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Abstract: Skin infections are common diseases for which patients seek inpatient and outpatient medical care. Globally, an increasing
number of people are affected by skin infections that could lead to physical and psychological damage. Skin infections always have
a broad spectrum of clinical presentations that require physicians to make an aggressive and accurate diagnosis for prescribing the
proper symptomatic antimicrobials. In most instances, the treatment for skin infections mainly includes oral or topical anti-infective
drugs. However, some of the classical anti-infective drugs have limitations, such as poor water solubility, low bioavailability, and poor
targeting efficiency, which can lead to poor efficacy, adverse effects, and drug resistance. Therefore, research priorities should focus on
the development of more effective drug delivery systems with new materials. Hydrogels are a highly multifunctional class of medical
materials with potential applications in dermatology. Several hydrogel dressings with anti-infective functions have been formulated
and demonstrated to improve the efficacy and tolerance of oral or topical classical anti-infective drugs to a certain degree. In this study,
the medical applications of hydrogels for the treatment of various skin infections are systematically reviewed to provide an important
theoretical reference for future research studies on the treatment options for skin infections.
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Introduction

An increasing proportion of the global population is affected by skin infections, primarily bacterial, viral, fungal, and parasitic
skin infections. The major bacteria causing skin infections include Propionibacterium acnes, Staphylococcus epidermidis,
Staphylococcus aureus, and Streptococcus pyogenes. These major pathogens lead to complications such as acne, impetigo,
erysipelas, cellulites, etc. The major viruses involved in skin infections include herpes simplex virus (HSV), human papilloma-
virus, molluscum contagiosum virus, etc. leading to herpes simplex, warts, molluscum contagiosum, etc. Dermatophytes and
Candida are the major fungi involved in skin infections which could lead to different types of dermatophytosis. The major
pathogens leading to parasitic skin infections include Sarcoptes scabiei mites, Leishmania sp., etc. which are the causative agents
of scabies, cutaneous leishmaniasis, etc. In the absence of prompt and effective treatment, these conditions can eventually cause
severe damage to the physical and psychological health of the patients. Some of the currently available oral or topical anti-
infective therapeutic approaches have major shortcomings that can lead to repeated and prolonged skin infections. The major
challenges associated with these approaches are (1) poor water solubility, low transdermal capacity, and low drug bioavailability
that can contribute to poor therapeutic efficacy, (2) dose-responsive adverse effects, systemic toxicity, and high drug resistance,
and (3) inconvenience, high costs, raw material shortages, and manufacturing quality concerns that can affect patient compliance.
For example, the topical application of drugs containing acyclovir (ACV) is clinically restricted by its low transdermal
penetration capacity and poor water solubility. These properties make it difficult for medical practitioners for recommending
these drugs to patients, as they need to be applied multiple times a day. Similarly, topical nitric oxide (NO) is considered an
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effective and targeted therapy against warts and molluscum contagiosum; however, its application is always limited by its
inconvenience and lack of safe methods of delivery to the target skin lesions. The examples discussed above emphasize the need
for new developments in drug delivery for the treatment of skin infections and indicate the great market potential of these drug
delivery systems. The use of hydrogels may offer several advantages that can overcome the limitations mentioned above.' For
example, the high-water content of hydrogels could enhance the transdermal penetration capacity of anti-infective agents to
increase the drug bioavailability. Additionally, hydrogels have exhibited good biocompatibility, quick absorption of wound
exudate, protection of the delicate skin, and are relatively easy and painless to remove, all of which are attributes of an ideal
wound dressing.>”” The hydrogel-based anti-infective therapy combined with other drugs or technology for other systems is
a promising strategy. By adding sensitive agents or making specific modifications to the hydrogel-based therapy, the reaction to
hydrogel could be triggered by pH value,” temperature,” ultrasound,'° visible light,'" etc. For example, pH-responsive dapsone-
loaded hydrogels could respond to the changes in alkalinity/acidity in the gastrointestinal tract, thereby effectively reducing the
required dapsone dosage and controlling its release after oral administration to reduce the possible adverse events.'? The
microemulsion (ME) system is a transparent mixture of two immiscible liquids, such as water and oil, which is stabilized by the
surfactant molecules. By introduction of the ME system, AzA- and TTO-loaded ME hydrogels could have a better zone of
inhibition and low minimum inhibitory concentration (MIC) values against pathogens such as S. aureus, S. epidermidis, and
P acnes.” In addition, chitosan-based hydrogel might be a potential approach for acne treatment in combination with
photodynamic therapy (PDT).]4 Figure 1 shows the detailed mechanisms underlying the possible medical applications of
hydrogels in skin infections. Figure 2 indicates the common skin infections treated by hydrogels. In this study, the medical
applications of hydrogel dressings in the treatment of skin infections are critically reviewed to highlight their immense market
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Figure | Detailed mechanisms underlying the medical application of hydrogels in skin infections.
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Figure 2 Common skin infections treated by hydrogels.

potential. The various hydrogels and their applications in skin infections are shown in Table 1. The types and composition of
hydrogels as well as major reports on the clinical applications of hydrogels, and their outcomes for skin infections are shown in
Table 2.

Bacterial Skin Infections
Acne Vulgaris-A Chronic Inflammatory Disorder Associated with P. acnes, S. aureus,
and S. epidermis

Acne vulgaris is a common cutaneous inflammatory disorder of pilosebaceous units, which comprises hair follicles and
their accompanying sebaceous glands. The formation of acne vulgaris involves multiple factors including follicular
hyper-keratinization, hormonal dysregulation, and increased sebum production by the sebaceous glands.'*'® The trapped

Table I A Summary of Major Pathogens Causing Skin Infections and Their Optimized Hydrogels

Skin Infections Major Pathogens Optimized Hydrogels

Acne S. aureus, S. epidermis, P. acnes I. AzA- and TTO-loaded ME hydrogel
2. Chitosan-based hydrogel with methylene blue

Impetigo S. aureus, Streptococcus pyogenes I. PF-127-chitosan hydrogel embedded with cephalexin NPs
2. Liposomal polyvinylpyrrolidone (PVP)-iodine (3%) hydrogel

Leprosy Mycobacterium leprae, Mycobacterium |. pH-responsive DAP-loaded hydrogels
lepromatosis

Fungal skin Dermatophyte I. MN-loaded SLN-bearing hydrogel

diseases Candida 2. ITR loaded NSVs

3. Hydrogel (0.75% wiw of carbopol 940) of STZL microemulsion (HSM)

HSV infection HSVI, HSV2 |. Optimized ACV nanoemulsion hydrogel
2. Tannic acid modified silver nanoparticle-based hydrogels

Molluscum MCV 1. 2.5% lidocaine/prilocaine hydrogel
contagiosum 2. Topical SB206 (berdazimer sodium gel coadministered with hydrogel)
Scabies Sarcoptes scabiei |. CRT loaded TTO ME-based hydrogel

2. BB-loaded microemulsion hydrogel

Cutaneous Leishmania tropicalis and Leishmania 1. ES plus MWT with polyacrylate hydrogel, BPQ-SNEDDS hydrogels
Leishmaniasis major 2. Ivermectin (IVM) thermosensitive hydrogels

3. Cobalt-60 gamma irradiation on crosslinking polymeric hydrogels and the

incorporation of Amph-B
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Table 2 The Hydrogels Types, Main Reports, and Outcomes for Skin Infections

Author/Year | Hydrogel Compositions Outcomes Ref
A.Bisht/2021 AzA- and TTO-loaded ME hydrogel Azelaic acid (AZA), Tea tree oil | Reduction of side effects and better skin permeation and [13]
(TTO), Microemulsion (ME) retention characteristics
FMaria/2018 Chitosan-based hydrogel with Chitosan, Methylene blue Exhibit excellent activity against inflammatory and infectious skin | [14]
methylene blue disorders but also enhanced the elasticity of hydrogel
S.Salatin/2020 | PF-127-chitosan hydrogel embedded Cephalexin nanoparticles (NPs), | Incorporation of polymeric NPs within the thermosensitive [26]
with cephalexin NPs PF-127-chitosan hydrogel led to improved tissue targeting, diminished burst
release, and controlled drug release rate.
A.Matthias/ Liposomal polyvinylpyrrolidone Liposomal polyvinylpyrrolidone Improve the disease-related symptoms and global clinical severity | [27]
2017 (PVP)-iodine (3%) hydrogel (PVP)-iodine scores of impetigo contagiosa.
L.L.Chaves/ pH-responsive DAP-loaded hydrogels | Chitosan, Dapsone (DAP) Reduce the required dapsone dosage and controlling its release | [12]
2019 after oral administration to avoid any possible adverse effects
S.Jain/2010 MN-loaded SLN-bearing hydrogel Miconazole nitrate (MN), solid Provide a sustained MN release [30]
lipid nanoparticles (SLNs)
N.Kumar/ ITR loaded NSVs Itraconazole (ITR), nonionic Lead to instantaneous delivery of the drug specifically to infected | [29]
2014 surfactant vesicles (NSVs) superficial skin layers, which can overcome the limitations of
classical oral administration.
S.Sahoo/2014 Hydrogel (0.75% wi/w of carbopol Sertaconazole (STZL), MEs, High permeability and anti-fungal ability of STZL in HSM-4 [33]
940) of STZL microemulsion (HSM) 0.75% wiw Carbopol 940
K.EI-Say/2015 Optimized ACV nanoemulsion Acyclovir (ACV), Exhibit excellent drug bioavailability and overcome the [37]
hydrogel Nanoemulsions (NE) limitations of commercially available topical ACV creams, such as
their poor skin permeation
S.Emilia/2018 Tannic acid modified silver Tannic acid-modified silver Achieve substantial success in inhibiting HSV-1 and blocking the | [4]]
nanoparticle-based hydrogels nanoparticles (TA-AgNPs), attachment and penetration of HSV-2
Carbopol 974P gel
AAM 2.5% lidocaine/prilocaine hydrogel A single | g dose of 2.5% Well-tolerated and effective in the management of MC in healthy | [47]
Gobbato/ lidocaine/prilocaine children
2016
S.K.Tyring/ Topical SB206 (berdazimer sodium gel | Berdazimer sodium Provide the best balance between MC lesion clearance and [48]
2018 coadministered with hydrogel) tolerability
L.Chen/2021 CRT loaded TTO ME-based hydrogel | Crotamiton (CRT), TTO, ME Enhance the epidermal deposition for CRT with minimal adverse | [46]
effects
G.Sharma/ BB-loaded microemulsion hydrogel Benzyl benzoate (BB), ME Offer threefold higher percutaneous BB permeation across the [56]
2016 stratum corneum and improved skin targeting properties and
show the desired characteristic of slow drug release without
irritation
A Lalasta/ ES plus MWT with polyacrylate Bipolar high-frequency Readily scalable, cost-effective, and exhibits potential clinical [51]
2020 hydrogel, BPQ-SNEDDS hydrogels electrocauterization (EC), Moist | applicability
wound therapy, polyacrylate.
A.l.Romero/ Ivermectin (IVM) thermosensitive Ivermectin (IVM) Control release of IVM [53]
2020 hydrogels
MJ.A. Cobalt-60 gamma irradiation on Amphotericin B (Amph-B), Effectively avoid adverse effects induced by the systemic [54]
Oliveria/2021 crosslinking polymeric hydrogels and Cobalt-60 gamma irradiation administration of the drug
the incorporation of Amph-B

Abbreviations: AzA, azelaic acid; TTO, tea tree oil; ME, microemulsion; NPs, nanoparticles; PVP, polyvinylpyrrolidone; DAP, Dapsone; MN, Miconazole nitrate; SLN, solid
lipid nanoparticles; ITR, Itraconazole; NSVs, nonionic surfactant vesicles; STZL, Sertaconazole; ACV, acyclovir; CRT, crotamiton; BB, benzyl benzoate; ES, electrocauteriza-
tion; MWT, moist wound therapy; BPQ, buparvaquone; SNEDDS, self-nanoemulsifying drug delivery system; IVM, Ivermectin; Amph-B, Amphotericin B.
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Figure 3 An illustration showing the formation of the inflammatory papule in acne.

sebum in the pilosebaceous glands present in healthy skin produces a substrate that promotes the growth of bacterial flora
such as S. aureus, S. epidermidis, and P. acnes, which causes comedones and inflammatory lesions'”'® (Figure 3).
Therefore, topical antibiotics, such as clindamycin, erythromycin, etc., and systemic antimicrobials, such as minocycline
and doxycycline, are applied for the clinical treatment of these bacterial infections. However, they can lead to severe
adverse effects and bacterial resistance, indicating the need for alternative topical therapies. Azelaic acid (AZA) and
essential oils such as tea tree oil (TTO) inhibit S. aureus and have been used for the treatment of acne vulgaris for a long
time. They can lead to a few adverse effects like local skin sensitization and irritation or incidences of bacterial
resistance.'”° It is essential to co-administer AZA and TTO for reducing the risk of dose-responsive adverse effects
and achieving synergistic effects. Bisht et al'> combined AZA and TTO for co-delivery in the form of a microemulsion
(ME) system with hydrogel. As drug delivery systems, MEs offer unique advantages such as a better drug-release profile
and increased skin permeation and targeting. Hence, ME hydrogel composite formulations demonstrated reduced side
effects and better skin permeation and retention characteristics. Additionally, the studies also indicated that they had
a better zone of inhibition and low minimum inhibitory concentration (MIC) values against pathogens such as S. aureus,
S. epidermidis, and P. acnes. Chitosan has been reported to possess antimicrobial activity that targets cell membrane
permeability, thereby leading to the death of microorganisms, including fungi, algae, and bacteria. Moreover, chitosan
was demonstrated to form a hydrogel for drug delivery due to its bioadhesion and permeability properties. Frade et al'*
demonstrated the antimicrobial activity of chitosan against P. acnes suspension and films. The delivery of topical chitosan
hydrogel with methylene blue (MB) not only exhibited excellent activity against inflammatory and infectious skin
disorders but also enhanced the elasticity of hydrogel, thus delaying the release of the photosensitizer.

Impetigo-A Superficial Bacterial Infection Induced by S. aureus and Streptococcus
pyogenes

Impetigo is a common and superficial contagious bacterial infection that mainly affects children aged 2—5 years, although
adults may also be affected.”'** S. aureus and Streptococcus pyogenes, which heavily colonize the epidermis, are major
pathogens causing impetigo. Cephalexin, a first-generation semi-synthetic cephalosporin antibiotic, exhibits antimicrobial
activity against both gram-positive and gram-negative bacteria by inhibiting bacterial cell wall synthesis. Therefore, it is
commercially used in tablets, capsules, and suspension dosage forms.”® Additionally, cephalexin nanoparticles (NPs),
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generally used as first-line topical treatments of impetigo, may be used for enhancing patient compliance, controlling
adverse effects, reducing systemic toxicity, and alleviating the first-pass effect.>*** Sara et al*® formulated a PF-127-
chitosan hydrogel embedded with cephalexin NPs, for use as a topical antibacterial delivery system for impetigo. The
incorporation of polymeric NPs within the thermosensitive hydrogel led to improved tissue targeting, diminished burst
release, and controlled drug release rate. Moreover, chitosan was used for its antibacterial and bioadhesive properties. In
particular, the novel thermosensitive and bioadhesive cephalexin nanohydrogel has become a promising topical anti-
bacterial delivery system that can not only reduce therapy costs but also diminish antibiotic-associated adverse effects.
Liposomal polyvinylpyrrolidone (PVP)-iodine (3%) hydrogel has been demonstrated to be well-tolerated, effective
against biofilm formation, and have better wound healing properties. Augustin et al’’ conducted a preliminary pilot
study to evaluate the possible applications of liposomal PVP-iodine hydrogels for impetigo treatment. They reported that
a liposomal PVP-iodine hydrogel improved the disease-related symptoms and global clinical severity scores of impetigo
contagiosa. Thus, this hydrogel represents a promising alternative therapy for impetigo.

Leprosy-A Chronic Contagious Disease Caused by Mycobacterium leprae

Leprosy (also known as Hansen’s disease) is an infectious disease caused by Mycobacterium leprae that affects both the
skin and peripheral nerves and is an important global health issue. Early and accurate diagnosis and treatment are
essential for reducing the risks of eye, hand, and foot disabilities due to neuropathy, as these conditions are usually
irreversible and require lifelong care. First-line treatments for leprosy include dapsone and rifampin, and lepromatous
disease include clofazimine.>* Dapsone has low solubility, which leads to its poor therapeutic efficacy and high bacterial
resistance. To address this limitation, Chaves et al'? developed an innovative and optimized pH-responsive chitosan-
based hydrogel formulation for reducing the required dapsone dosage and controlling its release after oral administration
to avoid any possible adverse effects. The pH-responsive hydrogels respond to the changes in alkalinity/acidity levels in
the gastrointestinal tract. Therefore, pH-responsive dapsone-loaded hydrogels represent a novel approach to the devel-
opment of promising formulations for leprosy treatment.

Fungal Skin Infections
Fungal Skin Diseases-Superficial Fungal Infections Caused by Dermatophyte Invasion of
the Epidermis

Fungal skin diseases are a type of infection caused by fungi, mainly affecting the superficial skin layers, mucous
membranes, hair, and skin appendages. Dermatophytosis or superficial skin fungal infections have been shown to
impact 20-25% of the global population.”® The common characteristics of these diseases include high incidence,
infectiousness, and frequent relapse or re-infection, and Dermatophytes and Candida are the major causative
agents. Fungi prefer a warm and humid environment, and dermatomycosis mostly occurs when the environmental
conditions are suitable for fungal growth and reproduction on human skin. During the past few years, several
studies were conducted for the application of solid lipid nanoparticles (SLNs) as topical drug carriers. When
compared to classical carriers, such as creams and emulsions, SLNs offer controlled release, good patient
tolerance, and protection of active components. Additionally, SLNs were reported to favor drug penetration into
the skin while maintaining a sustained drug release to avoid systemic absorption. Miconazole nitrate (MN) is
a broad-spectrum antifungal agent usually employed as a topical treatment for dermatophytosis and superficial
mycoses and as an oral gel for the treatment of Candida infections. However, its poor water solubility reduces its
efficacy in therapeutic applications. Jain et al’° formulated MN-loaded SLN and successfully incorporated them
into hydrogels for topical applications. They demonstrated that MN-loaded SLN-bearing hydrogel provided
a sustained MN release. Itraconazole (ITR), also a broad-spectrum antifungal agent, is used to treat a broad
spectrum of dermatophytes, eg, Microsporum, Epidermophyton, Trichophyton spp. The conventional oral ITR
undergoes erratic, dose-dependent, and mostly incomplete absorption, and leads to frequent adverse events such as
constipation, abdominal pain, and headaches. Therefore, it is necessary to investigate and explore topical
formulations for the administration of ITR rather than oral administration. When compared to liposomes, nonionic
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surfactant vesicles (NSVs) are stable, robust, and inexpensive colloidal carriers. The topical NSV preparation
loaded with ITR could lead to instantaneous delivery of the drug specifically to infected superficial skin layers,
which can overcome the limitations of classical oral administration. The treatment of fungal skin infections with
an optimized NSV hydrogel demonstrated better antifungal activity when compared to the commercial therapies
generally prescribed for tinea pedis.”’ Sertaconazole (STZL) is an imidazole antifungal agent used for the
treatment of dermatophytosis and applied as topical formulations, such as creams, gels, etc. Similar to the other
anti-fungal agents, the major limitation of commercial STZL is its poor permeability. Sahoo et al*®> formulated
a topical ME-based STZL hydrogel for the effective treatment of fungal skin diseases. The hydrogel of STZL
microemulsion (HSM) comprised of 2.5% w/w STZL-containing MEs in 0.75% w/w Carbopol 940. Carbopol is
hydrophilic, thereby making it a suitable candidate for the preparation of gel-type formulations. The results
highlighted that HSM-4 significantly enhanced skin permeation of STZL due to its high permeability and anti-
fungal ability of STZL in HSM-4, thereby reducing the STZL concentration required for the treatment of fungal
skin diseases.

Viral Skin Infections
Herpes Simplex-A Recurrent Viral Infectious Disease Induced by HSV

HSYV, a typical representative herpes virus species, can be categorized into two serotypes: HSV-1 and HSV-2
based on the differences in its antigenicity. The most common clinical manifestation of HSV is clusters of herpes
lesions on the skin and mucous membranes.’'*> When compared with oral drugs, topical antiviral drugs have
targeted therapeutic efficacy but as they need to be applied multiple times a day, they are more difficult to use.
A majority of topical drugs contain ACV or related components as active ingredients. ACV, a guanosine antiviral
drug, is one of the most commonly used treatments for HSV infection. However, the topical application of ACV is
limited by its low transdermal penetration capacity and poor water solubility. The hydrogels are classified under
various classes based on their mechanical and structural characteristics, the nature of the polymer, and the
physical structure of the polymer network. Nanoemulsions (NE) are emulsions having droplet sizes typically in
the range of 5 to 200 nm and a transparent appearance. NE formulations could be used to enhance ACV
bioavailability and overcome the difficulties associated with its clinical use. Al-Subaie et al’’ formulated an
optimized ACV NE hydrogel to overcome the deficiencies of ACV creams, which are presently available in the
market. The optimized hydrogels were incorporated into NE using chitosan as the gelling agent and Eugenol as
a skin permeation enhancer. When compared with the raw ACV hydrogel and commercial ACV creams, the
optimized ACV NE hydrogel exhibited excellent drug bioavailability. The elastic liposomes or flexible membrane
vesicles (FMVs) have proven to be useful in overcoming the limitations of commercially available topical ACV
creams, such as their poor skin permeation. The application of ACV-loaded FMVs incorporated into a hydrogel
significantly led to a reduction in the frequency of required ACV dosage.** However, current information on their
efficacy is based on a preclinical study, and further intensive clinical studies are necessary to investigate their
antiviral therapeutic potential. Tannic acid-modified silver nanoparticles (TA-AgNPs) have been demonstrated the
ability to inhibit virus attachment, penetration, and cell-to-cell transmission. Moreover, they have been shown to
exhibit anti-inflammatory effects on HSV-induced inflammatory mediators.*> However, the liquid state of TA-
AgNPs limits their local application against HSV infections. Szymanska et al*' formulated a class of multi-
functional mucosal-adhesion hydrogels by incorporating TA-AgNPs into a Carbopol 974P gel that appeared to
significantly inhibit HSV-1 and block the attachment and penetration of HSV-2. Houston et al demonstrated the
potential virucidal activity of pomegranate rind extract (PRE) and ZnSO, against HSV-1, HSV-2, and ACV-
resistant HSV-1. Hence, they formulated a simple hydrogel comprising 2.5% HPMC, 1.25 mg/mL PRE, and 0.25
M ZnSO, in a phthalate buffer of pH 4.5 for facilitating the topical delivery of major bioactive compounds within
PRE and Zn (II) from hydrogels across mucus membranes to clustered vesicles of HSV while maintaining its

potent virucidal and anti-inflammatory effects.
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Molluscum Contagiosum-A Viral Contagious Skin Disease Caused by Molluscum

Contagiosum Virus and Transmitted Primarily by Direct Contact

Molluscum contagiosum virus (MCV) is a poxvirus leading to chronic local infections characterized by flesh-colored and
dome-shaped papules on the skin. The treatment methods for MCV mainly include topical therapy, curettage, cryotherapy, and
laser or chemical destruction.>® However, the frequent severe pain experienced during curettage or cryotherapy treatment is
unacceptable to patients, particularly children. Therefore, a topical eutectic mixture of local anesthetics is often applied to
minimize discomfort, but it takes more than 30 minutes for achieving the desired result.*® Nanorap, a hydrogel composed of
2.5% lidocaine and 2.5% prilocaine and 50% of its active products formulated as nanocapsules, takes a maximum of 10 minutes
for achieving satisfactory analgesia in healthy adults.”® Gobbato et al*’ conducted a study investigating the tolerability of
Nanorap in children affected with molluscum contagiosum (MC). The study results demonstrated that a single 1 g dose 0f2.5%
lidocaine/prilocaine hydrogel applied to MC lesions was well-tolerated and effective in the management of MC in healthy
children. So far, no in-depth studies have been conducted for evaluating the efficacy of topical therapies in the management of
MC. NO is an effective antiviral agent that provides localized immunity against foreign pathogens.*® The application of topical
NO therapy is limited by its inconvenience and lack of safe methods of delivery to the target sites of infection or inflammation.
SB206 consists of two components, namely, berdazimer sodium and a hydrogel, and the former has been demonstrated to
exhibit antiviral effects. After application, SB206 could enhance NO release from the macromolecules.*® Hebert et al*®
conducted a randomized clinical trial for evaluating the efficacy and tolerability of the NO-releasing topical gel and found that
the application of 12% SB206 once a day provided the best balance between MC lesion clearance and tolerability.

Parasitic Skin Infections

Scabies-A Common Contagious Skin Disorder Caused by the Mite Sarcoptes scabiei
Scabies is a global public health concern, affecting individuals of all ages, genders, and races, particularly in developing
countries, and is characterized by pruritus which aggravates at night, and scabietic nodules. The most typical symptom of
scabies is intense itching. Owing to their adverse effects, oral therapies are poor treatment options for scabies. Hence, topical
acaricides, such as crotamiton (CRT) 10% cream, permethrin 5% cream, lindane 1% cream, etc., comprise the major treatment
options. Although CRT 10% lotion or cream is approved by Food and Drug Administration (FDA) for the treatment of adults,
its poor solubility, low bioavailability, and frequency of adverse events limit its clinical applicability.** TTO has shown
acaricidal effects; however, its application is limited by the tendency to evaporate rapidly from the skin surface, thereby
limiting its penetration into the deeper dermal layers.*> Therefore, Chen et al*® formulated a CRT-loaded TTO ME-based
hydrogel having a huge potential to overcome the limitations of CRT and TTO. When compared with classical CRT
formulations, the optimized CRT-loaded ME-based hydrogel enhanced the epidermal deposition of CRT with minimal
adverse effects. Benzyl benzoate (BB) is used as an alternative classical agent for the treatment of scabies, but the application
of concentrated lotion (25%) in topical BB therapy is generally associated with an initial acute burning sensation. After
repeated topical application, further side effects like blister information, itching, crusting, reddening, and scaling of skin could
occur. Sharma et al’> developed an optimized formulation of BB-loaded ME hydrogel, and the results demonstrated that the
optimized formulation offered threefold higher percutaneous BB permeation across the stratum corneum and improved skin
targeting properties when compared to the conventional formulation. Moreover, it demonstrated the desired characteristic of
slow drug release without irritation, thus providing an attractive alternative treatment for scabies.

Cutaneous Leishmaniasis-A Zoonotic Disease Caused by Leishmania

Leishmaniasis is one of the most neglected tropical diseases, mainly due to a lack of adequate treatment options. The
cutaneous form of leishmaniasis is the most prevalent, with an annual incidence of 1-1.5 million cases. Cutaneous
leishmaniasis (CL) mainly causes primary skin ulcers and generally does not lead to visceral lesions. It is primarily
caused by Leishmania tropicalis and L. major, which are prevalent in some countries of the Middle East and North
Africa. Although the skin lesions may heal within 2 to 12 months, patients are at a high risk of infections caused by
bacteria and other pathogens during the recovery phase, resulting in long-lasting ulcers. The CL treatment is expected to
accelerate healing, reduce the risk of scarring, prevent parasite dissemination, and reduce the chance of relapse. The
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World Health Organization has recommended local treatment options to manage L. tropica infections, including
intralesional injection of antimonials. However, this strategy has some constraints such as costs, risk of adverse effects,

1*? conducted

development of drug resistance, raw material shortages, and manufacturing quality concerns. Jebran et a
a clinical trial consisting of L. tropical CL patients treated with bipolar high-frequency electrocauterization (EC)
followed by daily moist wound therapy (MWT) using a polyacrylate hydrogel infused with or without pharmaceutical
sodium chlorite (DAC N-055). The clinical trial results revealed that EC plus MWT using a polyacrylate hydrogel
induced rapid wound closure, compared to the classical intralesional antimony injection, and represents a simple and
highly efficient method for the clinical treatment of CL skin lesions. Additionally, buparvaquone (BPQ),
a hydroxynaphthoquinone with in vitro activity in the nanomolar range against Leishmania sp., has limited application
as a viable clinical treatment due to its poor oral bioavailability induced by its poor aqueous solubility. Both the hydrous
gel and the water-in-oil emulsion of BPQ were demonstrated to significantly reduce cutaneous parasite burdens.*>>°
Therefore, Lalatsa et al®' developed an optimized topical self-nanoemulsifying drug delivery system (SNEDDS) loaded
with BPQ for CL treatment. As a non-invasive topical CL treatment option, the BPQ-SNEDDS hydrogel is readily
scalable, cost-effective, and exhibits potential clinical applicability. Ivermectin (IVM) is another antiparasitic drug that
has been evaluated for the treatment of leishmaniasis in several studies.”'* Romero et al>* developed a new method of
administering IVM for CL treatment using thermosensitive hydrogels based on poloxamers. This formulation allowed the
controlled release of IVM and is considered a promising and improved treatment for CL. The application of
Amphotericin B (Amph-B), an antifungal drug used intravenously for the treatment of leishmaniasis, is clinically
restricted due to the risk of adverse effects, such as arrhythmia and renal dysfunctions. Therefore, Oliveira et al>*
applied Cobalt-60 gamma irradiation for crosslinking a polymeric hydrogel before the incorporation of Amph-B into the

gel to effectively avoid adverse effects induced by the systemic administration of the drug.

Concluding Marks and Future Perspectives

In this review, we have summarized the recent advances in the applications of different hydrogel dressings for the
treatment of several skin infections. We also highlighted a new trend of hydrogel-based therapies applied to skin
infections, which might prove to be useful for clinical physicians and researchers. The hydrogel dressings can be used
both as drug carriers for the treatment of infectious skin diseases and as auxiliary methods for the alleviation of pain
during the treatment process. For example, 2.5% lidocaine/prilocaine hydrogel is used for rapid pain alleviation during
the freezing treatment of MC. Several classical anti-infective drugs, such as BB, ACV, etc., can be incorporated into
hydrogels to significantly improve their efficacy and tolerability. Some drugs, eg, dapsone and itraconazole, that
previously could only be administered orally or intravenously, can be infused into hydrogel dressings to significantly
reduce the adverse reactions caused by their systematic administration. At present, hydrogels are widely used with good
efficacy for skin wound healing, but their clinical applications in the treatment of skin infections are less frequently
reported. For example, physical therapies such as freezing, are preferred treatments for recalcitrant plantar warts, while
topical agents are rarely used in clinical medicine due to their poor efficacy and irritability. Therefore, it can be beneficial
to formulate a type of hydrogel dressing that can be applied for the effective treatment of plantar warts. Moreover, rare
dermatological infections, such as non-tuberculous mycobacterium infections and certain fungal infection-related skin
diseases have always been difficult to treat, and the application of hydrogels might provide a breakthrough in the
management of such infections. However, a large number of hydrogel-based therapies against skin infections mentioned
in this review are still in the stage of clinical trials. An increasing number of practical questions should be discussed and
solved further. For instance, an appropriate time and interval are significant for hydrogel-based administration especially
in the early stages of skin infections to possibly shorten the disease course. Additionally, the majority of previous studies
have not evaluated the important properties, such as the long-term efficacy and tolerability, biodegradability, and possible
routes of excretion of the applied hydrogels. Therefore, it is important to overcome these issues in future studies, which
can eventually optimize the existing hydrogels and contribute to the clinical approval of these products. In conclusion,
the applications of hydrogels for the treatment of skin infections need to be further investigated and evaluated, as they
have the potential to be a powerful treatment and diagnosis strategy in this field.
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