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Abstract: Nanohydrogels (NH) are biodegradable polymers that have been extensively studied and utilized for various biomedical
applications. Drugs in a topical medication are absorbed via the skin and carried to the intended location, where they are metabolized
and eliminated from the body. With a focus on their pertinent contemporary treatments, this review aims to give a complete overview
of recent advances in the creation and application of polymer NH in biomedicine. We will explore the key features that have driven
advances in nanotechnology and discuss the significance of nanohydrogel-based formulations as vehicles for delivering therapeutic
agents topically. The review will also cover the latest findings and references from the literature to support the advancements in
nanotechnological technology related to the preparation and application of NH. In addition, we will also discuss the unique properties
and potential applications of NH as drug delivery systems (DDS) for skin applications, underscoring their potential for effective topical
therapeutic delivery. The challenge lies in efficiently delivering drugs through the skin’s barrier to specific areas with high control.
Environmentally sensitive systems, like polymer-based NH, show promise in treating dermatological conditions. Polymers are pivotal
in developing these drug delivery systems, with NH offering advantages such as versatile drug loading, controlled release, and
enhanced skin penetration.
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Introduction

The current topical therapies for treating skin inflammation are limited, necessitating the development of a drug delivery
system with controlled release. This technique aims to achieve more effective results in reducing pain, inflammation,
ensuring greater safety, and preventing adverse reactions.' By using such a delivery system, therapeutic agents can be
transported to the deeper layers of the epidermis and dermis, maximizing their therapeutic efficacy.” To enhance topical
drug delivery, formulations that increase skin permeability and penetrate the skin using various mechanisms are being
explored. A potentially effective strategy entails the utilization of nanoparticle systems to enhance the permeability of the
skin and facilitate the deposition of the encapsulated pharmacological agents. However, studies have revealed that these
nanoparticles often do not penetrate the stratum corneum (SC) but instead accumulate in the SC layer, gradually releasing
the encapsulated drug into the upper epidermis. From there, the drug passively diffuses into the underlying skin layers.’
Although recent research has shown that nanoparticles can transport active pharmaceutical ingredients (APIs) through
hair follicles and into the skin layers, the total amount reaching the dermal sites remains limited.>* As the newest drug
delivery systems, various nanotechnology techniques have been introduced, including protein-based nanoparticles, lipid-
based nanoparticles, nanoemulsions, nanocrystals, nanodiamonds, carbon nanotubes, nanosuspensions, and NH. These
technologies exhibit considerable significant effect for enhancing drug delivery through the skin and represent attractive
avenues for further exploration and development in the field of topical drug delivery.’
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Nano-based systems have the capability to deliver active compounds at minimal concentrations and target them to
specific sites of action. This is achieved by utilizing suitable drug carriers, often composed of polymers and other
excipients. However, the success of DDS relies on various factors, such as the characteristics of the drug and polymer,
the type of dosage form, and the route of administration Polymer nanoparticles are composed of biodegradable and
biocompatible polymers that are non-toxic, making the selection of the appropriate polymer crucial.® The chosen polymer
should be able to form synergistic combinations, significantly enhancing the retention of cells in local tissues. While cells
are regenerating and new tissue is being created, it should biodegrade gradually to avoid any unwanted consequences that
might result from lingering traces.! For the treatment of diseases, nanomedicine, pharmaceuticals, and bio-
nanotechnology have all turned their focus to polymer-based DDS.”* DDS has the potential to treat a wide range of
ailments, from those amenable to topical treatment to more complicated conditions, with fewer adverse effects than
traditional drug administration methods.” Based on polymer classification, several polymers have been reported as
natural-based, synthetic, or hybrid combinations. Extensive research has been conducted on natural-based polymers
because of their notable biodistribution, non-cytotoxic characteristics, biodegradability, and ease of excretion.'® Multiple
investigations showed that by forming cross-linked networks using synthetic and hybrid polymers, the structure and drug
release behavior of natural polymers might be altered.!' However, synthetic polymers lack immunological recognition for
natural extracellular matrix proteins while offering great stability, maintaining the nanohydrogel structure, and well-
behaved drug release qualities.'>'® Several researchers have paired bioactive probes with synthetic polymers, while yet
others have mixed bioactive probes with natural and synthetic polymers.'* Numerous studies have focused on nanohy-
drogels, one of the most promising polymeric DDS, to investigate innovative formulation methodologies and uses of
nanocarriers with enhanced therapeutic benefits.'>!®

The main purpose of this review is to provide an in-depth overview of recent advancements in the production of
polymer NH and their applications in biomedicine, with a particular focus on the use of these materials in topical
treatment. In addition, we reviewed the essential characteristics that have accelerated advancements in nanotechnology
and emphasized the important role of NH as carriers for delivering therapeutic agents via topical administration. Then,
we integrated the latest findings and sources from the literature to support the advancements in nanotechnology related to
NH. The discussion also addressed the distinctive features of NH, emphasizing their capacity for effective management
of topical treatments. Furthermore, this review investigated the advancements achieved in polymer nanohybrids (NH)
and their use in the field of biomedicine, with a special emphasis on understanding the possible advantages and
applications of NH in topical therapy. Through the integration of recent research findings and a thorough analysis of
the distinct attributes of nanohydrogels, we may gain valuable understanding regarding their capacity to improve drug
delivery systems for topical treatments.

Polymeric Nanohydrogels

When it comes to the development of intelligent systems for skin applications, polymer-based NH have been character-
ized the most often as potential candidates. The polymeric channel system that makes up the core of a hydrogel may be
created either by the physical or chemical cross-linking of homopolymers or copolymers; this kind of cross-linking
causes the hydrogel to expand when it is exposed to an aqueous environment.'”-'® Materials having viscoelastic qualities
and with hydrophilic polymeric networks within the sub-micron size range are referred to as polymer NH. These
materials are exploited as nanocarriers in the process of drug delivery.'® The kind and quantity of the polymer building
blocks that are used in the production of viscoplastic nanogels determines the qualities that are shown by the finished
product.?’ Raw materials sourced from either naturally occurring or synthetically manufactured polymers, or a mix of the
two, are used in the manufacturing process of NH. The processing of natural materials or the synthesis of primary
components from oil, gas, and other sources may result in the production of a type of polymers known as synthetic
polymers. These polymers are characterized by their long molecular chains and organic linkages.>' NH made of synthetic
polymers provide an alternative and a number of benefits to traditional polymer networks.** In spite of the absence of any
intrinsic bioactivity, they are well-known for the regulated structure and favorable mechanical qualities that they
possess.”!" There are several advantages associated with the use of scaffolds in tissue engineering. One notable
advantage is the ability to achieve a controlled structure, which allows for precise manipulation and arrangement of
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the scaffold. Additionally, scaffolds possess desirable mechanical properties, ensuring their stability and support for
tissue growth.”> Another advantage is their biocompatibility, indicating that they are well-tolerated by living organisms
and do not elicit adverse reactions. Furthermore, scaffold design may be easily controlled, enabling the customization of
the scaffold’s physical characteristics to suit specific tissue engineering. There are several drawbacks associated with this
phenomenon. One limitation of synthetic polymers is their general lack of innate biological activity, which can restrict
their capacity to induce certain cellular responses. Natural polymers are commonly employed in the synthesis of NH
possessing bioactive characteristics. Several natural polymers, such as hyaluronic acid, chitosan, alginate, and dextran,
have been extensively used as biomaterials in the development of nanoparticles for cancer therapy.>*** These natural
polymers possess several desirable characteristics, such as biocompatibility, biodegradability, non-cytotoxicity, and non-
immunogenicity, making them highly suitable for various biomedical applications.”'*® The preclinical trials that
developed a chitosan-based pH-responsive biodegradable nanohydrogel showed the integrity of the skin layer when
compared with other conventional melanoma formulations.?”-*® The use of traditional hydrogels faces certain limitations,
such as their macroscopic dimensions and rapid drug elution from the swollen hydrogel matrix. NH have emerged as
a viable answer to these problems. NH are a kind of hydrogel with nanoscale structures created by chemically or
physically connected swellable polymer networks, and their diameters range from around 1 to 1000 nm. NH can keep
a lot of water without becoming mushy or losing their shape, despite their little size.”**° They offer several advantages

13:33 stimuli-

for drug delivery such as, active ingredient protection,’'*? biocompatibility,”** versatile drug formulation,
responsive properties,”* preventing reticuloendothelial invasion, fast response to external stimuli, enhanced
bioavailability.*> Therefore, NH offer a range of advantages that make them promising candidates for drug delivery
systems, particularly in topical therapy and targeted drug delivery applications. Furthermore, it can provide a moist effect
on the wound area, reducing swelling and speeding up the wound healing process. Nanohydrogel can also reduce pain
around the wound and improve patient comfort.*® Their unique properties, high biocompatibility, and stimuli-responsive
behavior contribute to their potential in advancing drug delivery techniques. There are certain drawbacks associated with
the use of NH, including tissue toxicity and the development of strong polymerization reactions. The polymerization
processes utilized in the synthesis of NH can exhibit considerable severity, hence posing potential obstacles in relation to

scalability and safety considerations.®*-*

Topical Nanohydrogel Drug Delivery System
In topical drug delivery systems, the skin serves as one of the primary and accessible organs for drug administration.>®
However, the skin is a highly effective barrier that restricts the penetration of most drugs used for therapeutic purposes.>’
Only a few drugs have the ability to penetrate the skin significantly. As a result, most topical dosage forms available on
the market today have poor penetration capabilities, leading to limited therapeutic benefits.*® The difficulties of achieving
adequate medication absorption via the skin using topical formulations emphasize the need for novel drug delivery
technologies, such as NH. Because of their controlled release, increased penetration, and protection of the loaded
pharmaceuticals, NH have the potential to improve drug delivery via the skin. Effective topical medication delivery
and tailored therapy are made possible by NH because they overcome the drawbacks of conventional topical
formulations.®* A total of 207 patients were randomized in a clinical trial for the treatment of acne vulgaris of the
face. The results suggested that with the tretinoin 0.025% nanohydrogel formulation, reductions in total (72.9% vs
65.0%; p = 0.03) and inflammatory (78.1% vs 66.9%; p = 0.02) acne lesions were reported to be significantly greater with
the nanohydrogel formulation as compared to the conventional gel formulation. Local adverse events were significantly
less (p = 0.04) in the nanohydrogel group (13.3%) as compared to the conventional gel group (24.7%).° A total of 33
patients were treated using the polyacrylate-based nanoydrogel and 37 patients using the amorphous hydrogel. The
estimated total direct costs per patient and per 14 days of therapy were €306 for both treatment groups. With the PA-
based nanohydrogel, 2.5 additional days with wounds covered >50% with granulation tissues were gained within 14 days
of leg ulcer care compared to the comparator.

However, it is essential to consider the potential disadvantages, such as tissue toxicity and the harshness of
polymerization reactions, when designing nanohydrogel-based DDS for topical applications. Proper formulation design
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and safety assessments are crucial to overcome these challenges and ensure the successful translation of NH into topical
therapeutic applications.*!

The skin is composed of three layers: the SC, the epidermis, and the dermis. The SC, often known as the SC, is
responsible for the most important function of safeguarding the underlying structures. However, due to the presence of
a strong barrier provided by the SC, the penetration of the majority of active APIs through the skin is restricted.?” This
includes large, hydrophilic API molecules, such as proteins, peptides, nucleotides, and oligonucleotides.** There are
two primary ways that are being examined in order to circumvent this barrier and make it easier for drugs to be
delivered to the deeper layers of the skin or into the systemic circulation. These are the transepidermal route and the
transappendageal route. The transepidermal pathway is equivalent to drug penetration via the corneocytes, which is
referred to as transcellular drug penetration, or through the bilipid layer that occurs in between the corneocytes, which
is referred to as intercellular drug penetration. Drug penetration across the SC usually occurs via the intercellular route
as the drug has to pass through only one type of structure, namely the bilipid layer as compared to the corneocyte
repeat layer and the bilipid layer in the transcellular route. Usually, drug penetration across the SC predominantly
occurs via the intercellular route. This is because the drug only needs to pass through one type of structure, the bilipid
layer, as compared to dealing with both the corneocyte repeat layer and the bilipid layer in the transcellular route.*’
The transappendageal route of administration is suitable for drugs that meet these criteria and can facilitate their
penetration through sweat glands or hair follicles. This route is preferred for high molecular weight molecules and
substances, including vesicular and nanoparticles. Drugs with certain physicochemical and biological parameters,
including an MW of less than 500 Da, water solubility of more than 100 pg/mL and a log P (lipophilicity) value
between 1 and 3.5, small doses of drug (<10mg/day) and lower boiling points (<200°C) correspond to the transap-
pendageal route of administration.*®

Understanding these routes of drug penetration through the skin is essential for designing effective topical drug
delivery systems, including NH, to enhance drug absorption and achieve the desired therapeutic effects. Topical drug
delivery aims to deliver drugs to various layers of the skin for local effects, providing several distinct advantages:
elimination of systemic drug delivery, minimization of side effects, and lower dose requirements.”> On the other hand,
topical drug delivery (TDD) aims to penetrate the drug through the skin to reach the systemic circulation in sufficient
amounts to produce a therapeutic effect.*** Unlike topical drug delivery, where the goal is to target local tissues,
transdermal delivery is designed to deliver drugs systemically, bypassing the first-pass metabolism that occurs with oral
administration. In the administration of topical drugs, Fick’s second law governs drug absorption in the SC*
Fick’s second law describes the diffusion of a substance (in this case, the drug) through a medium (the SC) over time.
To improve medication formulations and achieve the intended therapeutic effects, knowing how quickly and how much
a drug is absorbed via the skin is crucial information. Understanding the principles of drug diffusion through the skin is
crucial to the design and development of effective topical drug delivery systems.

In topical drug delivery, API must penetrate various layers of the skin, which consist of hydrophilic and
lipophilic domains. For topical administration, the objective is to target local tissues, and for transdermal delivery,
the goal is to achieve systemic circulation. First, the medicine is released from the topical formulation, and then it
enters the SC and diffuses there, then it enters the viable epidermis and diffuses there, and finally it enters the
dermis.” The overall process of drug penetration through the skin involves complex interactions between the drug,
the skin’s barrier properties, and the DDS (see in Figure 1). Understanding these stages of API release in topical
drug delivery is crucial for designing effective formulations that optimize drug delivery and achieve the desired
therapeutic outcomes.

Methods of Topical Nanohydrogel Preparation

These different methods of nanohydrogel preparation offer versatility in designing nanohydrogel-based drug delivery
systems. Depending on the specific application and desired properties of the NH, researchers can choose the most
suitable method to achieve effective drug delivery and therapeutic outcomes. Figure 2 shows methods in topical

preparation: 33346
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Figure | A schematic illustration Route of drug-containing NH across the skin: The figure illustrates the route of drug-containing NH across the skin. The NH are applied
topically and penetrate the different layers of the skin to deliver the drug to the desired site of action. Created with BioRender.com.
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Figure 2 A schematic illustration preparation of NH: The figure illustrates the process of preparing NH. It involves various methods, including concomitant polymerization
and cross-linking, separate polymerization and cross-linking, covalent conjugation, and self-assembly. Created with BioRender.com.

Concomitant Polymerization and Cross-Linking

Nanohydrogel can be synthesized by having polymerization and cross-linking carried out simultaneously. Since most of
the monomers and cross-linking agents used to prepare nanogels are water-soluble, the polymerization reaction is
generally carried out in aqueous media.

Separate Polymerization and Cross-Linking

The polymer is first formed, followed by cross-linking between the polymer molecular chains to produce the nanogel.
This method is very suitable for the preparation of nanogels based on natural polymers. Based on the mechanism for
making nanogels, this method can consist of various types: precipitation/crosslinking, emulsification/crosslinking, self-
assembly/crosslinking, and micro-template forming/crosslinking.
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Covalent Conjugation

This method involves the assembly of acrylic groups with enzymes and the copolymerization of these groups with
acrylamide in either a solution or an inverse microemulsion. The outcome is the production of hydrogels that are
nano-sized. The inclusion of hydrophobic molecules into nonpolar regions leads to the creation of hydrophobic
chains.

Self-Assembly

The method involves the integration of components into nanohydrogel structures, which offers several benefits like
minimum thermodynamics, flexibility, simplicity, and affordability. Molecules are characterized by their ability to diffuse
and interact with other molecules through non-covalent, hydrophobic, or electrostatic forces.

API Release Mechanisms from Nanohydrogel
The API’s active pharmaceutical ingredient loaded into the nanohydrogel can be released through three mechanisms:'®?’
Controlled diffusion, or the release of drug molecules, relies on the structure and morphology of the polymer. The rate
and extent of drug release are influenced by the diffusion properties of the polymer matrix. Chemically controlled
degradation. The release depends on the rate of bond degradation in the polymer, which leads to polymer degradation and
dissolution. In hydrophilic polymers, erosion occurs throughout the polymer matrix, while in hydrophobic polymers,
erosion occurs primarily on the surface of the polymer matrix. Swelling control and drug release occur when the polymer
matrix swells and the glass transition temperature are lowered due to the relaxation of the molecular chains.

These three mechanisms play a crucial role in the controlled and targeted release of drugs from NH. Understanding
the API release mechanisms is essential for designing NH with the desired drug delivery profiles for specific therapeutic
applications.

Polymeric Topical NH
DDS, like modified-release formulations, have been made with polymers made from both natural and man-made materials
(see Table 1). Polymer gels can be categorized based on their diameter size, either as nano-sized or micro-sized gels. These

Table | Most Widely Used Polymers for Topical Nanohydrogel Design and Manufacture

Types/Sources | Polymers Method Ref
Synthetic Carbopol 940 Surfactants/cosurfactants | [49]
SLS and PEG-400 Surfactants/cosurfactants | [50]
Cholinecalixarene Self-assembly [51]

lonic gelation

Carbopol 934 Emulsification [52]

Carbopol 940 Emulsification [53,54]

Carbopol 934 Crosslinking [55]

Carbopol 940 and eudragit RSPO O/W Emulsification [56]
Crosslinking

Poly-(D, L-lactide-co-glycolide) lonic gelation [57]

Poly (ethylene glycol)
Poly (D, L-lactide-co-glycolide)

Polyvinyl alcohol Emulsification [58]
Carbopol ultrasonication
(Continued)
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Table | (Continued).

Types/Sources | Polymers Method Ref
Combination Chitosan-polycaprolactone Emulsification [59]
Sonication
Carbopol 974 Crosslinking [60]
Chitosan
Polyvinylpyrrolidone (PVP) lonic gelation [61]
k-carrageenan
CcMC Emulsification [62]
k-carrageenan
Polycaprolactone- polyethylene glycol | Self-assembly [63]
Natural Cyclodextrins Crosslinking [64]
epichlorohydrin
Polydimethylsiloxane Gelation [65]
Sonication
Hydroxypropyl Crosslinking [66]
methylcellulose (HPMC)
Xanthan Gum
Chitin Conjugation [67]
Covalent
Gelatin Crosslinking [68]
Gellan tetrabutylammonium salt Ultrasonic [69]
Autoclaving
Gellan Ultrasonic [70]
Autoclaving
Sellulosa Autoclaving [71]
Gelatin and oxidized dextran Crosslinking [72]
Chitosan sponge Self-assembly [73]
Agarose Self-assembly [74]
Chitosan Emulsification [75]
Sonication
Soy phosphatidylcholine Crosslinking [76]

nano- and micro-sized gels can be prepared by controlling the gelling crosslinking reactions used in hydrogel
formulations.?' Nanomaterials have the capability to enable controlled drug release and enhance the stability of therapeutic
agents, opening up new possibilities for disease treatment. These polymers may either expand (as a result of water
absorption) or dissolve in water because they include polar functional groups including carboxyl, hydroxyl, and amino

groups. This property distinguishes them from other types of polymers.*’*®

Synthetic Polymers
Emulsification is a process that can be utilized to produce polymeric NH. This can be accomplished by many methods
such as emulsification solvent evaporation or solvent-emulsion diffusion.**>>7® Modifying PEG polymers: Modifying
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PEG polymers can enhance their properties for biomedical applications. However, single PEGs may have limitations like
low antimicrobial ability and volume expansion.””””® Polyvinyl Alcohol (PVA) is a widely recognized hydrophilic
polymer that shows remarkable biocompatibility, and its properties can be enhanced by combining it with natural
polymers.’®%? Polyethylene Glycol (PEG) polymers have gained significant attention in the field of biomedical applica-
tions due to their remarkable biocompatibility and flexibility in manipulating their scaffold architecture. However, it is
crucial to recognize that PEG may have significant limits, including a relatively low effectiveness against germs and the
possibility of volume expansion. In addition to PEG, carbopol is a synthetic polymer composed of acrylic acid monomer
with a high molecular weight. The capacity to absorb and retain water results in the development of enlarged NH.”-*
Synthetic polymers play a significant role in the preparation of NH for topical applications. By carefully selecting and
modifying these polymers, researchers can design NH with specific properties that meet the requirements of targeted drug
delivery and biomedical applications.

Combination Polymers

The improvement of biological properties can be achieved by combining synthetic polymers with natural polymers. One
potential approach to enhance the biological characteristics of polyvinyl alcohol (PVA) involves the utilization of cross-
linking agents in conjunction with the incorporation of natural polymers.’®®> PLGA-based NH can be used for
combination therapy, where multiple drugs or therapeutic agents are encapsulated and released simultaneously, allowing
for synergistic effects in cancer treatment. Poly(D, L-lactide-co-glycolide) (PLGA) is a synthetic biodegradable polymer
that has been extensively studied and utilized for biomedical applications, including in the treatment of melanoma and
other cancers. PLGA is a copolymer of lactic acid and glycolic acid, and its properties can be tailored by adjusting the
ratio of lactic acid to glycolic acid as well as the molecular weight of the polymer.’” PLGA NH have shown great
promise in melanoma treatment and other cancer therapies. Ongoing research and advancements in nanotechnology are
continuously improving the performance and effectiveness of PLGA-based drug delivery systems, providing new hope
for better cancer treatments in the future.

Natural Polymers

Hyaluronic acid (HA) is a highly hydrophilic polymer and a major component of the extracellular matrix. In the context
of cancer treatment, HA has shown promise due to its ability to target and inhibit overexpressed hyperpigmented
components of the extracellular matrix. Studies have shown that HA can target cancer cells by binding to CD44 receptor
on their surface. This causes cancer cells to take up HA-based NH, which kill cancer cells.*' Natural polymers like
hyaluronic acid hold great potential in nanohydrogel fabrication for cancer treatment and other biomedical applications.
Researchers are actively exploring ways to overcome the challenges associated with natural polymers and improve their
stability, mechanical properties, and synthesis methods to maximize their effectiveness in drug delivery and other
therapeutic approaches. Bacterial-Derived Polymers for Biomedical Applications: Bacterial-derived polymers have
gained increasing attention as potential substitutes for conventional polymeric materials used in biomedical applications.
These microbial polymers offer several advantages, including non-toxicity, non-immunogenicity, biocompatibility,
biodegradability, and competitive processing costs. These characteristics make them ideal candidates for various medical
bio-applications.®” The fermentation of bacteria using genetically modified strains is required for the manufacturing of
polymers generated from bacteria. This method, which has become a feasible and promising alternative owing to its cost
efficiency, includes the fermentation of bacteria. Gelatin is a collagen (COL) product that has only been partly
hydrolyzed. The processing of collagen has a substantial influence on the properties of gelatin, including the molecular
weight and the isoelectric point of the substance. Collagen may be converted into gelatin by first undergoing pre-
treatment with acids, bases, or enzymes, which breaks the bonds that keep the collagen structure stable Gelatin can then
be extracted from the collagen. The gelatins that are produced are separated into two distinct types: type A gelatin, which
has an isoelectric point in the range of 8-9; type B gelatin, which was produced by treating collagen with a base and has
an isoelectric point in the range of 4-5; and type C gelatin, which was produced by treating collagen with an alkaline
solution.®® Gelatin has specific properties, and its behavior can be modulated based on its type. The presence of amines in
the lysine side chains allows gelatin to attach to the carboxyl groups of surface tissue molecules, making it suitable for
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various applications in biomedical and pharmaceutical formulations.*>®* As research progresses, microbial-derived
polymers like gelatin and other bacterial-derived materials are likely to find even broader use in biomedical applications,
as they offer a combination of desirable properties that make them highly attractive for medical bio-applications.

Chitosan-based nanohydrogel: Chitosan is made by partially deacetylating chitin, which is a naturally occurring
amino polysaccharide that can be found in many places.®® The nanohydrogel that is based on chitosan is made up of units
that are connected to N-acetyl-D-glucosamine and -(1,4) D-glucosamine.*® Chitosan polymers are well known for their
biocompatibility and biodegradability, making them attractive candidates for biomedical applications. Advantages of
Chitosan-Based Nanohydrogel: biocompatibility and biodistribution, amphiphilic nature, versatility, degradation and
properties, processing conditions.®” Chitosan-based NH have shown great promise in various biomedical applications,
including drug delivery systems, wound dressings, tissue engineering, and regenerative medicine. Their biocompatibility,
ease of modification, and tunable properties make them a valuable material for designing targeted and controlled DDS
and other therapeutic applications. Researchers continue to explore and optimize the properties of chitosan-based NH to
enhance their performance in various medical and pharmaceutical applications.

Alginate-Based Nanohydrogel: Alginate is a biopolymer obtained from brown algae and is widely used in various
biomedical applications. The vast majority of its chemical composition is comprised of two distinct units, namely
-L-guluronic acid and -D-mannuronic acid, which are connected to one another by a 1.4-glycosidic bond.*® The
advantages associated with alginate-based NH are their biocompatibility, porosity and water retention capabilities,
viscosity, and ability to undergo ionic gel formation.*>® The challenges associated with Alginate-Based
Nanohydrogel are closely related to the process of ionic crosslinking and degradation, which has garnered significant
attention within the scientific community. In addition, the degradation mechanism of alginate-based NH formed through
jonic crosslinking can be described as the unregulated dissolution of the polymer matrix caused by ion depletion.”® To
address the aforementioned issues, alginates are frequently utilized in conjunction with other polymers to achieve
synergistic effects, hence augmenting their mechanical and biological properties as individual polymers.”’ Alginate-
based NH have found applications in tissue engineering, drug delivery, wound dressings, and regenerative medicine.
Alginate-based NH have a lot of potential to improve biomedical approaches and DDS if the problems are solved by
making the right changes and combining them with other polymers.

The cellulose-based nanohydrogel is derived from biopolymers sourced from plants and microbes, which undergo
polymerization of D-type glucose monosaccharides. Cellulose-based nanohydrogel has garnered considerable interest as
a prospective biomaterial for adsorption, exhibiting numerous advantages in comparison to traditional synthetic
adsorbents.”® The utilization of cellulose-based nanohydrogel has several notable advantages. Firstly, it is a cost-
effective and readily available material due to its abundance. Additionally, it exhibits biocompatibility and biodegrad-
ability, making it suitable for various biomedical applications. Moreover, cellulose-based nanohydrogel is non-toxic,
ensuring its safety for use in biological systems. Furthermore, it demonstrates thermal and chemical stability, enhancing
its durability under different environmental conditions. Lastly, this nanohydrogel possesses an exceptional adsorption
capacity, enabling efficient removal of various substances.”® The fundamental limitation of the nanohydrogel system
derived from cellulose is its inability to be utilized in its natural form, mostly due to the abundance of hydroxyl groups
present. Nevertheless, the presence of hydroxyl groups, as well as other functional groups like carboxyl and aldehyde
groups, enables the formation of cellulose-based hydrogel through several chemical processes.”*** Cellulose-based NH
find applications in various fields, including wastewater treatment, drug delivery, and tissue engineering. The ability to
functionalize cellulose enables the development of tailored NH with specific properties, further expanding their potential
applications in different industries.

Applications Topical NH in Drug Delivery
DDS for NH in various topical therapies are shown in Table 2.
According to the information in Table 2, these NH offer several advantages for delivering:
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Table 2 Applications Topical in Drug Delivery

compared to the penetration pattern of PRX-loaded Ge-NHs, as demonstrated by in vitro skin
permeation experiments using a saturated solution.

Topical Agent Delivered Types of Main Finding Ref.
Application Manufacturing
Method
Anti-bacterial Adapalene based Tween Concomitant Significantly higher in vitro and ex vivo permeability of ADP compared to other NHs and conventional | [53]
polymerization and ADP gel formulations.
crosslinking
Curcumin based AgNO3 Inverse emulsion The nanohydrogel formulation with 30% AgNPs as an effective and stable antibacterial agent. [76]
polymerization
Berberine Emulsification ultra- The combination of optimized formulation, prolonged drug release, enhanced skin penetration, and [47]
sonication positive in vivo results suggests the formulation’s efficacy and suitability for acne treatment
Anti-psoriasis PBS-based curcumin Covalent Conjugation | Curcumin (CUR) retained its anti-inflammatory activity when entrapped in the calixarene-based [48]
nanohydrogel.
Clobetasol Covalent Conjugation | The nanohydrogel demonstrated a significant level of inhibition on COX-2 and LOX-5 enzymes involved | [75]
in the arachidonic pathways of inflammation.
Imiquimod and Curcumin Emulsification The controlled release of imiquimod, along with the co-delivery of curcumin, likely contributed to the | [55]
observed prevention of adverse skin reactions and the suppression of psoriasis-like symptoms.
Androgenic Finasteride bases Glyceryl Emulsification The developed nanohydrogel containing finasteride nanoparticles is stable and has desirable [94]
Alopecia Monostearate, Tween and characteristics for topical application
Transcutol
Finasteride Emulsification The FIN-NTF gel formulation demonstrated enhanced permeation capabilities across rat skin layers, [95]
indicating its potential as a transdermal delivery system for finasteride
Beta vulgaris L lonic gelation 5% BVEN showed promising results for the treatment of testosterone-induced alopecia. The increased | [96]
deeper penetration of phytoconstituents in the skin makes the nanogel a potential candidate for
managing testosterone-induced alopecia.
Anti-inflammatory | Curcumin based glycerol, Ultrasonic A significant improvement in anti-inflammatory activity compared to other formulations [49]
phosphatidylcholine emulsification
Cinnamon (Cinnamomum Ultrasonic The study concludes that cinnamon-NG, in particular, could serve as a promising therapeutic option for | [82]
zeylanicum) and Clove (Syzygium emulsification relieving diseases accompanied by inflammation and pain
aromaticum)
Resveratrol (RV) and chia seed oil Emulsification In vivo studies demonstrated the promise of topical RV treatment, showcasing a reduction in local [77]
ultrasonication macrophage activity and controlling the development of arthritis.
Piroxicam Autoclaving The study indicates that the permeation of the solubilized fraction through human epidermis is negligible | [90]
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Antiparasitic

Citrus sinensis essential oil

Emulsification

NFsGel showed improved efficiency, reduced viability of Leishmania parasites, and potential benefits in | [80]

Sonication preventing secondary infection
Actinic Keratosis Fluorouracil (5-FU) containing Crosslinking The 5-FU nanogel demonstrated higher activity on the skin compared to a commercial 5-FU formulation. | [78]
gallic acid-stearylamine conjugates The 1% (w/w) 5-FU nanogel preparation was identified as having therapeutic potential for the
(GA-SA) management of precancerous skin lesions.
Wound Asiatic acid/ZnO/CuO Crosslinking The nanohydrogel composite proved to be effective in promoting wound healing for second-degree burn | [88]
treatments wounds in Wistar rats within the 28-day study period
Baicalin Autoclaving The nanohydrogel demonstrated optimal performance in the topical treatment of skin wounds, [89]
suggesting its potential as an effective formulation against skin diseases related to inflammation and
oxidative stress.
Ultrashort aliphatic peptides Glaciation The ultrashort peptide hydrogels hold promise for efficient and convenient wound healing in partial- [85]

thickness burn injuries

Iturin-AgNPs

Self-assembly

The iturin-AgNPs-based chitosan dressing proved to be effective in promoting wound healing with [93]
enhanced antibacterial activity

Cesium salts of

heteropolyphosphotungstic acids

Crosslinking

Effective antimicrobial activity, low dermal toxicity, and potential versatility in wound treatment [50]

applications

Quaternary ammonium

salts

Self-assembly

The nano hydrogel self-assembling serves as a promising wound dressing and highlighted as an antibiotic, | [83]
cytokine, and delivery system-free wound dressing, suggesting its potential for managing difficult-to-heal

wounds caused by cuts, burns, or diabetes.

Curcumin and cerium oxide

Crosslinking

Nano-system approach as an effective strategy for wound healing, with implications for addressing [92]

various challenges in the field

Dermatophytosis Griseofulvin Emulsification The benefits of griseofulvin-loaded nanogel, including improved stability of NLCs, reduced lipid [95]
ultrasonication peroxidation, enhanced antioxidant efficacy, and demonstrated therapeutic potential against superficial
fungal infection
Arthritis Diacerein O/W Emulsification These findings provide promising insights into the potential of the developed DCN nanogel as [58]
Crosslinking a sustained and effective topical delivery system for the treatment of arthritis
Berberine chloride Crosslinking The study concludes that the BER-CTS-BLS nanogel is a promising delivery platform for transdermal [57]

administration of berberine for controlling inflammation associated with rheumatoid arthritis.

(Continued)
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Table 2 (Continued).

Topical Agent Delivered Types of Main Finding Ref.
Application Manufacturing
Method
Antifungal Butenafine based poly Emulsification The optimized nanoparticles (BTNPopG) were then converted into a gel using chitosan as [51]
lactide-co-glycolic acid (PLGA) Sonication a mucoadhesive polymer.
demonstrated sustained drug release, indicating their potential for prolonged therapeutic effect.
Terbinafine hydrochloride Emulsification Nano-gel was suggested as a potential approach for effective topical antifungal monotherapy in the [79]
ultrasonication treatment of onychomycosis
Antiaging Niacinamide lonic gelation The nanogels demonstrated biocompatible properties, making them suitable for further applications in | [81]
human skin, sunscreens or cosmetic products to enhance skin protection against photo-aging
Additives Tetracaine Crosslinking Despite the enhanced penetration, a weak and uncharged gel system seemed optimal for delivering [86]
tetracaine into the skin.

Ibuprofen lonic gelation The developed CD-based nanogels, particularly those containing EPI-CD, demonstrated promising [84]
characteristics for enhancing IBU delivery to the skin, with sustained release and improved permeation
profiles

Skin Cancer 5-fluorouracil Covalent Conjugation | The development of FCNGs presents a promising approach for enhancing the topical delivery of 5-FU, | [87]

(5-FU) particularly for treating skin cancers, with improved retention and reduced cytotoxicity

Green tea leaves O/W Emulsification The nanovesicular herbal gel showed promising cancer management in an in vivo experimental animal [96]

Crosslinking model.
Paclitaxel (PTX) and temozolomide | lonic gelation Nanogel creams for co-delivering chemotherapeutic agents through topical application, which could [57]
(TMZ) provide a localized and effective treatment approach for melanoma
hyperpigmentation | Tranexamic acid Crosslinking The nanogels were found to inhibit tyrosinase activity, a key enzyme involved in melanin production. [76]

Hyaluronic Acid

A reduction in melanin content was observed, indicating a potential depigmenting effect. In vivo topical
delivery studies revealed that HA/TA-LP achieved a balance between effective permeability and

minimizing diffusion into the epidermis.

|e 39 yisaeiung

aro(q


https://www.dovepress.com
https://www.dovepress.com

Dove Yuniarsih et al

Anti-Bacterial Agents

Higher permeability, polymer-based NH show improved permeability, which means they can more effectively penetrate
the skin and deliver the active anti-bacterial substances to the targeted areas. Longer release of active substances, these
NH exhibit sustained release properties, allowing for a prolonged and controlled delivery of the anti-bacterial agents over
time. This sustained release can enhance the effectiveness of the treatment and reduce the need for frequent applications.
Enhanced carrier properties, polymer-based NH act as carriers for the anti-bacterial agents, which helps protect the active
substances, enhances their stability, and ensures controlled release at the desired site. Stronger antibacterial activity, the
combination of improved permeability, longer release, and efficient carrier properties results in a stronger antibacterial

activity, making the treatment more effective in combating bacterial infections.>>*7¢

Anti-Psoriasis

The NH possess a size that is considered favorable for topical treatments, as it facilitates easy penetration into the skin
and enables targeted administration of the anti-psoriasis drugs. pH-dependent swelling refers to a phenomenon in which
the rate of swelling of an ingredient is dependent upon the pH level of the surrounding skin. This pH responsiveness can
help improve the release of the active substances at the desired site, enhancing their therapeutic efficacy. Effective SC
permeation is designed to effectively permeate through the SC, which is the outermost layer of the skin and is typically
a major barrier for drug delivery. This quality allows the anti-psoriasis drugs to penetrate the skin to where they are most
effective. The NH have improved retention in the skin’s outermost layers (the epidermis and dermis) than conventional
hydrogels. This extended retention allows for a more sustained and targeted release of the anti-psoriasis agents, resulting
in improved therapeutic effects. Micellar NH for curcumin delivery: micellar NH are used to deliver curcumin, a natural
anti-inflammatory agent. The NH help dissolve curcumin, protect it from degradation due to chemical and light exposure,
and release it slowly in the form of curcumin-containing micelles. This controlled release mechanism enhances the
effectiveness of curcumin for psoriasis treatment. In combination therapy, NH containing both Imiquimod and curcumin
are used for anti-psoriasis treatment. This combination therapy shows controlled release of both agents, and their

synergistic effects make them more effective together than when used individually.*®3%73

Androgenic Alopecia

The nanohydrogel exhibits a substantial API concentration, with a content of 91.25 + 0.9%, indicating a significant
proportion of the active pharmaceutical ingredient (API). This high API content ensures that a significant amount of the
therapeutic agent is present in the formulation, which is essential for effective treatment. Desired physicochemical
properties, the nanohydrogel exhibits desired physicochemical properties, which may include stability, biocompatibility,
and suitable particle size for topical application. These properties are crucial for ensuring the nanohydrogel’s effective-
ness as a drug delivery system. With high cumulative drug release, the cumulative percent drug release from the
nanohydrogel over 24 hours is reported to be 758.52 + 1.49 pg/mL. This indicates that a substantial amount of the
API is released from the nanohydrogel within the first 24 hours of application, making it a suitable vehicle for therapy.
The high drug release suggests that the nanohydrogel can deliver a sufficient amount of the drug to the target site for

effective treatment of androgenic alopecia.”

Anti-Inflammatory

Research evaluation revealed that NH incorporating extracts from cinnamon (Cinnamomum zeylanicum) and clove
(Syzygium aromaticum) exhibited notable anti-inflammatory and anti-nociceptive properties. The NH demonstrated
a notable reduction in leg edema during the foot edema test, as well as a decrease in nociception observed in both the
hot plate and formalin test.** These results suggest that the NH containing cinnamon and clove extracts can effectively
reduce inflammation and pain. Curcumin nanohydrogel containing curcumin and based on glycerol and phosphatidylcho-
line exhibited linear growth in enthalpy concerning the concentration of the gelling agent. This formulation showed
greater anti-inflammatory activity than the positive control, indicating that it can be a potent anti-inflammatory agent.*’
Resveratrol and chia seed oil, NH containing resveratrol and chia seed oil demonstrated potential as a drug delivery
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system for anti-inflammatory agents. These NH effectively crossed the SC barrier to deliver the active substances to their
targets. In in vivo studies, they were found to be effective in reducing local macrophage activity and decreasing the level
of proinflammatory mediators.”” Piroxicam nanohydrogel delivery was used to deliver piroxicam, an anti-inflammatory
drug. These NH showed increased retention of piroxicam in the epidermis, slow absorption, and penetration of the SC,
leading to gradual distribution in the epidermis.”® This controlled release mechanism suggests that NH can be used to
provide sustained anti-inflammatory effects. Overall, the use of polymer-based NH in anti-inflammatory therapy offers
advantages such as targeted drug delivery, sustained release, and enhanced therapeutic effects, making them promising

candidates for topical treatments to reduce inflammation and associated pain.

Antiparasitic

The use of nanoemulsion-based NH in antiparasitic therapy has shown significant improvements in potency, stability, and
ease of topical application. These NH have demonstrated enhanced leishmanicidal effects, particularly against L. major
and L. tropica parasites. In experimental tests, these NH reduced the viability of these parasites to 0%, indicating their
strong antiparasitic activity. The NH with a nanometric mesh structure have an additional advantage in preventing the
entry of environmental pathogens into the lesion, reducing the risk of secondary infection. This protective barrier
provided by the NH can enhance the overall therapeutic efficacy of antiparasitic treatments.*® Overall, nanoemulsion-
based NH offer a promising approach in antiparasitic therapy, providing enhanced effectiveness against parasites and
minimizing the risk of secondary infections, thereby improving patient outcomes in parasitic infections.

Actinic Keratosis

In the treatment of actinic keratosis, the encapsulation of 5-fluorouracil (5-FU) with lipid vesicles in nanohydrogel tissue
systems has shown promising results. This encapsulation technique enhances the local action of the drug on the skin, as it
allows for targeted delivery of 5-FU to the affected area. By delivering the drug directly to the site of action, the
nanohydrogel system reduces systemic toxicity, minimizing the risk of unwanted side effects in other parts of the body.
Moreover, the use of lipid vesicles in the nanohydrogel system improves drug retention in the skin epithelial cells. This
sustained release of 5-FU allows for prolonged therapeutic effects, increasing the effectiveness of the treatment for
actinic keratosis.”® In general, the encapsulation of 5-FU with lipid vesicles in nanohydrogel tissue systems offers
a valuable approach in the management of actinic keratosis. It enhances the drug’s local action, reduces systemic toxicity,

and improves drug retention in the skin, making it a promising option for treating this skin condition.

Wound Treatment

In wound treatment, NH offer several benefits that aid in the healing process and promote better wound recovery. The use
of Asiatic acid/ZnO/CuO NH has been studied, and their surface morphology shows porosity, which helps in swelling
and slow release of active ingredients into the wound system. Additionally, the incorporation of nanoparticles, such as
ZnO and CuO, enhances the mechanical strength of the nanohydrogel and provides antibacterial properties, which can
help prevent infection and promote wound healing.®® NH used for wound treatment have been found to demonstrate
controlled and prolonged drug release. This sustained release of active ingredients helps in accelerating cell migration
and promoting dermal fibroblast activity, which are essential for the wound healing process. The nanohydrogel’s ability
to influence the expression of genes related to wound healing further contributes to faster and more complete skin
recovery.® #7929 Fyrthermore, the incorporation of the cesium salt of heteropolyphosphotungstic acid in NH has shown
biocidal activity at an acidic pH that is non-irritating to human skin. This property helps in inhibiting bacterial growth in
the wound area without causing irritation.”® In vivo studies have also revealed that NH used for wound treatment exhibit
antioxidant and anti-inflammatory properties, which can further aid in reducing inflammation and promoting the healing
process.>® Overall, NH used in wound treatment have demonstrated significant potential in providing controlled drug
release, promoting cell migration, and influencing wound healing genes, resulting in improved wound healing quality and

better outcomes for patients with various types of wounds.
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Dermatophytosis

NH have been investigated for their potential to optimize the administration of antifungal drugs and treat dermatophy-
tosis, a fungal infection of the skin caused by dermatophytes. NH were the subject of one study that looked at their
potential use in the treatment of tinea (ringworm) and athlete’s foot (tinea pedis). The sonication method was employed
to generate NH, with the preparation time and liquid/solid lipid ratio being modified to get the desired results in terms of
nanohydrogel characteristics. Research showed that the zeta potential and effective particle size of the NH were
significantly affected by the sonication period and the ratio of liquid to solid lipids. Particle stability and penetration
into NH are both affected by particle size and zeta potential, which measures the surface charge of particles. Compared to
a positive control (likely referring to a conventional topical antifungal treatment), the NH showed promising results in
terms of their zeta potential and particle size. These optimized properties suggest that the NH may have improved drug
delivery capabilities, which could lead to enhanced antifungal activity against dermatophytes.”® Patients with dermato-
phytosis, such as ringworm and athlete’s foot, may benefit from using NH for medication delivery since this may lead to
more successful therapy. NH for the treatment of dermatophytosis: further research and clinical investigations are
required to determine their effectiveness and safety.

Arthritis

In the context of arthritis treatment, NH have shown promising results in terms of drug release, tissue penetration, and
anti-arthritic activity in preclinical studies. One study looked at the possibility of using NH to transport the anti-
inflammatory drug diacerein, which is often used to treat rheumatoid arthritis. The NH demonstrated adequate drug
release at 24 hours in vitro, indicating that they can release the drug over a sustained period.”® Additionally, ex vivo
experiments showed good tissue penetration, suggesting that the NH can effectively reach the target site of inflammation.
In animal models of arthritis induced by Freund’s Complete Adjuvant (FCA), the NH exhibited significant anti-arthritic
activity. The in vivo results in arthritic rats showed a reduction in the concentration of pro-inflammatory cytokines such
as TNF-a, IL-1B, and RF compared to using pure diacerein gel.’® This indicates that the NH have the potential to
modulate the inflammatory response associated with arthritis and provide better therapeutic outcomes. Similar positive
findings were found in a separate investigation investigating the use of NH for the delivery of berberine chloride. In rat
models of arthritis, the nanohydrogel formulation containing berberine chloride reduced leg swelling by up to 24.4%
after 12 hours. This suggests that the NH can effectively deliver the drug and alleviate arthritis-related symptoms.”’
These findings indicate that NH have the potential to enhance the delivery and efficacy of drugs for arthritis treatment.
They can provide sustained drug release, improve tissue penetration, and exhibit significant anti-inflammatory effects in
preclinical models. NH may be an effective and safe therapy for arthritis, but further study is needed to confirm this.

Antifungal

The use of NH for antifungal applications has shown promising results in terms of drug release, permeation, and
antifungal activity. NH have been found to exhibit a slower and controlled drug release profile, which is beneficial
for antifungal therapy as it allows for sustained drug delivery to the target site over an extended period. This
controlled release can help maintain effective drug concentrations at the infection site, leading to improved
treatment outcomes. In addition, NH have shown significantly increased permeation compared to conventional
formulations. This enhanced permeation allows the antifungal drug to penetrate deeper into the affected tissues,
reaching the site of infection more effectively. As a result, NH can improve the distribution of the antifungal agent
and enhance its overall antifungal activity. Safety is a crucial aspect of any pharmaceutical formulation, and NH
have demonstrated safety in irritation studies. This indicates that the NH are well tolerated and do not cause
significant irritation or adverse reactions when applied to the skin. Moreover, the antifungal efficacy of NH has been
found to be higher than that of control formulations. This suggests that NH can effectively combat fungal infections
and provide better outcomes in terms of inhibiting fungal growth and promoting healing.”"-”® Overall, the use of NH
for antifungal applications offers several advantages, including controlled drug release, improved permeation,
safety, and enhanced antifungal activity. These results suggest that NH may be a useful strategy for combating
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fungal infections. To confirm effectiveness and safety of NH in antifungal treatment for human patients, further
research and clinical investigations are required.

Antiaging

NH designed for antiaging applications exhibit a strong and porous macrostructure, which is advantageous for topical
formulations targeting aging skin. The porous nature of the nanohydrogel allows for better absorption and retention of
active antiaging ingredients, enhancing the overall efficacy of the formulation. The addition of jojoba oil to the
nanohydrogel formulation can lead to changes in the morphology of the nanohydrogel. Jojoba oil is known for its
moisturizing and skin-nourishing properties, and its incorporation into the nanohydrogel can further enhance its antiaging
effects. The combination of jojoba oil with the nanohydrogel matrix may lead to better compatibility and improved skin
penetration, resulting in more effective delivery of the active antiaging compounds. Skin permeation studies have
demonstrated that NH designed for antiaging purposes exhibit increasing and controlled permeation through the skin.
This controlled permeation is essential for antiaging formulations as it allows for a sustained release of the active
ingredients, ensuring their continuous presence in the skin for extended periods. The gradual release of antiaging agents
can lead to better absorption and long-lasting effects, promoting collagen synthesis, reducing wrinkles, and improving
skin elasticity.®! Overall, NH formulated for antiaging applications offer several benefits, including their strong and
porous structure, the addition of beneficial ingredients like jojoba oil, and controlled skin permeation. These features
contribute to the potential effectiveness of NH in addressing various signs of aging, making them promising candidates
for antiaging topical treatments. NH have been shown to have anti-aging characteristics, however further research and
clinical tests are required to determine whether they are safe for human consumption.

Additives

In the context of drug delivery to the skin, additives can improve the overall efficacy of the nanohydrogel by facilitating
the penetration of active APIs into the skin layers. The presence of certain additives can create a lipophilic environment
within the nanohydrogel, which is particularly beneficial for drugs that have lipophilic properties. This lipophilic
environment facilitates the solubilization of lipophilic medicines, allowing them to be efficiently absorbed by the deeper
skin layers after penetrating the SC. Furthermore, the inclusion of specific additives can improve the drug release and
permeation profiles of NH. Controlled and prolonged medication release may result from the additives’ effect on the
nanohydrogel’s structure and content. The controlled release profile lessens the possibility of overexposure or quick
removal of the medication from the skin by releasing the drug at a pace that corresponds to the targeted therapeutic
impact. Moreover, some additives can act as penetration enhancers, facilitating the transport of drugs across the skin
barrier and increasing their bioavailability. These enhancers can temporarily alter the skin’s lipid structure, creating
micro-channels or pores that enable deeper drug penetration. The use of polymer combinations in nanohydrogel
formulations can also be advantageous. Polymer combinations offer synergistic effects, enhancing the overall stability,
mechanical properties, and drug-loading capacity of the nanohydrogel. Additionally, in certain cases, the presence of
specific polymer combinations can facilitate the formation of NH without the need for additional cross-linking agents,
simplifying the preparation process.***® In brief, the incorporation of additives, particularly those that promote lipophilic
environments, controlled drug release, and improved permeation profiles, can significantly enhance the performance of
NH as DDS for skin applications. By carefully selecting appropriate additives and optimizing their concentrations,
researchers can design NH with superior drug delivery capabilities, making them promising candidates for topical drug
delivery and related therapeutic applications that play a crucial role in enhancing the performance and properties of NH
for drug delivery applications. By incorporating specific additives, NH can achieve improved drug penetration into the
skin, enhanced drug release, and better permeation profiles, making them optimal systems for delivering drugs into the
skin.

Skin Cancer
In the context of skin cancer, NH have shown promising potential as DDS for the treatment of skin cancer. Two specific
examples involve the use of 5-fluorouracil (5-FU) and green tea leaf nanohydrogel for anti-cancer therapy. Several
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studies have demonstrated that 5-FU can be incorporated into NH to improve its stability and enhance its retention in the
skin layer. Compared to a positive control, the nanohydrogel formulation of 5-FU showed similar stability, indicating that
the drug remains effective. However, its retention in the skin layer was found to be 4-5 times higher, likely due to the
nanohydrogel’s ability to loosen the epidermal horny layer. This enhanced retention can lead to a prolonged and sustained
release of 5-FU, allowing for better drug penetration and treatment efficacy. Moreover, histopathological evaluation of
the nanohydrogel demonstrated cationically charged chitin interactions without causing inflammation, indicating its
biocompatibility and potential for skin cancer treatment.®” Green tea leaf nanohydrogel has been shown to possess
desirable characteristics such as pH, viscosity, spreadability, and permeability, making it a promising candidate for anti-
cancer therapy. In in vivo animal models, the green tea leaf nanohydrogel exhibited effectiveness in inhibiting cancer
growth. This indicates that the nanohydrogel formulation can deliver the active compounds from green tea leaves
effectively to the target site, potentially leading to positive therapeutic outcomes in skin cancer treatment.’® Furthermore,
another approach involves the use of thermosensitive NH for delivering anti-cancer drugs like paclitaxel and temozo-
lomide. The nanohydrogel formulations of these drugs are thermosensitive, meaning they respond to changes in
temperature. The presence of an anhydrous absorbent ointment base allows for slow and controlled release of the
drugs over an extended period. This controlled release profile enables longer penetration of the drugs into the skin,
facilitating effective drug delivery and potentially improving their anti-cancer activity.*> Overall, NH show promise in
enhancing drug stability, improving drug retention in the skin, and promoting effective drug delivery for the treatment of
skin cancer. These advancements in nanotechnology hold significant potential for developing more targeted and efficient
therapies for skin cancer patients. However, further research and clinical studies are needed to validate and optimize these
nanohydrogel-based DDS for skin cancer treatment.

Hyperpigmentation

In the context of hyperpigmentation therapy, NH have demonstrated promising potential for effective topical delivery of
active compounds to melanocytes. In vivo studies have shown that these nanohydrogel formulations achieve an ideal
balance between permeability and minimized epidermal diffusion, allowing targeted delivery to the melanocytes while
reducing unwanted spread to other skin layers. One of the key mechanisms of action in hyperpigmentation therapy
involves the inhibition of tyrosinase activity and melanin production. Tyrosinase is an enzyme involved in the production
of melanin, which is responsible for skin pigmentation. By inhibiting tyrosinase activity, the formation of melanin is
reduced, leading to lightening or fading of hyperpigmented areas. The nanohydrogel-based formulations have been
shown to effectively inhibit tyrosinase activity and melanin production, particularly under conditions of UV B radiation.
This is crucial in hyperpigmentation therapy, as UV B radiation can trigger melanin production and worsen hyperpig-
mentation. By targeting tyrosinase and melanin production, the nanohydrogel formulations offer a potential solution for
managing hyperpigmentation.®" Furthermore, the localized and controlled drug release characteristics of NH can
contribute to the therapeutic efficacy of hyperpigmentation therapy. The NH allow for sustained release of active
compounds, ensuring prolonged exposure to the target cells, such as melanocytes, and maximizing the treatment’s
effectiveness. Overall, NH hold promise as a novel approach for hyperpigmentation therapy. Their ability to deliver
active compounds efficiently to melanocytes, inhibit tyrosinase activity, and minimize epidermal diffusion makes them
a potential candidate for treating hyperpigmentation disorders. However, like any emerging therapy, further research, and
clinical trials are required to fully validate and optimize the use of NH in hyperpigmentation treatment.

Challenges and Future Perspectives
The future perspective of NH in drug delivery is highly promising and holds great potential for addressing various
clinical challenges associated with topical therapy and conventional drug formulations. Nanosystems, including NH,
offer the advantage of deeper tissue penetration, allowing for targeted treatment of deeper layers of the skin, even in hair
follicles.>® ">

NH represent a novel drug delivery technology that can overcome issues such as drug resistance, toxicity-related
concerns, and targeted cellular absorption. They can be designed to respond to specific physiological cues of the skin,

such as pH or temperature gradients in healthy or diseased skin. However, researchers should explore a wider range of
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stimuli, such as the redox potential of skin cells, to enhance the versatility and effectiveness of NH for different skin
conditions and pathologies. The lack of stability testing in published studies might hinder the general development of
nanohydrogel. Therefore, it is crucial for researchers to carry out stability investigations, including both short-term and
long-term timeframes.

To ensure the clinical applicability of NH, considerations about toxicity, biocompatibility, and biodegradability are of
utmost importance. Natural polymers offer an interesting avenue to address these concerns, and their modification to be
responsive to pH or temperature could provide additional benefits. NH offer several unique features, including stability,
biocompatibility, and stimulus responsiveness, making them a promising choice for drug delivery. Their capacity to
transport various biomolecules with different dimensions and high encapsulation efficiency enhances their potential as
effective nanocarriers. However, while preclinical data is encouraging, more conclusive studies are needed to validate the
potential of NH through in vitro and in vivo evaluations. Researchers should address concerns related to toxicity,
immunogenicity, pharmacokinetic differences between animal and human models, and regulatory challenges to pave the
way for successful clinical translation. Apart from that, future challenges for large-scale production will likely experience
obstacles due to quite expensive equipment and high production and quality control costs.

Hybridizing natural and synthetic polymers to form NH is a common approach that offers the advantages of both
polymer types while compensating for their individual limitations. Future research should focus on shifting from
preclinical investigations to clinical trials to gain a better understanding of nanohydrogel efficacy and safety in human
subjects. NH hold tremendous promise as the next generation of DDS for topical therapy and beyond. Their potential to
improve quality of life, address clinical challenges, and enhance treatment outcomes makes them a topic of great interest
for future research and clinical application. As scientists continue to explore and optimize NH, nanotechnology is
expected to play an increasingly prominent role in medical applications.

Conclusion

Recent advancements in topical drug delivery have deepened our understanding of skin structure and permeation
pathways, highlighting the need for targeted and noninvasive therapeutic strategies. The challenge lies in efficiently
delivering drugs through the skin’s barrier to specific areas with high control. Environmentally sensitive systems, like
polymer-based NH, show promise in treating dermatological conditions. Polymers are pivotal in developing these drug
delivery systems, with NH offering advantages such as versatile drug loading, controlled release, and enhanced skin
penetration. Many nanohydrogel formulations have proven to be more effective than traditional dosage forms. However,
further research is needed to optimize nanohydrogel performance for topical drug delivery. Focus areas include
improving drug loading, release kinetics, skin penetration, and overall therapeutic efficacy, such as long-term efficacy
and tolerability. Analytical methods, including in vitro, ex vivo, and in vivo studies, are crucial in demonstrating NH’s
effectiveness and safety. The potential of NH as a drug delivery platform for topical applications is significant, and
ongoing innovation holds promise for improving treatment outcomes in various skin disorders. Continued research and
development could position NH as an essential component of the pharmaceutical sciences. Therefore, it is important to
overcome these issues in future studies, which can eventually optimize the existing NH and contribute to the clinical
approval of these products.
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