]. Reasonably, to overcome these disadvantages, other 

advanced drug delivery methods have been developed such as transdermal drug delivery (TDD) 

[26]. 

Transdermal drug delivery (TDD) is a method of delivering drugs and actives to the body 

system by applying a drug/active formulation onto intact and healthy skin thereby mitigating painful 

injection [82,85]. Firstly, the drug or active will penetrate outer layer of skin through the stratum 

corneum and pass through the deeper layers such as epidermis and dermis without accumulation of 

the drug/active in any of the dermal layer of skin. Once the drug reaches the dermal layer, it will be 

absorbed systemically via the dermal microcirculation [88,89]. 

Furthermore, the transdermal delivery route has many benefits over other routes such as 

supplying a non-invasive technique as an alternative to parenteral routes, hence avoiding patient 

needle phobia problems [66]. The large surface area of the human skin provides a wide scope of 

opportunities for transdermal absorption of applied drugs /actives [85]. Looking to the 
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pharmacokinetic aspects of drugs and actives, the TDD provides lower risk of toxic side effects due 

to more consistent drug release and absorption it [82]. Other advantages of the TDD are enhanced 

patient compliance, because it minimizes dose frequencies and it is suitable for administration to 

unconscious patient or those who are unable to swallow, and who rely on self-administration [26]. 

The transdermal drug delivery system avoids pre-systemic metabolism (first pass hepatic 

metabolism), and it therefore improves the bioavailability[82,84] . 

Transdermal patches have gained a reputation to be used as potential cosmetic, topical, and 

transdermal delivery systems with major consideration given to the diffusion area and level of skin 

hydration [79]. They have evolved from the growth in skin science, technology, and development 

trials [90]. The transdermal delivery system is well defined as a delivery system and transfer of the 

drug depending on the (dose, area, vehicle, and device) through the skin to the body is well 

understood [91]. The transdermal drug delivery system has undergone significant evolution and 

market growth since its early stages in the 1980s, (Figure 5) represents the evolution of TDD system 

over the years. 

 

Figure 5. Representing the evolution of transdermal delivery systems [90]. 

Drug Delivery via Skin Patches 

Although many actives need to be delivered via a patch to the skin, not all may be suitable to 

load in the patches due to incompatibilities and physicochemical properties, for instance, large 

peptides, certain lipophilic drugs, and actives that are susceptible to degradation in the patch matrix 

due to pH instability. The drug’s potency and the clinical requirements are among the main points 

that regulatory authorities need to look to approve for transdermal application and release to the 

market [90,92]. Many parameters of the active ingredients determine the skin penetration and flux 

from the stratum corneum such as the molecular weight, and solubility[93,94]. All these directly affect 

drug diffusion and penetration via the SC. The molecular size of any active is very important with 

regards to percutaneous penetration of the skin, especially for the drugs with large molecules such 

as large proteins [90,95]. For the drug to be able to penetrate the skin layers it should have low 

molecular weight (MW < 500 Da), a balanced lipophilicity, partition coefficient (log P 1–3), and 

authors suggest that a high rate of penetration of the drug and actives may depend on a two-pathway 

(polar and lipid) model for drug transportation through the stratum corneum layer of the skin [90,96]. 

In addition, for a drug to be a feasible candidate for transdermal delivery, is preferable to possess 
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high pharmacological potency. This helps in minimizing the amount of the drug loaded in 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 they are commonly delivered via 

transdermal patches [76]. 

5. Drug and Actives Loading in Hydrogel Films 

Hydrogels provide delivery of the pharmaceutical agents (drugs or actives), to specific sites 

within the body at a more controlled rate. The drug or active molecules distribution within a hydrogel 

structure can be manipulated and therefore modified or immediate drug release can be achieved [97]. 

The drug entrapment is directly connected with the process of swelling/deswelling mechanisms of 

the hydrogel films [98]. Thus, swelling governs the uptake of the drug into the hydrogel and 

influences the release of the drug from the same hydrogel matrix. The drugs and active ingredients 

in the hydrogels can be loaded in different methods. However, the main two methods for drug 

loading in hydrogel film matrices are post-loading and in situ loading [98,99].(Figure 6) represent a 

diagram of preparation of drug loaded patch. 

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

Commonly, with post loading method, the drug-loading process is performed by immersing the 

hydrogel films in the dry state into the drug solution (usually aqueous solution), that contains the 

drug, depending on their swelling behaviour in the solution [100–102]. The drug particles will diffuse 

and incorporate into the hydrogel structure via the osmosis process. Diffusion is the major force of 

drug uptake inside the hydrogel system which depends on the hydrogel swelling rate and the time 

it takes to reach equilibrium [98,103]. Hence, many factors affect the amount of drug that incorporates 

into the hydrogel, such as the molecular weight of the desired incorporated substances and the 

physicochemical properties. However, the disadvantages of this method appear particularly when 

the drug molecules are too large, since the drug will be unable to move around through the hydrogel 

polymer network which results in the drug loading process failing. Moreover, when loading 

hydrophobic drugs which are solubilised only dissolved in organic solvents (such as ethanol, 

methanol, and dimethyl sulfoxide (DMSO), it’s essential to include an organic solvent removal 

process in order to minimize the potentially harmful effects induced by organic solvents, in addition, 

to ensure good biocompatibility of drug loaded [99]. Therefore, it’s crucial to optimize the drug-

loading method of hydrogels to maximize the drug-loading capacity because it will directly affect the 

swelling and drug release [97]. 

5.2. In-Situ Loading Method of the Actives and Drugs in the Hydrogel 

The in-situ loading method involves initially adding the drug or active ingredient to the solution 

during the preparation of the hydrogel which incorporates the drug into the hydrogel network. This 

means in the in-situ loading, a polymer precursor solution is mixed with a drug or drug-polymer 

conjugated solution with or without a crosslinker and allowed to polymerize. Incorporating the drug 

within the matrix allows hydrogel network formation and drug or actives encapsulation to be 

achieved simultaneously [104–106] see (Figure 6),which represents the in-situ loading of 

dimenhydrinate (DMH) to form DMH transdermal patch . This method has the advantage of 

overcoming many osmosis loading limitations. The in-situ loading method allows the loading and 

incorporation of higher amounts of drugs and actives than the post loading method, thus achieving 

more drug delivery to the site. Additionally, it will overcome the physicochemical incompatibilities 

that occur during the osmosis loading such as pH [104]. 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 diffusing of the drug out from the hydrogel structure [97]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2024                   doi:10.20944/preprints202405.1621.v1

https://doi.org/10.20944/preprints202405.1621.v1


 12 

 

 

Figure 6. A diagram of preparation of drug loaded patch [107]. 

6. Drugs and Actives Release from the Hydrogel Film 

There are three major mechanisms of drug delivery or release: diffusion, erosion, and swelling 

[98]. Hydrogels have various characteristics, such as water absorption, swelling, and degradation 

aspects, and these properties can greatly improve the utilization rate of drugs and actives and help 

to control their release as desired [63]. An example of the advantages of the hydrogels based on drug-

controlled-release systems is demonstrated in tissue engineering [98,108]. Many articles describe the 

connection between the duration and release rate of a drug 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 crosslinking points, cross-link density and chemical 

structure of polymer chains inside the hydrogel) [104,109]. 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 crosslinking process (for example crosslinking 

copolymerization or irradiation), and chains with functional groups that distribute randomly are also 

reported [110–114] 

Generally, drug release studies are carried in vitro, then in vivo. In vitro release studies are 

connected to the release kinetics where a range of mathematical equations are used as a means of 

modelling the release kinetics of drugs from polymeric carriers. The drug release follows either Fick’s 

first law of diffusion or Fick’s second law of diffusion [115,116]. According to Fick’s first law of 

diffusion, the diffusion from a reservoir environment of the hydrogel has a direct relationship with 

time without depending on the drug concentration, this was referred to as zero order release kinetics 

[83,100]. Fick’s second law of diffusion explains that diffusion from a matrix-style and swellable 

system when the rapid uptake from surrounding media happens, reaches the equilibrium of swelling 

immediately. In addition, the dispersed drug will then diffuse through the swollen network. 

Equation 2 defines this mechanism of drug release, and the equation must be modified relative to the 

geometry [98,117]. 

7. Conclusions 

Hydrogels and transdermal delivery systems have gained significant attention in the field of 

cosmeceuticals. However, the development of these polymeric carriers as active/drug delivery 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2024                   doi:10.20944/preprints202405.1621.v1

https://doi.org/10.20944/preprints202405.1621.v1


 13 

 

systems is considered an alternative way for many conventional drug formulations. Mainly used to 

address inadequate local active/drug availability and challenges associated with delivery in a specific 

site. 

Generally, hydrogel patches are used in a wide range of applications. One of the most frequently 

used in the cosmetic sector for delivering actives that enhance skin hydration, and beautifying, and 

a system for delivering the antioxidants. While pharmaceutically, it is used as a treatment for many 

dermatological conditions. Additionally, Hydrogel transdermal patches are utilized in tissue 

engineering, wound healing, biomedical applications, and the delivery of drugs to targeted sites. 

They are used in these applications due to their unique properties. These hydrogels are effective 

carriers for therapeutic agents, they help minimize invasiveness, adaptability to irregular delivery 

sites, and biocompatibility. Furthermore, they are employed in controlling the release of therapeutic 

agents, enhancing the treatment efficacy in diseases, cancers, and tissue regeneration. All these 

allowed them to be promising biomaterials for scaffolds and carriers in the biomedical field such as 

applications in skin injury repair, angiogenesis, and targeted drug delivery systems. 
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