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Abstract: Skin cancer, with all its variations, is the most common type of cancer worldwide. Chemother-
apy by topical application is an attractive strategy because of the ease of application and non-
invasiveness. At the same time, the delivery of antineoplastic agents through the skin is difficult
because of their challenging physicochemical properties (solubility, ionization, molecular weight,
melting point) and the barrier function of the stratum corneum. Various approaches have been
applied in order to improve drug penetration, retention, and efficacy. This systematic review aims
at identifying the most commonly used techniques for topical drug delivery by means of gel-based
topical formulations in skin cancer treatment. The excipients used, the preparation approaches, and
the methods characterizing gels are discussed in brief. The safety aspects are also highlighted. The
combinatorial formulation of nanocarrier-loaded gels is also reviewed from the perspective of improv-
ing drug delivery characteristics. Some limitations and drawbacks in the identified strategies are also
outlined and considered within the future scope of topical chemotherapy.

Keywords: skin cancer; physical hydrogel; chemical hydrogel; composite gel; systematic literature review

1. Introduction

Skin is the largest organ in the human body, performing various functions ranging
from protection to metabolism. The abnormal growth of the skin cells is referred to as skin
cancer and this is the most common cancer type worldwide [1]. There are various types of
skin cancer, including benign and malignant variants such as melanoma, squamous cell
carcinoma and basal cell carcinoma [2]. Even though skin cancer is lethal in only 2% of
cases in general, the malignant forms result in death in more than 80% of cases if not caught
early [1]. The management of skin cancer includes surgical excision, radiotherapy, topical
drug delivery, and oral therapy [2]. Although surgical treatment is considered the first line
approach, topical therapy also has its role [3]. The most commonly prescribed medications
are 5-fluorouracil [4–6] and imiquimod [5,7,8]. Other active pharmaceutical ingredients
(APIs) are either repurposed or subjected to investigation and evaluation because of their
topical chemotherapeutic potential in various forms of skin cancer. Some examples are
doxorubicin [9], vismodegib [10], sonidegib [11], and metformin [12]. Substances of natural
origin (curcumin [13,14], brucine [15], silymarin [16], chrysin [17], daidzein [18], and others)
are also considered suitable in the topical treatment of skin cancer.

The topical dermal route provides ease of administration, non-invasiveness, and
reduced systemic effects with the associated limited side effects and improved patients’
compliance [19,20]. Semisolid dosage forms occupy a serious part of the pharmaceutical for-
mulations as they can be applied topically to the skin, cornea, nasal cavity, vagina, rectum,
etc. Their specific rheological behavior governs their ability to adhere to the application
site and prolong the API’s release. A significant advantage of these dosage forms is their
ease of formulation and the possibility to incorporate various active moieties [21]. These
advantages apply especially for gels which, in comparison to the other semisolid dosage
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forms, have higher retention time, provide excellent spreadability, and possess somewhat
less long-term stability issues [22].

Nevertheless, there are some limitations arising from the properties of the API and the
structure and function of the skin, and conventional gels cannot be a universal dosage form
for treatment of skin conditions. In particular, if the cancerous cells are in a deeper layer
of the skin, conventional semisolid formulations cannot provide adequate delivery of the
chemotherapeutic [23]. Therefore, the combinatorial approach has been implemented in
recent years to overcome these issues and improve dermal drug delivery. The nanoformula-
tions solve major problems regarding the API solubility and penetration through skin layers,
and they can guarantee controlled drug release and the possibility of delivering larger
molecules or very hydrophilic compounds. However, their direct application is associated
with probable compromised stability and limited retention time [24]. Thus, the increased
number of publications researching the combinatorial drug delivery of nanocarrier-loaded
gels is no surprise. A further possibility for improved therapeutic efficiency while simulta-
neously limiting the side effects in the adjacent skin tissues is targeted delivery of the API to
the cancer cells [25,26]. The process can be either passive or active based on the underlying
mechanisms involved. The passive targeting relies mainly on the enhanced permeation
and retention effect (EPR). The tumor cells are characterized by excessive angiogenesis,
which leads to the existence of considerably large gaps in the vascular walls. Together with
the poor lymphatic drainage, it can be expected that nanoparticles of sufficient particle
size (20–200 nm [25]) will permeate and be retained at the tumor site [27]. The active
targeting is mainly related to the ligand functionalization of the nanoparticles. These
surface-attached moieties can interact with the cancerous cells that overexpress receptors or
proteins and lead to clathrin-mediated endocytosis and cell internalization [25]. Therefore,
the active targeting not only enhances tumor accumulation but also increases intracellular
delivery [28]. Possible overexpressed receptors that may be candidates for active targeting
in skin cancers are folate receptor α isoform, transferrin receptor 1 (TfR1), CD44 surface
markers for hyaluronic acid, and other proteins [25,26,28,29].

The aim of the current article is to systematically review the gel-based strategies for
the therapy of skin cancer and to identify the main drawbacks and future aspects of gel
development. The most commonly used excipients and their role are shortly discussed,
and the most typical methods for characterization are given in brief. The current article
summarizes the published approaches for gel-based formulations for the topical delivery
of chemotherapeutics.

2. Systematic Search
2.1. Search Strategy

The systematic review was conducting according to PRISMA guidelines [30]. The
records were retrieved after searching in major scientific databases, namely, Google Scholar,
PubMed, Scopus, ScienceDirect, and Web of Science. The search was limited to the title,
abstract, and keywords without the full text. The year of publication was limited up to
2022 inclusively. The terms searched were identical in all databases (“skin cancer” AND
“gel” OR “hydrogel” OR “nanogel”). The duplicates were removed from the identified
papers with the help of Zotero software (v. 6.0.22), and the rest were browsed for relevance.
The search strategy, flow diagram, and retrieved articles are presented in Figure 1.

2.2. Inclusion and Exclusion Criteria

Only research articles were considered relevant while all therapeutic guidelines for
medicinal practice, clinical guidelines, conference proceedings, book chapters, therapeutic
strategies, and updates, as well as all review papers, were excluded. Papers that do not
address the potential gel application as a topical dosage form in skin cancer therapy were
also excluded. Articles published in 2023 were not included in the search. No language
limitations were used in the current search strategy.
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All papers considered as relevant (n = 156) were original articles discussing the
development, evaluation, and/or characterization of gel formulations used in the potential
topical treatment of skin cancer.

3. Drug Delivery Hurdles in Skin Cancer Treatment

Chemotherapy of skin cancer can be either oral, parenteral, or topical. In the first case,
only a limited amount of the drug reaches the target site, while the rest reaches other organs,
tissues, and cells, and can cause harmful side effects. The case is quite similar in parenteral
application together with its invasiveness. Therefore, the local application on different skin
cancer forms can gain in therapeutic efficacy and safety. However, there are numerous
obstacles for drug penetration, which makes the topical delivery a challenging task.

3.1. Skin Structure

Skin is a complex organ with the main function to “maintain the insides in and
outside out”, acting as a barrier [31]. It consists of three layers—the epidermis, dermis,
and hypo-dermis—each having a different composition and properties [32] (Figure 2). The
inner hypodermis consists of adipose tissue and rarely plays an important role for drug
delivery [31]. The dermis (around 2–4 mm) [33] is built up by a collagen and elastin network
in a mucopolysaccharide gel which resembles a hydrogel structure. The vascularity of the
dermis enables the transport of the most transdermally delivered drug molecules into the
blood, maintaining a high concentration gradient. This layer also includes appendages—
hair follicles, sebaceous and sweat glands—which have an impact only on the initial
diffusion through the skin [31]. The outermost skin layer—the epidermis—consists mainly
of cells, called keratinocytes, which play a lead role in topical drug delivery [34]. The
epidermis has two avascular and hydrophobic sections, the viable epidermis and the
stratum corneum (SC). The viable epidermis consists of four layers of keratinocytes at
different stages of differentiation, melanocytes, Merkel cells, and Langerhans cells. The
differentiation of the epidermis starts from inside to outside, and results in the formation
of corneocytes—dead, anuclear, flattened, and keratin-rich cells [33]. The corneocytes
are surround by lipid matrix composed of triglycerides, cholesterol, free fatty acids and
ceramides, and these structures act as the prime barrier to the entry of macro and micro
anticancer molecules across the skin, limiting drug delivery [35–37]. Normal melanin cells
are characterized with physiological pH while tumor cells have a pH in the range 5–6.5 [38].
In the case of melanoma, the acidic pH is responsible for the invasion of surrounding
tissues and the malignant cells have higher metastatic capacity [39]
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treatment.

Moreover, skin cancer studies revealed there are higher levels of keratin and lipids in
cancer cells compared to healthy cells, resulting in a thicker SC layer and consequently a
stronger barrier to drug entry, which makes it even more difficult for anticancer molecules
to reach the tumor site [34,40]. This is why transdermal drug dosage forms, employed
against actinic keratosis (AK) and basal cell carcinoma (BCC), require proper design to
reach the deeper epidermal layers [32,41,42]. The optimal particle size needed to achieve
transdermal delivery lies in the range 200–400 nm [43]. Nanoparticles with sizes of about
300 nm can reach deeper skin layers through the transappendgeal route [44].

3.2. Skin Penetration Routes and Factors Influencing Skin Penetration

The penetration of drugs through the skin can happen by three possible routes de-
pending on the physicochemical properties of the active substance: intracellular (through
the stratum corneum), intercellular (through the lipid matrix), and through the skin ap-
pendages (sweat glands or hair follicles) [31] (Figure 2). The transport via skin appendages
(shunt route) is more suitable for hydrophilic molecules, but since the fractional area of
appendages is relatively small, this shunt route is not as important for drug delivery [45].
On the other hand, highly lipophilic drug molecules can easily pass through the skin
intercellularly via the lipid matrix. The intercellular (transcellular) route is the most com-
plicated one because the drug molecule should repeatedly pass through different media
of the “brick wall” [46]. First, the permeant should partition into keratin-filled corneo-
cytes (hydrophilic environment), and after that it should diffuse through the corneocytes,
followed by partitioning into the intercellular lipid matrix (lipophilic environment) [47].
Since crossing the lipid bilayers is involved in both transcellular and intercellular routes,
diffusion through these lipid media is highly important. Therefore, lipophilic drugs are
preferred candidates for transdermal delivery [31]. However, when passing through the
stratum corneum, molecules reach the more hydrophilic lower epidermal layers (viable
epidermis), and in the capillaries of the epidermal–dermal junction, they can be cleared,
entering the systemic circulation [41]. Thus, high lipophilicity hinders the clearance. Ideally,



Gels 2023, 9, 352 5 of 36

the permeant should possess moderate hydrophilic–lipophilic properties, expressed as a
logarithm partition coefficient (log Pwater/octanol) in the range 1–3 [32,45].

Unfortunately, not all anticancer medications possess this desired hydrophilic–lipophilic
balance. For example, 5-fluorouracil, approved for actinic keratosis (AK) and superficial
basal cell carcinoma (sBCC), is a highly hydrophilic molecule (log P: −0.89) [48]. This
hydrophilicity restricts penetration through the hydrophobic stratum corneum and is re-
flected in low treatment efficacy for deeper laying lesions [48]. Furthermore, the insufficient
skin penetration of 5-FU requires frequent and higher administration doses, which leads
to side effects such as skin inflammation [49–51]. The situation with imiquimod, used for
the treatment of BCC, is similar. Due to its low water solubility, permeability within the
hydrophilic dermis media is difficult. Moreover, there is an interaction between the amine
groups of the drug molecule with the anionic components of the skin, limiting additional
imiquimod permeation, and resulting in reduced therapeutic effect [52,53].

Another factor that influences skin penetration is the molecular weight of a permeant
as the transport of molecules via the skin happens by passive diffusion under a concen-
tration gradient, following Fick’s law. According to the Stokes–Einstein equation, the
diffusion coefficient of a molecule increases with the increase in its approximate radius.
Therefore, a higher molecular weight is related to a higher approximate radius, so that the
diffusion coefficient is generally smaller and thus the diffusion is hindered. For transdermal
delivery, the drug’s molecular weight (MW) should be less than 500 Da [31,32], making the
penetration of anticancer drugs with higher molecular weight difficult.

Another problem arising in cancer therapy is multidrug resistance (MDR). The interac-
tion between the drug and the tumor media is a complex phenomenon and cancers can
exhibit significant resistance to various molecules. Multidrug resistance can be defined as
the decrease in the efficacy and potency of a drug to produce a therapeutic effect and is a
major problem that reduces the chemotherapies’ effectiveness [34,54]. Drug resistance in
skin cancers can be primary (intrinsic) or acquired. Primary resistance appears without
prior exposure to anticancer agents, and thus the initial response to treatment is poor [55].
Acquired resistance is developed during the application of the cytostatic drug, and it is
associated with devastating results after initially good ones [54,56].

Different mechanisms are associated with intrinsic resistance, such as changes in drug
transport and efflux pump, alteration in enzyme activation and DNA repair, modulation
of the apoptotic pathway, etc. [56–59]. Acquired drug resistance is affected mainly by
genetic or environmental factors that enable the progress of drug-resistant cancer cell
lines or induce enzyme mutations [54,55,60]. Therefore, understanding the modifications
in molecular processes involved in drug resistance can trigger the development of new
therapeutic strategies against skin cancers.

One of the potential factors leading to the sensitivity of drugs is the limited amount of
drug reaching the tumor cells. This is why the determination of the “maximum tolerated
dose” (MTD)—the highest single dose of an agent that does not cause significant or intoler-
able toxicity effects—is of great importance [54,61]. Therefore, any methods for increasing
the penetration of the anticancer drug through the skin, and thus increasing the amount
reaching the tumor cells, can lead to improved therapeutic outcomes.

3.3. Opportunities for Increasing Skin Penetration

Considering all the issues discussed and the factors involved in managing the transport
of anticancer drugs through the skin, the most important challenge of therapy is the
improvement in the drug uptake, allowing the drug to pass through the deeper layers of
skin, inside cancerous cells [32].

One of the techniques to augment penetration is the utilization of “penetration en-
hancers” [32,62], such as ethanol, Azones, fatty alcohols, glycols, and DMSO. These sub-
stances mainly disrupt the lipid bilayer packing, interacting with intercellular proteins [31].
It is important to know that water possesses enhancer properties, as the drug diffusion is
higher through hydrated skin; thus, occlusion is necessary for improved therapy [62].
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Many dosage forms are used for topical delivery of skin anticancer medication, such
as powders, aerosols, emulsions, and creams. However, hydrogels have superior proper-
ties [32,63]. Their structure allows them to be controlled at a molecular scale, which can be
used to modify the properties such as degradation rate, long-time release, tunable pore size,
and chemical and biological response to stimuli such as pH, enzymes, and temperature, in
accordance to desired values [64]. Moreover, hydrogel-based drug dosage forms exhibit
improved chemotherapy outcomes by increasing drug half-life, enabling controlled drug
release, and reducing nontargeted exposure [65–67].

The combination of gel formation technology and nanotechnology leads to the creation
of advanced drug delivery systems such as nanogels, liposomes, ethosomes, niosomes,
and transferosomes, improving the skin penetration and bioavailability, and can be po-
tentially used for topical skin cancer therapy [40,49,68]. These strategies either alone or in
combination are discussed in the following sections of the current review.

4. Gel-Based Formulations

According to European Pharmacopoeia, gels are a class of semisolid preparation
for cutaneous application, which consist of liquids gelled by means of a suitable gelling
agent [69]. They possess a three-dimensional network due to the formation of covalent or
noncovalent bonds of the polymer used with the medium [70]. Based on the polarity of the
liquid, the Pharmacopoeia further classifies them into hydrophilic and lipophilic gels [69].
There are a large number of other criteria in the literature, based on which the gels can be
distinguished: nature of the solvent, colloidal phases, rheology, the origin of the gelling
agent, etc. Three main types can be classified based on the nature of crosslinking, namely,
physical gels, covalently cross-linked gels and entanglement network gels [70]. This review
uses these three classes of gels in order to discuss their properties and application in
chemotherapeutics delivery in skin cancer. Physical gels can be prepared with natural,
synthetic, and semi-synthetic polymers such as carbomers, gelatin, marine polysaccharides,
and plant polysaccharides. Typically, these gels use temporary cross-linking and therefore
they are transient in nature. The second group are the covalently cross-linked gels, which
are also referred to as chemically cross-linked gels. In their structure, chemical bonds exist
between the macromolecules and the cross-linker and these bonds are susceptible only to
thermal degradation. These gels are characterized with high elasticity due to the larger
volume of solvent and the flexibility of the polymer chain. Polymeric hydrogels are a
subgroup in this class prepared by cross-linking a three-dimensional hydrophilic polymeric
network swollen in water. In the last class (entanglement networks), gels are formed when
the concentration and molecular weight of the polymer used exceed the critical molecular
mass of entanglement. Otherwise, they form dilute polymer solutions [70].

The systematic search retrieved 156 relevant records, as can be seen in Figure 1. The
distribution of papers between the different types of gels can be seen in Figure 3. Articles that
discuss the preparation and characterization of physical hydrogels comprise 25% (n = 39). None
of the retrieved records discusses the preparation of organogels. This is probably due to the
advantages of hydrogels, such as their ease of preparation, non-greasy nature, and cooling
sensation upon application [71]. Chemically cross-linked hydrogels account for 5% (n = 8). Even
though chemical hydrogels are extensively studied in chemotherapy, their primary application
is parenteral. Therefore, the current search provided only limited articles. Nanogels, which
are characterized by small particle sizes in the range of 20 to 250 nm, are subjects in about
5% of articles (n = 7). Nanocarrier-loaded gels are either physical or chemical hydrogels in
which different nanocomposites are incorporated. As can be seen on Figure 3, they represent the
majority of the identified articles, 59% (n = 92), due to the combined and versatile properties they
provide. In the group of others belong gels that do not fall into any of the previous categories,
such as bigels and emulgels, or that are unclear due to unavailable full text. In the following
sections, each of those types of gels is discussed in brief within the scope of topical dermal
delivery in skin cancer therapy.
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4.1. Physical Hydrogels

Physical hydrogels are those types of dosage forms in which water with or without
other polar liquids is used as the medium and the gelling agent is physically cross-linked
due to electrostatic interaction, ionic interchain bridges, crystallization junctions, hydropho-
bic association, hydrogen bonds, or others [72]. The most typical characteristic for these
gels is their reversibility and the temperature-dependent sol–gel transition. Additionally,
the polymers used in their preparation possess a good safety profile as they are nontoxic,
biocompatible, and non-reactive, and no residual cross-linkers can be found in comparison
to chemical hydrogels [70,73]. This section of the review discusses the application of various
natural, synthetic, and semi-synthetic polymers suitable for the preparation of physical
gels with chemotherapeutic agents for skin cancer.

4.1.1. Carbomer as a Gelling Agent

Carbomers are synthetic high-molecular-weight polyacrylic acid derivatives cross-
linked with allyl sucrose or allyl pentaerythritol. They are anionic in nature and contain
between 56 and 68% w/w carboxylic acid groups [74,75]. They are capable of forming hy-
drogel bonds with mucin, and therefore possess bioadhesive properties [75]. Commercially,
carbomers are available under the trade name Carbopol®. The main difference between the
various types of carbomers is based on the differences in their production and, therefore,
the resulting properties such as solution viscosity. For example, Carbopol® 934, 940, and
941 are prepared by polymerization in benzene as a solvent, while the newer NF (National
Formulary, United States Pharmacopoeia) grades are synthesized in a benzene-free pro-
cess. Other variations could be due to the type and amount of cross-linker used [76]. The
technological procedure of carbomer gel preparation is well-established and is based on
the hydration of the polymer in water, resulting in an acidic dispersion with pH = 2.5–3.5
depending on carbomer type and concentration [77]. Then, neutralization with sodium
hydroxide, triethanol amine, or other base leads to ionization of carboxylic functional
groups, followed by partial disentanglement of polymer chains and formation of irre-
versible agglomerates [78,79]. Very often the medium of carbomer gels contains, in addition
to water, polyethylene glycol (PEG 400) or glycerol, which may affect the rheological and
mucoadhesive properties [78]. In the current review, Carbopol® 934 was found to be most
commonly applied in order to prepare conventional physical gels. The concentrations
ranged from 0.5% to 3% w/w [80–84].
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One of the drawbacks in carbomer-based physical gels is the aqueous medium in
which they are prepared. On one hand, this raises the need for the addition of other
excipients such as preservatives [85] in order to prolong microbial stability. On the other
hand, there is a significant number of drugs that are not water soluble such as resatorvid,
which is used to treat skin cancer. This requires the addition of a suitable co-solvent
as suggested by Ruiz et al. [80]. Another work group of Osipitan et al. [81] compared
phenethyl isothiocyanate (a phytochemical, PEIT) formulated in 0.5% Carbopol® 940 to an
analogical gel containing 5-fluorouracil. The incorporation of the PEIT similarly required
its dissolving in DMSO prior to the gel preparation. DMSO can further potentiate the
effect because it is commonly used as a penetration enhancer. The conducted investigation
showed also that it is compatible with carbomer gel [81,84]. Recombinant heat shock
protein (Hsp70) was incorporated into 1% carbomer in the presence of 1% glycerol and
10% DMSO by Abkin and colleagues [82]. Their investigation showed that the protein
was prevented from undergoing denaturation and/or proteolysis during storage. The
lyophilized methanolic root extract of Annona reticulate was successfully incorporated into
Carbopol® 940 gel (1% w/w) by Bharadwaj et al. with the help of 10% glycerol [83]. The
authors showed the potential of the formulation for dermal anticancer treatment.

Photodynamic therapy (PDT) could also benefit from the application of physical
gels. Non-toxic chemicals called photosensitizers are applied either orally or locally to
produce visible fluorescence when activated through illumination with an appropriate
wavelength [86]. A classic example of a drug used in PDT is porphyrins and their precursor,
5-aminolevulinic acid (5-ALA). Even though 5-ALA is a small molecule, its hydrophilic
nature hinders penetration through the stratum corneum. A possible approach to resolve
the issue is via its chemical modification as a methyl or hexyl ester. An alternative could be
the use of penetration enhancers such as DMSO [87]. Merclin and co-workers investigated
the possibility of using carbomer physical gel containing 5-ALA or methyl-ALA by means
of iontophoresis [84]. Since hydrogels serve as contact gels between the skin and electrodes
in iontophoresis, they could be used as a vehicle to deliver APIs to the deeper skin layers.
Furthermore, carbomer is an anionic polymer and possesses good buffering capacity, which
can be beneficial in maintaining constant pH. Interestingly, the authors investigated this
and showed that the diffusion of uncharged drug in 1% w/w carbomer gel is similar to
that in water. At the same time, positively charged drugs are retained to some extent [84].

The given examples of carbomer-based physical gels show that this is a versatile
platform for the direct loading of hydrophilic and lipophilic substances, which can be
applied in combination with phototherapy, radiotherapy, and iontophoresis. Nevertheless,
the limitations to deeper penetration of the APIs into the skin layers still exist, which in these
types of gels depend significantly on the properties of the drug itself. Therefore, physical
gels produced by means of carbomer are suitable semisolid vehicles for the treatment of
surface skin cancer given suitable drug solubilization is achieved.

4.1.2. Cellulose Derivatives as a Gelling Agent

Different cellulose derivatives have been exploited in the preparation of various
hydrogels and there are already published reviews discussing their properties, preparation
techniques, and fields of application [88–90]. The current article focuses on their application
as a dosage form for topical chemotherapeutic delivery.

Cellulose is a polysaccharide obtained from various plants, animals, or bacteria. It
is renewable and abundant worldwide, which together with its biodegradability, biocom-
patibility, environment friendliness, and good mechanical properties, makes it suitable for
numerous areas of application. Cellulose is a semicrystalline linear polymer of glucose that
is tasteless and odorless but insoluble in water, like many organic solvents [88]. Its aqueous
insolubility hinders the biomedical application of cellulose. Therefore, chemical modifica-
tion of its hydroxyl group through etherification and esterification leads to the preparation
of substances with improved solubility [91]. Many cellulose derivatives are used in the
development of the vast majority of drug delivery systems including liquid, semisolid,
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and solid conventional dosage forms [92] and the relatively newer nanocomposites [93].
In addition, the cellulose derivatives can form physical hydrogels due to hydrogen bonds,
ionic interactions, and hydrophobic forces [90].

Hypromellose or hydroxypropylmethyl cellulose (HPMC) is an electroneutral water-
soluble derivative of cellulose to which methyl and hydroxypropyl side groups are attached.
The polymer provides a wide range of viscosity grades depending on the substitution
degree and ratios [94]. The systematic search retrieved four articles considering HPMC as a
gelling agent in physical hydrogels [95–98]. Two of them investigated the incorporation of
cyclodextrin complexes with APIs into a semisolid gel. Ceschel and co-workers showed that
the HPMC-based gel has its own solubilizing effect, as the release rate from a gel containing
the API and a gel containing the API-cyclodextrin complex is identical. Nevertheless, the
cyclodextrin complex showed better permeation. The authors hypothesized that this is
due to the presence of a diffusion layer on the skin surface and the cyclodextrin acts as
a carrier through it towards the lipophilic skin layer [95]. In another more recent study
performed by Doneda and colleagues, different cyclodextrin complexes of the lipophilic
flavonoid 3-O-methylquercetin were used to allow its incorporation into a hydrophilic
topical formulation [97]. HPMC was used as a gelling agent at 3.5% concentration in the
presence of 1% propylene glycol. All of the proposed gels showed suitable characteristics
for dermal application such as pH in the range of 4.49 to 4.87 and pseudoplastic rheological
behavior. Bioadhesion was also established for the formulations even though the presence
of β-cyclodextrin or hydroxypropyl-β-cyclodextrin complex leads to some reduction in
their bioadhesive capacity due to interaction with HPMC.

Carboxymethyl cellulose (CMC) possesses carboxylate moiety which is pH-sensitive
and provides the polymer with in situ gelling properties as well as bioadhesive ability [99].
However, physical gels prepared by means of CMC are characterized by low mechanical
stability. Except by chemical cross-linking, this issue can be overcome by the addition of
naturally available nano-clays such as sepiolite. Palem et al. used simple moisture heat
treatment to prepare a physical gel of CMC, agar, PVP, and sepiolite. The platform was
non-toxic and showed stable and sustained release of 5-fluorouracil.

Another cellulose derivative used in the delivery of 5-ALA or glycoalkaloids is hydrox-
yethyl cellulose (HEC) in the concentration range of 2–3%. HEC is non-ionic cellulose ether
that is water-soluble [94]. A study performed by Maisch et al. showed that the depth of
5-ALA penetration from 3% HEC gel containing 40% DMSO as an absorption enhancer was
higher in comparison to hydrophilic ointment, lipophilic ointment, or w/o gel containing
DMSO. Nevertheless, low chain alcohols were shown to act better as penetration enhancers
in the case of 5-ALA. Its solution in the mixture of ethanol, isopropanol, and polyethylene
glycol with tetraethylene glycol ether is superior to the newly proposed physical gel in
terms of penetration. Tiossi and co-workers used commercial 2% physical hydrogel of HEC
to deliver glycoalkaloids from Solanum lycocarpum fruits for the treatment of non-melanoma
skin cancer [100]. In order to promote skin permeation, different penetration enhancers
were used and it was proven that 5% monoolein, alone or in combination with 10% ethanol,
is most suitable to achieve permeation to the target site. These absorption enhancers are
compatible with HEC gel and could be used for the delivery of other chemotherapeutics.

The results shown in the discussed articles suggest that cellulose derivatives alone
are not ideal as a delivery platform for chemotherapeutics in the treatment of skin cancer.
There is a need for the addition of excipients such as cyclodextrins or penetration enhancers
in order to achieve the desired depth of penetration.

4.1.3. Poloxamer as Gelling Agent

Poloxamers known by their trade name Pluronics (BASF, Ludwigshafen, Germany) are
a group of synthetic triblock copolymers of poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) in the arrangement [PEO]n-[PPO]m-[PEO]n, with varying numbers of monomers
(n and m) from each block [101]. They are thermoresponsive and their micellization, aggrega-
tion, and gelation depend on temperature [102]. The micellization is due to the dehydration
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of PPO blocks, which are then located in the core and the hydrated PEO chain forms an outer
shell [103]. The critical gelation concentration and gelation temperature of poloxamers de-
crease with the increase in their molecular weight. Poloxamer 407 (Pluronic® F127) is known
to form a reversible gel at a concentration above 20% and temperature of about 19 ◦C. The
higher the polymer concentration, the lower the gelation temperature will be [86,104]. One of
the first investigations of poloxamer gel for dermal delivery of 5-fluorouracil or doxorubicin
dates back to 1984 [105]. The authors found that the apparent release of the APIs from the
gels depends on the concentration of the gelling agent. The released amount was improved
with an increase in the temperature of the in vitro dissolution test. These findings suggest
that the release happens through the aqueous channels around the polymer micelles. The
more polymer is used for gelling, the smaller those channels are, while with the increase in
temperature the micro-viscosity in the channels decreases. Redpath and co-workers found
that 30% blank poloxamers 407 gel without API being loaded slightly inhibited the cell mi-
gration in C8161 melanoma cell lines without affecting the cell viability, but did not further
investigate the observation. Furthermore, their study showed that the release of silybinin
from the gel is somewhat retarded due to the slow diffusion of the drug in the gel and the
diffusion is the rate-limiting step. The gel crystalline structure is less permeable than the
liquid crystalline one and the results showed that Poloxamer 407 gel had limited drug flux
into the skin. The polymer did not affect the skin’s lipid integrity and lower penetration
was observed [104]. Another study investigated the possibility of forming an in situ gelling
formulation consisting of 7% poloxamer 407 and 40% poloxamer 188. In situ gels possess
several advantages, such as easy application simultaneous with prolonged adhesion on the
skin surface and good permeability of therapeutic agents. Nevertheless, the investigation of
Sun and colleagues showed that for lipophilic APIs such as curcumin the release rate was
limited by the drug dissolution. Applying the cyclodextrin complex significantly improved
the potential to effectively deliver curcumin to melanoma cells [103].

Batista and team investigated the stability of a poloxamer 407 gel in the case of
incorporation of hydroalcoholic extract. Evidently, the gelling agent is compatible with
ethanol in comparison to HEC-based gel [106]. Nevertheless, poloxamer 407 gels possess
some disadvantages such as low mechanical strength, low durability, and very fast drug
release [107]. As shown by Sun and co-workers, the erosion of in situ gel based on both
poloxamer 188 and 407 was about 40% within 3 h [103]. Therefore, it is common to blend
poloxamers with other gelling polymers. In the current review, mixtures of poloxamers
and carbomer were identified for the topical delivery of anticancer drugs [86,108]. The
addition of carbomer could improve the stability and consistency of the poloxamer gel
and further provide it with bioadhesive properties. This could prolong the contact time
and improve the drug delivery. Borghi-Pangoni and colleagues showed that the required
concentration of a combined poloxamer/carbomer gel is 20%/0.15%, respectively, in order
to achieve appropriate in situ gelation without runoff upon application. The poor aqueous
solubility of hypericin could be overcome to some extent in the proposed gel. Even though
a rapid release of the drug was present (within 2 h), no permeation was evident. Therefore,
the proposed dosage form could be suitable for photodynamic therapy [86]. The study
of Campanholi and colleagues also supports these conclusions. The authors showed the
solubilizing capacity of the combined poloxamer 20% and carbomer 0.2% gel for chlorophyll
used in photodynamic therapy [108].

Poloxamer gels could be used in the chemotherapy of skin cancer, providing that
suitable measurements are taken in order to improve the gel stability and solubilization of
lipophilic APIs. Furthermore, prolonging the contact time by adding bioadhesive polymers
such as carbomer could further positively affect the properties of such drug delivery
systems. Otherwise, the drugs are superficially released without penetration. This could be
desirable in the scope of photodynamic therapy.
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4.1.4. Other Physical Hydrogels

Chitin is another polysaccharide which forms physical hydrogels upon desolvation or
physical cross-linking [109]. Chitin is a natural co-polymer of glucose and acetamide. In the
case where the degree of acetylation is lower than 50%, the biopolymer is called chitosan.
The formation of the physical hydrogel by means of chitin first requires its dissolving in a
suitable solvent as it is not water-soluble. The increase in the gelling agent concentration
leads to more pronounced entanglement and an increase in the hydrogen bonding, followed
by a transition from sol to gel. Furthermore, the stability of the hydrogel can be increased by
curing at various temperatures or by coagulation in a specific antisolvent. The antisolvent
approach was used by Nair and co-workers in order to prepare a 0.5% chitin hydrogel
loaded with plumbagin [110].

Another natural polymer found to form physical gels is iota-carrageenan. The 3D
structure formation is due to the aggregation of the macromolecules through electrostatic
interactions and hydrogen bonds. Successful loading of methotrexate cyclodextrin inclusion
complex into 1% iota carrageenan was presented by Kochkina et al. [111]. The cyclodextrin
complex did not influence the gel rheology and mechanical stability.

The literature search provided the information that scientific efforts have been made
to synthesize novel polymers that can form physical hydrogels and deliver lipophilic APIs
to skin cancerous cells. Such is the case with the synthesized ABA type cationic triblock
polymer developed by Taktak et al. [112]. The amphiphilic nature of the polymer and
its positive charge could lead to interaction with the stratum corneum by promoting the
penetration of lipophilic drugs such as paclitaxel.

4.2. Chemical Hydrogels

Covalently cross-linked hydrogels are 3D swollen networks which are prepared by
hydrophilic polymers containing various functional groups, such as -OH, -SO3H, -COOH,
-CONH-, and -CONH2. These groups are either embedded or grafted in their structure,
allowing them to absorb and retain large amounts of water and biological fluids. They do
not dissolve in water but rather swell and hold up the medium [70]. Their structure can
be tuned by varying the degree of chemical cross-linking and the affinity of the hydrogel
towards the aqueous medium [9]. Examples of chemical hydrogels investigated for the
treatment of skin cancer are given in Table 1.

Carboxymethyl cellulose (CMC) can be efficiently cross-linked with citric acid in
order to prepare biocompatible hydrogel with no cytotoxicity [9,113,114]. A prodrug
conjugate between CMC and doxorubicin was prepared and afterwards cross-linked with
the acid [9,114]. The study shows promising sustained release of the drug as the covalent
bondamide bonds will be cleaved predominantly in the lysosomes after cellular uptake
in the melanoma cancer. The authors further explored the possibility of preparing hybrid
hydrogel containing CMC-silver nanoparticles electrostatically associated with the same
API and further cross-linked with citric acid to form the gel [113]. This newly proposed
formulation showed synergistic anti-tumor effect between doxorubicin and the silver
nanoparticles and in addition possessed antibacterial activity.

Oktay and Alemdar prepared an electro-responsive hydrogel based on gelatin for
stimulus triggered release of 5-fluorouracil [115]. Gelatin was modified with methacrylic
anhydride and further subjected to UV cross-linking. They encapsulated a conductive poly-
mer which controlled the drug release, and the application of 1.5 V led to anisotropic
gel deformation and the amount of 5-fluorouracil was sufficient for the treatment of
skin cancer.
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Table 1. Examples of APIs formulated in chemical hydrogels and the corresponding excipients used.

Polymer Cross-Linker API Method of Preparation Ref.

Gelatin Metacrylic anhydride 5-fluorouracil UV cross-linking [115]

CMC
Citric acid Doxorubicin “green” method [9,114]
Citric acid Doxorubicin “green” method [114]

METAC 1, DEGDMA 2 curcumin Free radical polymerization [116]

Carboxymethyl chitosan Glutaraldehyde 5-fluorouracil Gelled deoxycholic acid micelles [117]

Poly(acrylamide-co-
diallyldimethylammonium

chloride)
BisAA 3, APS 4/TEMED 5 Indocyanine green Free radical polymerization [118]

Chitosan PEGDA 6 Aloe vera juice UV cross-linking [119]
1 METAC-[2-(metacryloyloxy) ethyl] trimethyl-ammonium chloride; 2 DEGDMA-diethylene glycol dimethacry-
late; 3 BisAA-N,N’-methylenebisacrylamide; 4 APS- ammonium persulfate; 5 TEMED-N,N,N′,N′-
tetramethylethylenediamine; 6 PEGDA-diacrylate poly(ethyleneglycol).

A hydrogel-based transdermal system for the potential treatment of skin cancer
and radiotherapy-induced burn wounds was prepared and characterized by Kudłacik-
Kramarczyk et al. The formulation was based on chitosan and cross-linked with PEGDA
(diacrylate poly(ethyleneglycol)). Chitosan hydrogels need an alkaline medium to coagu-
late and provide the characteristic rheological behavior. Their strength can be improved by
ionic cross-linkers such as sodium citrate or tripolyphosphate, which also provide them
with pH sensitivity [109]. The authors performed intensive physico-chemical characteriza-
tion of the prepared gel and proved its biocomparibility.

The hydrophilic properties of the hydrogels significantly limit their ability to deliver
hydrophobic drugs. In such a case, the loaded amount is lower and unevenly distributed
in the gel structure, and shows inadequate release. In order to overcome this issue, Pour-
manouchehri et al. proposed incorporation of desoxucholic acid micelles containing 5-
fluorouracil in a hydrogel. Carboxymethyl chitosan cross-linked with glutaraldehyde was
shown to be less soluble at pH = 9 in comparison to the unmodified polymer [117]. There-
fore, the authors found a better and more complete release of 5-fluorouracil in an acidic
medium (pH = 6.8 and pH = 5). Furthermore, the prepared hydrogel prevented deoxycholic
acid micelles’ destabilization and had no burst effect. Altogether, these measurements
improved the cytotoxic effect of the API five-fold compared to free 5-fluorouracil and
proved the efficiency for the treatment of melanoma

Hwang and Jin synthesized a polymer for the preparation of a chemical hydrogel
which can be loaded with indocyanine green and used in combination with photodynamic
treatment of melanoma [118]. This type of skin cancer is especially difficult to treat due
to its fast spreading to the adjacent skin tissue. The produced hydrogel is mechanically
stable and can be attached to the skin. The proposed formulations appear to be superior for
the PDT in comparison to an injectable hydrogel, as they offer irradiation protection of the
loaded indocyanine green and exert less irritation at the site of application. The authors
demonstrated complete elimination of the melanoma cells in the tested mouse model.

A different strategy for topical antineoplastic drug delivery by means of chemically
cross-linked hydrogel has been proposed by Oktay and Alemdar [115]. The authors
prepared electro-responsive hydrogel loaded with 5-fluorouracil. Gelatin was modified
with methacrylic anhydride and further subjected to UV cross-linking. They encapsulated a
conductive polymer which controlled the drug release and the application of a 1.5 V electric
current led to anisotropic gel deformation. Thus, the released amount of 5-fluorouracil was
sufficient for the treatment of skin cancer.

The limited number of articles in this category of hydrogels is possibly due to the
fact that they usually do not possess the typical rheological properties for topical applica-
tion. Thus, they are applied as plasters or after being injected directly into the cancerous
cells [120].
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4.3. Nanogels

Nanogels are a category of hydrogels characterized by a 3D porous structure and
particle size in the range from 20 to 250 nm [121]. Other definitions put nanogel particles
in the range from about 10 nm to 1000 nm [38]. Similarly, they can be either physically or
chemically cross-linked. The second can be prepared either by polymerization of monomers
or by cross-linking of preformed polymers [122]. In comparison to typical nanoparticles,
nanogels possess tunable particle size and particle shape, and sensitivity to various external
stimuli (pH, temperature, ionic strength, etc.) [121]. Therefore, they mostly present drug
delivery carriers for systemic therapy. Nanogels can also be used for topical delivery, as
their unique structure and mechanical properties resemble those of the skin’s extracellular
matrix [14]. However, this route of administration encounters a major hurdle, which is
the limited drug diffusion across the stratum corneum together with the possibility of
spilling and aggregation over time [14,38]. Therefore, surface modification is often needed
in order to overcome these obstacles [38,43,123]. Examples of such formulations can be seen
in Table 2.

Table 2. Examples of APIs formulated in nanogels and the corresponding excipients used.

Composition Additives API Particle Size [nm] Specific Features
and/or Comments Ref.

PLGA 1 (0.1%), chitosan
(0.4%), Poloxamer 108 and

407, PVA 2 (0.4%)
Eucalyptus oil coating 5-fluorouracil 190–220 - [38]

Chitin - 5-fluorouracil 125–140 - [124,125]

Cross-linked chitosan
Poloxamer 407 Bleomycin 140–170 pH sensitive [126]

Chitosan, TPP 3,
Poloxamer 407 Transcutol® coating Capecitabine 120–160 pH sensitive [123]

Chitosan, TPP 3,
Poloxamer 407 Transcutol® coating Temozolomide 170–200 pH-sensitive [43]

Deacetylated-β-chitosan
grafted with ρ-coumaric acid

-
Syzygium

aromaticum
essential oil

200–460 Newly extracted
squid β

[127]

CMC 4-casein Casein and folic acid coating Curcumin -
Layer by layer

coating; folic acid
active targeting

[14]

1 PLGA—Poly(lactic-co-glycolic acid); 2 PVA—Polivinylalcohol, 3 TPP—sodium tri-polyphosphate; 4 CMC—
carboxymethyl cellulose.

Transcutol® (di-ethylene glycol monoethyl ether) can interfere with cell membranes in
the stratum corneum and thus acts as a penetration enhancer. It can be added to simple gel
formulations in concentrations ranging from 1 to 50% and promotes drug permeation [128].
The usual concentration of 22% v/v guarantees diffusion through the skin’s lipid matrix.
Combining poloxamer 407 with Transcutol® results in a stable nanogel formulation and
avoids the irritation potential of the penetration enhancer [123]. Another strategy to limit
irritation, edema, and inflammation is the application of natural penetration enhancers, as
suggested by Sahu et al. [38]. Such substances are terpenes and terpenoids, constituents in
eucalyptus and chenopodium essential oils. They can significantly improve the penetration
depth and therefore increase the therapeutic potential of the formulation.

Chitin and chitosan-based nanogels showed improved drug release in an acidic en-
vironment (pH = 4.5–6), which is very suitable for the skin delivery of APIs. The main
reason for this phenomenon is the possible protonation of free amino groups in the polymer
molecule [43,123–126]. This is additionally helpful in regard to the possibility of ionic
bonding with the tumor cells because of their acidic nature (pH = 5.5–6.5), and thus release
in a controlled manner can be expected [123].
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An alternative approach has been proposed by Priya et al. [14]. In the study, a
layer-by-layer technique is applied. First, self-assembled CMC-casein nanogel as a core is
formulated and loaded with curcumin. Afterwards, alternating layers of casein and folic
acid are applied. The relatively simple procedure resulted in a formulation with better
cellular uptake and enhanced cytotoxic and apoptic potential.

4.4. Nanocarrier-Loaded Gels

This type of drug delivery system simultaneously combines two technological ap-
proaches, namely, gel formulations and nanotechnology. Gel supports the nanocarriers and
guarantees their application and sustained release. The nanocarriers can further provide
modification of drug release due to their specific properties and characteristics. Thus, the
combinatorial approach can improve the therapeutic efficacy of various drugs and routes of
administration [129]. In the present review, the focus is on the topical delivery of chemother-
apeutics. According to the systematic search, it was evident that for the treatment of skin
cancer different nanocarriers can be loaded onto physical hydrogels. The predominant types
of nanocarriers are lipid-based, as can be seen from Figure 4. This is expected due to the
characteristic structure of the stratum corneum and the other skin layers.
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The mechanical properties of the gel can be significantly influenced upon addition of
nanoparticles, and depend on the additive concentration, modulus, and extent of additive–
gel matrix interactions [130]. Therefore, in the following section the different types of
nanocomposites and their effect on the formed gels are discussed.

4.4.1. Nanovesicles

Liposomes are intensively studied nanosystems, often developed for use in anti-tumor
therapy. They consist of concentric two-layer vesicles in which the hydrophilic core is sur-
rounded by a dual phospholipid layer [131]. The drugs can be included in liposomes according
to their relations, with hydrophilic drugs incorporated inside and hydrophobic in the phospho-
lipid layer (Figure 5). Two-layer membranes can consist of natural or synthetic amphiphilic
lipids and phospholipids. Liposomes can be formed with different diameters, from about
20 nm to several micrometers. The small single-layer vesicles are about 20 to 100 nm in size.
They are relatively easy to prepare, with a unique size compared to other types of vesicles,
and are found to be widely used. Compared to the standard formulation, some types of
liposomes show a higher maximum penetration depth. The scientific literature describes
various approaches in which liposomes intended for skin anti-tumor therapy are incorporated
in gels that are used as suitable carriers for dermal administration.
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Elastic liposomes were used by Hussain et al. as a 5-fluorouracil-delivery system in a
gel based on Carbopol 980. The incorporation of liposomes in the gel resulted in a signifi-
cant (double) increase in the concentrations of the drug (300 relatives to 150 micrograms)
compared to the free (not gel-incorporated) liposomes. In addition, reduced side effects
were observed [132]. The result clearly shows that incorporating the nanoparticles in an
appropriate base such as a gel could improve the liposome nanoparticles’ advantages.

Another use related to the incorporation of liposomes in the anti-tumor therapy gel is
the inclusion of different types of photosensitizers for photodynamic therapy of different
types of skin cancer. Nekvasil et al. presented a preclinical study of gels containing
liposomes with hydrophobic photosensitizers (meso-tetrakisporphylporphyrin or hydroxy-
aluminum phthalocyanine) for photodynamic therapy in various types of skin cancers [133].
It can be concluded that the liposomal gel formulations of the photosensitizers used could
be an optimum dermal preparation enabling a wide range of topical applications for
numerous cancer indications, especially for nonmelanoma skin cancer. In another study,
temoporfin (potent second-generation synthetic photosensitizer) is included in hydrophilic
gels for photodynamic therapy with a different concentration of carbomer [134]. The
resulting gels show very good stability in the studies conducted for 6 months.

Similar systems were also proposed for combination therapy, including anti-tumor
agents curcumin and STAT3 Si-RNA in liposomes included in 0.4% agarose gel [20]. Studies
have shown that the topical ionophoretic administration of the developed gel shows a tumor
suppression comparable to the invasively applied liposomes. In addition to curcumin, in
another study neringenin (an anti-tumor agent with a pronounced antioxidant effect) was
included in deformable liposomes dispersed in hydrophilic gels based on hydroxyethyl
cellulose (HEC) and hydroxypropyl methylcellulose (HPMC) [135]. The results show that
the incorporation of liposomes in the gel leads to a further delay in the release of the drug,
with a difference in release in gels based on HEC and HPMC.

Along with the inclusion of liposomes in conventional topical gels, Famta et al. in-
cluded niclosamide in liposomes and incorporated it based on the Pluronic® F127 and
Pluronic® F68 (3:1 Ratio) heat-sensitive gels characterized by the sol-to-gel transition tem-
perature of 33 ◦C [136]. Their research shows that the developed compositions significantly
increase the cytotoxicity of niclosamide to melanoma cells, with their subsequent inclusion
in thermogel providing the ability to control release kinetics.

Other vesicular nanocarriers are transferosomes. Transferosomes are similar to lipo-
somes in their morphology, but according to their functionality, they can deform enough
to go through pores much smaller than their own size. This is due to the great flexi-
bility of the vesicle membrane, which causes the vesicles to be highly deformable [137].
Therefore, typical transferosomes are characterized by a more elastic membrane than con-
ventional liposomes. Another specific difference between transferosomes and liposomes is
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the great hydrophilies of the former, which allow the transferosome membrane to swell
more than the conventional lipid vesicle bilayer [138]. Because of these advantages, trans-
ferosomes are one of the most commonly studied representatives of nanosystems used
for dermal administration, with scientific data gathered regarding their inclusion in gels.
One specific representative of the group is protransferosome, which is a liquid crystalline
pro-ultra-flexible vesicle with a lipid structure and is in situ convertible to an ultra-flexible
transferosome by absorbing water from the skin [139].

Gupta and Trivedi developed a Carbopol® 940 gel, including protransferosomes
containing cisplatin [140]. The authors compared the kinetics of the release and skin
permeation of the prepared gel, as well as the free protransferosomes. The results show that
including the vesicles in the gel improves the ability to control release and improve skin
permeation. The Carbopol-based gel was used as a vehicle for transferosomes loaded with
5-FU [141], paclitaxel [142], methotrexate [143], tofacitinib [144], tamoxifen citrate [145],
and others. An interesting study was presented by Shamim et al., which includes carvedilol
in transferosomes for topical administration to prevent UV-induced skin cancer [146].
Using the system proposed, unwanted systemic cardiovascular effects are prevented while
maintaining the efficiency of carvedilol.

Biologically active substances of natural origin are of great interest in many areas of
modern pharmaceutical practice. For this reason, many scientific teams have explored the
possibilities of incorporating non-synthetic substances into dermal anti-cancer systems.
In the group of natural substances can be classified apigenin, included by Jangdey et al.
in transferosomes [147], as well as Green Tea catechins [148], subsequently dispersed in
carbomer gel. Both gel systems showed good potential for use in skin cancer. Furthermore,
as has been often studied in recent years, curcumin has been used as a biologically active
component in a transferosomal system included in a Poloxamer 407 gel aimed at improved
skin penetration and dermal localization [149].

Another example of nanosystems often included in dermal gels for the therapy of
various types of skin cancer is ethosomes (Figure 5). Ethosomes are lipid vesicular carriers
formed with ethanol in relatively high concentrations, phospholipids, and water. The high
ethanol concentration, which significantly distinguishes the ethosomes from other vesicles,
improves skin penetration [150]. Ethosomes pass the stratum corneum to a significantly
greater extent than classic liposomes [151]. The effects of combining phospholipids and a
high ethanol concentration lead to greater distribution and penetration through the skin
lipid pots. They are designed to improve the penetration of drugs through the skin by
fluidizing the lipids into the stratum corneum.

Gels with incorporated ethosomes were prepared for dermal drug delivery of 5-
FU [152], curcumin [13], vismodegib [153], brucine [15], sonidegib [154], itraconazole [155],
etc. Puri et al. offer the use of ethosomes for improved dermal administration of 5-FU, thus
overcoming the limiting factors of the drug, such as limited skin permeation, retention
at the target site, and possible skin irritation [152]. Ethosomal systems are subsequently
included in Carbopol® 934P-based gel and have been tested in terms of skin permeation
and deposition, showing significantly increased skin permeation (5.9 to 9.4 times) and
anti-tumor potential compared to cream (commercial product), in addition to reduced
skin irritations. The possibility of incorporating ethosomes loaded with vismodegib into
the carbomer gel has also been studied, providing data on increased anti-tumor activ-
ity, compared to oral drug forms of the same active substance [10,153]. Similar results
(threefold increased bioavailability and significantly increased anti-tumor activity) have
been observed by other authors regarding the drug sonidegib, included in the ethosomes
system in the gel based on carbomer [154]. The same polymer has also been used in the
inclusion of fisetin-containing binary ethosomes, with the results being positive in terms of
achieving better release control and improved skin penetration compared to a conventional
gel containing the same drug [156].

Although most ethosomes tests have been conducted in carbomer-based gels, a study
by Abdellateif et al. displays better controlled drug release from a hydroxypropyl methyl-
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cellulose (HPMC) 2.5% w/w gel system, containing ethosome-loaded celecoxib, compared
to the same ethosome dispersion [157]. In the same study, the data were compared to
the carbomer-based gel, taking into account different release kinetics depending on the
polymer used.

Another type of nanovesicle is the emulsomes (Figure 5). These were used by Sahu
et al. as methotrexate carriers and were further incorporated in a Carbopol® 934 gel for
the management of skin cancer through topical delivery. The gel shows a delayed release
of the drug for a period of 12 h, as well as a good profile of stability, examined during
45 days period of testing [158]. In addition, a different type of hydrogel containing vesicular
structures—glycerosomes loaded with plumbagin—showed increased anti-tumor activity
and improved skin penetration [159].

4.4.2. Lipid Nanoparticles

In recent years, lipid nanoparticles have been of great interest in the field of pharmaceu-
tical technology. They are colloidal carriers, characterized by a solid lipid core consisting of
a mixture of hard and liquid lipids and having particle dimensions in the nanometer range.
They consist of a lipid matrix with a special nanostructure. These nanostructures improve the
drug loading and firmly retain the drug during storage. Nanostructured lipid carriers weaken
the barrier function of the stratum corneum and improve the penetration of drugs through the
skin. There are data on topical gels containing lipid nanoparticles for the skin drug delivery of
silymarin [160], topotecan [161], and others. The prepared lipid particle-containing gels are
characterized by improved anti-tumor activity after dermal administration.

EL-Sheridi et al. used the antifungal agent with good anticancer activity, itracona-
zole (ITC), unmodified or modified with the amphiphile miltefosine or the lipopeptide
biosurfactant surfactin lipid systems for low-risk cancers of the skin [162]. The prepared
lipid nanosystems were subsequently included in the gel, comparing the tumor-inhibitory
capacity of a conventional gel with itraconazole and the gel-containing nanoparticles, with
better results achieved with the gel containing lipid nanoparticles.

Khallaf et al. showed that 5-FU-loaded SLNs (mean size of 137 ± 5.5 nm and zeta
potential of −19.70 ± 0.40 mV) based on lecithin and poloxamer 188 could deliver the drug
topically and treat tumors when loaded on a negatively charged physical hydrogel vehicle
(CMC). The results show that a repulsion of charged particles and the gel charges may be
the reason for higher dermal permeability [163].

Some authors expanded the studies of gels loaded with lipid nanoparticles, and of-
fered dual load systems, aiming to synergize the effect of the biologically active substances
involved. As an example, there is the simultaneous inclusion of cannabidiol and 5- flu-
orouracil in lipid nanoparticles, followed by incorporation in a gel based on Carbopol®

934 [164]. The dermal administration system shows a good toxicological profile and
improved penetration through the skin barrier compared to conventional drug delivery
systems. Other examples of similar systems are lipid-based gel for the co-delivery of
quercetin and resveratrol [165], and 5-FU and resveratrol [166].

4.4.3. Inorganic Nanoparticles

Inorganic nanoparticles are presented by drug delivery systems based on different
inorganic materials such as metals, silica, and carbon materials (Figure 6). Metal nanoparti-
cles, most often silver (AG) and gold (AU), are examined as potential transdermal carriers
due to their easy preparation, ability to modify their surface, and adjustable size. It is
assumed that the transdermal transport of gold nanoparticles is related to their ability to
interact with skin lipids by changing the stratum corneum by inducing transitional and
reversible openings. One of the fastest developing areas in the field of inorganic nanoparti-
cles is the development of mesoporous silicate nanoparticles. The key properties of this
versatile material are due to the arranged structure of the pores (sizes from 2 to 50 nm)
and surface chemistry, which allows insertion in a controlled manner of new functional
groups [167]. The interest in these nanoparticles is explained by their high specific surface
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area (>1000 m2/g) and large volume (~1.0–2.0 cm3/g), as well as the high capacity of
sorption of drug molecules, the relatively simple, cheap, environmental, and controllable
procedure of synthesis, their biocompatibility, and their lack of toxicity. Mesoporous silica
particles have been shown to increase the aqueous solubility of poorly water soluble drugs,
which significantly improves their transdermal administration [168].
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Safwat et al. used gold nanoparticles covered with CTAB (cetyltrimethyl ammonium
bromide) as a possible carrier for 5-FU. The prepared nanocarriers with a mean size of
16.02 ± 0.22 nm and positive zeta potential (+47.81 ± 0.43 mV) were additionally dispersed
in the Pluronic® F127 gel for topical application on tumor xenografs [6]. The gel thus
obtained showed twice as high permeability through mice skin compared with conven-
tional 5-FU gel. Capanema et al. synthesized hydrogel for doxorubicin delivery based on
embedded silver nanoparticles within cross-carboxymethylcellulose [113]. Interestingly, in
this case, a green process involving the in situ reduction of Ag+ by the polymer, followed
by the electrostatic conjugation with DOX, was used to form colloidal nanocomplexes. The
nanostructures obtained were further chemically cross-linked using citric acid under mild
conditions. The predecessor of mesoporous silica—inorganic zeolites—have been used as a
skin delivery system for carmustine after their inclusion in the HPC gel [169].

4.4.4. Other Nanocarriers

Nasr et al. studied gel formulation based on 2% Carbopol® 934, including ethosomes
and lipid-coated chitosan nanocarriers loaded with ferrous chlorophyllin, designed for
photodynamic therapy for squamous carcinoma [170]. Sun et al. reported a better effect
of curcumin-loaded PLGA included in the gel compared to free-drug-loaded hydrogel in
a mouse model [103]. The carboxymethylcellulose polymer nanoparticles included the
anticancer drug doxorubicin. Specifically in this case, the polymer available in the synthe-
sized nanocomposites was further chemically modified to obtain a hydrogel showing good
effectiveness against melanoma cancer cells with reduced toxicity to healthy cells [114].

A dual mucoadhesive topical gel containing gellan gum nanoparticles with cisplatin and
liposomes with paclitaxel was prepared by Bhardwaj et al. [171]. Interestingly, the gel was
prepared after dispersing the pre-prepared nanoparticles in the high acyl gellan solution.

Chitosan hydrogel was used in the system consisting of the immune adjuvant im-
iquimod in the form of polydopamine-coated nanocrystals in order to achieve an im-
munomodulation effect as well as immunogenic cell death induction [172]. In addition,
using the prepared system resulted in inhibited melanoma growth and metastatic processes.

A new drug delivery system for the local treatment of dermal cancer, based on highly
elastic and deformable nanostructures with a size of about 100 nm and positive zeta
potential, was proposed to enhance the skin therapy with an antioxidant diindolylmethane
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derivative [173]. The authors hypothesized that the positively charged nanostructures
could interact with the stratum corneum due to its negative charge. Based on the results, it
was also suggested that incorporating the nanovesicles in a hydroxypropyl methylcellulose
physical hydrogel may contribute to its increased deposition within the skin. The hydrogel
probably leads to hydration and disruption of the stratum corneum, followed by an opening
of channels within the lipid lamellae domain. The nanoparticles could then use the gap to
penetrate into the skin.

4.5. Other Gels

Here, some other types of gels were identified that do not belong to the previously
discussed classes, as can be seen from the examples in Table 3. The search found 10 articles
that discuss nanoemulgels, bigels, emulgels, or microgels, or in which the type of gel is
not clear due to the unavailability of the full texts. Microgels can be defined in a similar
way as nanogels, but the difference arises from their bigger sizes, which fall into the range
of 100 nm to 1 µm [70]. Even though clear definitions based on the particle size exist
for the macrogels, microgels, and nanogels [70], it can be seen that different researchers
apply the terms interchangeably to some extent (Tables 2 and 3), and these size ranges are
only approximate.

Table 3. Examples of APIs formulated into other types of gels and the corresponding excipients used.

Type of Gel Gelling Agent API Particle Size [nm] Specific Features and/or
Comments Ref.

Microgel Chitosan coated with
pectin 5-fluorouracil 200–600 nm pH-sensitive [174]

Bigel Carbopol® 940 (3%) and
beeswax (10%)

Imiquimod - Hydrogel + oleogel based on
fish oil mixed at 50:50 ratio [175]

Nanoemulgel Poloxamer 407 (20%) Chrysin 157 nm
Self-nanoemulsifying

preconcentrate was further
dispersed in gel

[17]

Nanoemulgel Protasan™ UP G 213 Daidzein 190–210 nm Nanoemulsion-based gel [18]

Nanoemulgel CMC (3.5%) Mentha spicata
essential oil 189–464 nm Gelled nanoemulsion [176]

One example is the microgel prepared by Puga et al. based on chitosan and cross-
linked with glutaraldehyde with particles in the size range 200–600 µm [174]. This proposed
formulation is suggested for oral or dermal delivery of the chemotherapeutic agent 5-
fluorouracil. They showed pH-dependent release, with delayed release of an acidic medium
with a limited burst effect due to the pectin coating. This study showed promising results
as a topical treatment of malignant melanoma.

Bigels are intimate hydrogel/oleogel colloidal mixtures in which each of the corre-
sponding liquid phases is independently stabilized by means of a suitable gelling agent. One
significant advantage of these gels is the decreased expenditure required for preparation
in comparison to the formulation of gels containing liposomes or other nanoparticles and
nanovesicles [70]. In this review, one article was identified dealing with the preparation
of a bigel for topical delivery of imiquimod [175]. This study investigated the possibility
of dissolving the chemotherapeutic drug in fish oil, gelling it with beeswax and mixing it
with previously prepared physical carbomer hydrogel. The results showed that the skin
permeation was superior in a simple oleogel, and in the bigels, it depended on the ratio be-
tween the two corresponding gels. It was found that the fatty acids in the fish oil modify the
stratum corneum permeability for the lipophilic API. Once again, it was confirmed that the
drug’s solubility and the stratum corneum’s barrier function are of utmost importance for
the depth of drug delivery. At the same time, the rheological and mechanical characteristics
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of the bigels are better than those of an oleogel. It can be said that a compromise needs to be
met between the ideal penetration and optimal application formulation.

As shown by different researchers, incorporating lipophilic APIs in various lipids can
improve their solubility and permeability [17,18,176]. Nagaraja et al. developed an emulgel
for the delivery of chrysin, a phytochemical with broad therapeutic activity but with limited
solubility and bioavailability [17]. Emulgels are emulsion-based gels and can be of the type
o/w or w/o emulsion that is further gelled by a suitable gelling agent [70]. Their properties
provide them with significant advantages for the dermal application of drugs. Some of the
most important are the thixotropic behavior, spreadability, lack of greasiness, emollient
action, and longer shelf life. The approach for improving drug delivery to cancerous skin
proposed by Nagaraja et al. [17] proved to be versatile for hydrophobic constituents. It
leads to a decrease in overall dose and thus can guarantee lower systemic penetration and
limit the associated side effects.

5. Methods for Characterization of Gels

Gels, as presented above, can be synthesized from various materials—organic, inor-
ganic, and hybrids. Moreover, they can vary from semi-fluid and semisolid to solid-like
substances such as hydrogels or xerogels, which form a powder after drying. Therefore, var-
ious techniques are used to characterize gels’ chemical and physical structure, morphology,
and overall properties, as well as rheology. A summary of the characterization techniques
is presented in Table 4, and these are briefly discussed in the following subsections.

Table 4. Summary of methods for gel characterization and their application.

Type of Characterization Method Application

Physico-chemical characterization

X-ray

The method is used for determination of the
crystalline structure of polymers including crystal

size, crystalline phases and their amount,
crystallinity level and texture [177–179].

pH

Gel sample is diluted in purified water to obtain a
concentration of 10% w/v. A potentiometric

measurement of the pH could be used to elucidate
skin tolerability and possible stability issues [106].

UV-vis spectroscopy

It can be a useful tool for studying functional
groups present in chemical gels, or molecular

arrangement, such as π stacking, between aromatic
rings in physical gels [179–181]. It can be also
applied for the determination of lower critical

solution temperature (LCST) related to the sol–gel
transition properties [182]

Infrared (IR) spectroscopy

IR spectroscopy is one of the most used
confirmation methods to prove the structure of

newly synthesized or already known polymers as
a basis for gel preparation [13,17,18]. New

functional groups or their absence are accounted
for based on the bond energies that can be

determined by the method [180]

Nuclear magnetic resonance (NMR)

The specific transitions detected in the peaks can
imply what kind and how many atoms are there in
the structure. The chemical shifts are dependent on
temperature and concentration, and thus, the NMR

technique can be applied in gel characterization.
Molecules come closer together in more

concentrated solutions and this fact can be used to
investigate the sol–gel transition in gel

formulations [183]
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Table 4. Cont.

Type of Characterization Method Application

Thermal characterization

Thermogravimetric analysis (TGA)
In case of gels this method presents information

regarding the thermal stability and the phase
transitions of the gels [184,185].

Differential scanning calorimetry (DSC)

It can be used to determine compatibility between
various polymer blends, interaction of the gelling
agent with the API, thermal stability, etc. [99]. It

can be also applied to determine the interaction of
the skin with the formulation as the thermogram
of untreated skin shows one endothermic peak at
78 ◦C due to melting of stratum corneum lipid. If
interaction is observed there would be a change in

this peak [185].

Morphological characterization

Scanning electron microscopy (SEM)

Dried gel samples can be observed for their surface
morphology at significant magnifications

(300,000×). In addition, the high resolution allows
detection of nanostructures with the gel base [186].
The data about surface roughness can be related to
cell adherence and sustained drug release [186]. A

confirmation of size could also be derived from
this method [126]

Transmission electron microscopy (TEM)

The technique could be used in the chemical
hydrogels and nanogels characterization,

providing a very thin layer can be produced;
otherwise, they are not visible on TEM [187].

Atomic force microscopy (AFM)

Direct observation of gel surface in water is
possible providing specific conditions of the
measurement are selected [188]. Usually the

method is performed in non-contact mode for the
evaluation of surface roughness. Furthermore,

using force–distance curves, the elastic modulus of
the sample can be determined. Adhesion to

substrates (such as cells) can be another parameter
determined by the method [189].

Mechanical characterization

Viscosimetry

Gel formation can be measured by monitoring
their elastic (G′) and viscous (G′′) moduli. When

the value of G′ exceeds the one of G′′, a gel is
formed [190]. Furthermore, the gel kinetics can be

observed [22].

Texture analysis

The method allows evaluation of various
parameters such as cohesiveness, adhesiveness,

hardness, and extrudability [106,175]. They
determine the ability to spread on the skin, the

bioadhesion, and the ability to be evacuated from
the packaging [106].

Spreadability

It is evaluated by the parallel plate method. A
definite amount of the gel is placed on a glass plate.
Another plate with known weight is positioned on

top. After predetermined intervals additional
weights are applied. The radius of spreading is

measured and further used to calculate the
spreadability factor [106,191,192].
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Table 4. Cont.

Type of Characterization Method Application

Performance characterization

Swelling

Test for the ability of chemical hydrogels and
nanogels [14] to imbibe water upon immersion in
different liquid media (deionized water, phosphate
buffer with various pH). The increase in weight of
the gel sample over time is a measurement of its
swelling ability. The results are usually directly
related to the release of the loaded API [14,126]
and the mechanical stability of the gel [114,193].

Occlusion in vitro

A beaker is filled with water, covered by cellulose
acetate filter, and sealed with Teflon tape. A

predetermined amount of the gel formulation is
evenly placed on top. These samples are kept in
skin-mimicking conditions (temperature 32 ◦C)

and constant humidity for 48 h. As a reference, a
sample covered with filter paper only is used. The
occlusion factor is calculated based on the change

in weight of the samples [83,194–196].

Occlusion in vivo

The test is performed on healthy volunteers with
an established protocol of application. At the

beginning and after one week of application the
skin hydration is determined based on capacity
measurements with specific probes of Soft Plus
apparatus (Callegari Srl, Parma, Italy) [196,197]

In vitro release

This is an acellular assay in phosphate buffer with
different pH [114] through a dialysis membrane

[157] or with a membrane attached to a
Franz-diffusion cell [137,143] which measures the

amount of drug released over time.

Permeation studies

Ex vivo hairless animal skin is used together with a
Franz-diffusion cell to measure the amount of drug

that passes through the membrane [38,123,124].
Artificial membranes can be applied such as
Strat-M® membrane or keratinocytes culture

(EpiDermTM) in a Franz-diffusion set-up [80]. They
are standard and thus provide better

reproducibility of the results [198,199].

Skin deposition studies

Confocal laser scanning microscopy (CLSM) is
used in combination with permeation studies in
order to evaluate the depth of penetration, cell

internalization, and formulation factors affecting
them. Usually, rhodamine B or other fluorescent
dye is loaded in the tested sample. A substrate is

treated with the gel formulation and optically
scanned with fluorescent microscope. The

substrate could present in vitro grown cells [156],
excised skin sample used in a Franz-diffusion
set-up [165,200], or in vivo observed skin [201]
Tape stripping technique can non-invasively

measure the amount of drug penetrated in the
stratum corneum [201–203].

5.1. Physico-Chemical and Thermal Characterization Methods

The complex nature of the topical gels is reflected in a significant number of parameters
that can be evaluated. The most important ones based on their frequency of utilization and
informative value for dermal gels are summarized in Table 4. It can be seen that there are
various aspects regarding the chemical, physical, morphological, and performance proper-
ties of the topical formulations. Some of the methods are well-established techniques (X-ray
diffraction, UV-vis and IR spectroscopy, NMR, pH measurement, TGA, DSC, etc.) applied
in the characterization of diverse materials and nanoformulations including gels. There
are current reviews that elucidate in more details the principles and application of those
methods [204,205]. As the focus of the current review is on topical administration of the
gel-based formulations, more details are discussed about the mechanical and performance
characterization techniques that are directly related to their application.
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5.2. Rheology Studies

Gels possess specific properties from a physical point of view as they are neither solid
nor liquid. Their behavior is complex; therefore, the deformation and flow pattern are studied
by rheology. Viscosity can be affected by various factors including polymer concentration,
pH and ionic strength of the medium, temperature, and particle size of the polymer [22]. Its
evaluation is of paramount significance as it provides information regarding the ability of
the gel formulation to spread on the skin. The drug release is also affected by the rheological
behavior of the gel [141,175,176]. Most of the performed studies indicate that gels are non-
Newtonian systems and possess pseudoplastic rheology [100,111,191]. This indicates that the
viscosity decreases in high shear, thus facilitating the gel application. Typical yield stress for
semisolid formulations is in the range 20–50 (80) Pa and varies according to the method used
for its determination [153]. The incorporation of cyclodextrin complexes within the HPMC
gel matrix could lead to a decrease in the apparent viscosity, possibly due to hydrophobic
interactions between the cyclodextrins and the polymer chains [97]. The composition and
type of liposomes also affect, in a different manner, the rheology behavior of a carbomer gel,
and can either increase or decrease its yield stress, apparent viscosity, and elasticity [206].
In the case of ethosome-loaded carbomer gels, a slight decrease in viscosity is observed,
most likely due to the presence of ethanol in the nanovesicle structure [153,154,207]. On
the contrary, the loading of a hydrogel with NLC leads to an increase in the viscosity in
comparison to a corresponding gel with no nanostructures embedded within it [44]. Therefore,
the incorporation of nanoparticles may affect the rheological behavior of the gel, and different
release and skin retention can be observed. The effect of the nanocomposites in gels is not
always studied in the articles identified in the current review. It would be beneficial to compare
the conventional gel and the nanocarrier-enriched gel in terms of viscosity, as this is directly
related to the applicability of the formulation and the drug release.

5.3. Morphology Charcaterization

Gels’ morphology can be studied by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). They can be used to study amorphous, crystalline,
organic, and inorganic specimens. Examples of the observed differences in morphology of
a chemical hydrogel can be seen in the images taken with SEM and presented in Figure 7.
The images were obtained in another study of ours and have not been published elsewhere.
The polymer’s morphology itself (Figure 7A) differs from the appearance of the polymer in
gelled form. Figure 7B shows the lyophilized hydrogel and there is the clear presence of
large interconnected pores.
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Das et al. [208] obtained cryo-SEM micrographs of three samples of successfully
grafted hyperbranched poly(acrylic acid) chains from the surface of guar gum. They found
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deformations in their structures in the swollen conditions compared with the dried samples’
SEM images. The authors expect the pores in these samples to enlarge upon swelling
in water. It is a common phenomenon that, whenever a hydrogel swells in an aqueous
medium, the polymer deforms, i.e., the pores in the polymer become bigger and distorted.
Typically, in a cryo-SEM image that captures the cross-section of a frozen swollen polymer,
deformation of the pores is depicted.

5.4. Performance Characterization

The performance characterization is related to the properties of the formulations
directly affecting their ease of administration, residence time on site of application, release
of the active constituents, and permeation through the skin and reaching the site of action.
These settings are discussed in the following subsections.

5.4.1. Occlusion

The occlusion properties of any semisolid formulation are of compelling significance
for the normal transepidermal water loss of human skin. It is directly related to the skin
hydration and especially that of the stratum corneum. Consequently, the occlusion effect
can promote the percutaneous absorption [83,194–196,209]. At the same time, occlusion
may produce unwanted effects. In the case of transferosome-loaded dermal gels, it was
established that the transepidermal osmotic gradient is crucial as a driving force for the
elastic transport into the skin [210]. Some adverse effects may also be attributed to signifi-
cant occlusion [211]. The occlusion factor is strongly dependent on the crystallinity in the
case of solid lipid nanoparticles or nanostructured lipid carriers [212]. The data suggest
that the higher the crystallinity level, the higher the occlusion factor.

5.4.2. In Vitro Release

The in vitro release can be an acellular technique, i.e., a dissolution test study with
proper modifications such as applying membranes between the donor and receiver com-
partment. It is applied for a preliminary evaluation of the properties of the formulation and
the factors affecting them. The conditions of the experiment should mimic the physiological
ones of the administration route. This means that a temperature of 32 ◦C and pH of the
medium between 5.0–6.0 would ideally be used to reflect the healthy skin conditions [213].
Nevertheless, the results of the current review show that various parameters of the release
set-up are applied, i.e., varying temperatures: 25◦ [137], 32◦ [4], and 37 ◦C [4,143,144,157]
and varying pH values: 5.5 [4], 6.8 [137,157], and 7.4 [4,143,144]. In addition, the medium
can contain surfactants such as Tween 80 [137] or sodium lauryl sulfate [157] to maintain
sink conditions. These variations in performing the tests yield different results which are
hard to compare in terms of efficiency of the proposed formulations.

5.4.3. Drug Penetration

Evaluation of the drug level within the skin (penetration evaluation) plays a key
role in the formulation of transdermal and topical drug dosage forms. Depending on the
conditions, drug permeability study can be performed in vivo, ex vivo, and in vitro.

In Vivo Methods

The in vivo methods can provide the most accurate information regarding the drug
penetration. Nevertheless, those methods are characterized by complexity and variability,
and require living species. The “gold standard” in determining drug penetration through
the skin is by application of the tested dosage form to a particular subject and evaluating
drug levels on the target skin tissue [202]. Unfortunately, clinical trials are too expensive
and can lead to harmful outcomes. The in vivo methods can be further classified as invasive
and non-invasive, as the latter are preferable [214].
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Pharmacokinetic Studies

Pharmacokinetic studies are of high importance for the evaluation of transdermal
delivery since they can fully resemble the processes in the human organism. In general,
the pharmacokinetic evaluations use the drug’s plasma concentrations and the parameters
of interest such as the area under the curve (AUC) and Cmax. Unfortunately, detection of
these parameters after topical and transdermal delivery is not always possible due to the
very low concentrations achieved [202].

Skin Biopsy and Suction Blister Methods

Skin biopsy and suction blister are invasive methods for evaluation of drug pene-
tration [202]. Even though they give precise information of drug deposition in skin, due
to the tissue damages they are not a preferable approach for a regular evaluation of skin
penetration [214].

Microdialysis

The microdialysis technique is a less invasive (semi-invasive) in vivo technique that
measures the drug concentration directly in the target tissue, giving full information about
the drug penetration through the skin [215]. This method uses a semi-permeable tube
(catheter), representing a dialysis membrane, inserted underneath the skin [216]. After
application of a dosage form on the skin, the API passes through its layers, reaches the
catheter and accumulates in the perfusate. The samples are taken at different time intervals
and the amount of drug is measured by the usual analytical methods [214].

Tape Stripping

Tape stripping is an inexpensive, efficient, quick, and minimally invasive technique
used to determine the skin penetration and bioavailability of topically applied drugs whose
target is viable skin tissue [201–203]. This procedure can be performed in vivo and ex
vivo using skin model membranes instead of human volunteers and animals. The method
includes repeated application and subsequent removal of an adhesive film on the skin
surface after administration of the tested topical dosage form [215] (Figure 8). Upon re-
moval, cells from the stratum corneum are also removed. The sample contains corneocytes
and a certain quantity of drug molecules, which can be extracted by selective solvents and
determined by the classical analytical method [203]. In order to achieve representative
results, all remnants of the applied formulation should be removed. Therefore, the first
piece of tape is discarded [215,216]. Moreover, the tests should be performed under the
same conditions, regarding skin area and velocity of tape removal [214].
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Confocal Laser Scanning Microscopy (CLSM)

Unlike the previously mentioned techniques, confocal laser scanning microscopy
(CLSM) is a non-invasive method that uses fluorescence phenomenon in order to examine
the drug distribution throughout the skin [215]. Usually, rhodamine B or other fluorescent
dye is loaded in the tested sample. A substrate is treated with the gel formulation and
optically scanned with a fluorescent microscope. Therefore, CLSM has potential in ana-
lyzing the localization of different nano- and micro-sized structures in the skin delivery.
However, the main disadvantage of this technology is the limited number of fluorescence
markers [214].

In Vitro Methods

Even though in vitro assay cannot completely resemble the complexity of the human
skin structure, it is an essential tool for assessing drug release behavior as well as measuring
in vivo skin absorption [215].

The Franz-diffusion cell is well-established experimental set-up with a structure de-
signed to mimic skin conditions [217]. This tool consists of a cell that holds a chamber
for drug application (donor compartment), a membrane within which the drug can dif-
fuse, and an acceptor media chamber (receptor compartment) from which samples can
be collected [201] (Figure 9). Measurement of the amount of drug into the receptor com-
partment by a suitable analytical method is used to evaluate the drug diffusion in the skin
over time [214].
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Different techniques evaluating the API permeation usually estimate the drug flux, which
is expressed as the amount released through a definite surface area over time (mg/cm2/h).
Based on the flux value, the permeability coefficient can also be determined, taking into
account the drug concentration in the donor compartment [143]. These set-ups utilize Franz-
diffusion cells with a membrane separating the donor and acceptor compartments. The
membrane can be either an excised hairless animal skin (such as goat [143], rat [12,218],
or pig [38,84,97,219]) or an artificial skin (StratM®, EpiDermTM). The choice of the media
for the receptor compartment depends on the solubility of the API, but aqueous buffers
with physiological pH values are preferred. To increase the API solubility and achieve sink
conditions, surfactants (such as Tween) and co-solvents (such as ethanol) are also allowed to
be added. The factor that has the strongest influence on accurate and representative results is
the choice of an appropriate membrane [201]. Even though human skin is the most relevant
model for the evaluation of in vitro skin permeation studies, its use is usually replaced by
animal models such as pigs, rats, mice, and snakes [220]. Among these, porcine ear skin
is thought to most resemble normal human skin, due to its thickness, follicular structure,
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vascularity, and lipid content [38,84,97,219]. Unfortunately, due to ethical considerations,
today there are many regulatory restrictions on the use of animals [216,221]. For these reasons
and taking into account the advances in tissue engineering, the development of artificial
in vitro human skin models that resemble both healthy and diseased skin have been explored
widely [216,220]. The artificial skin membranes can be made of simple homogeneous polymer
materials, such as poly(dimethoxysilane), silicone membranes, or even lipid-based parallel
artificial membrane-permeability assay (PAMPA) or phospholipid vesicle-based permeation-
assay membranes [216]. Their main advantage is their easy reproducibility, which allows
studying the basic mechanisms controlling skin permeation [221]. Moreover, they can be
modified according to the acquired specific disease characteristics. For example, skin cancer
models were constructed by incorporating various tumor entities within the three-dimensional
(3-D) matrix, including cultured melanoma cells, melanoma tumor spheroids, and various
cutaneous squamous cell carcinoma cell lines [220].

The controversy surrounding all characterization methods and the information they
provide once again prove the complexity of the dermal route of administration. The skin
is an easily accessible and non-invasive application site. However, the skin’s properties,
together with the effects of the formulations on the skin, explain the intensive scientific
research in the area and the continuously growing number of research articles.

6. Conclusions and Future Aspects

The current review evaluated the achievements and hurdles in the development of
suitable topical formulations for the delivery of chemotherapeutic substances of various
properties in the treatment of skin cancer. The review showed the complexity of the matter.
Knowledge from a large number of scientific areas is needed in order to be able to prepare
and characterize an efficient drug delivery system. It is evident that a large amount of
scientific effort has been put into improving the penetration, stability, and efficacy of the
APIs. Various approaches have been implemented, such as the addition of penetration
enhancers, preparation of different types of gel carriers, loading with nanocomposites, and
other strategies. However, the results from the current review showed that there is a wide
variety of terms used to classify these complex systems. The lack of clear, uniform, and
accepted terminology makes investigating and understanding the mechanisms behind
some of the findings difficult. Therefore, in our opinion, the general classification of gels
used in this article could be convenient for future studies and distinguishing between
different formulations. It can also be noted that a significant number of characterization
tests exist for the explanation of the gels’ various properties. There are a large number of
variations in the penetration tests, and the results from in vivo, in vitro, and ex vivo studies
vary. This is most likely due to the skin’s complex structure and physiological properties.
Therefore, the mechanism by which these processes occur requires further clarification.
Nevertheless, it is possible to deliver both hydrophilic and lipophilic drugs by combining
the nanotechnological formulations together with the gel supporting system. The latter
can provide an easy, acceptable, and versatile carrier in which various nanoparticles and
nanovesicles can be loaded.
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M.; Tyliszczak, B. Physicochemical Characteristics of Chitosan-Based Hydrogels Containing Albumin Particles and Aloe Vera Juice
as Transdermal Systems Functionalized in the Viewpoint of Potential Biomedical Applications. Materials 2021, 14, 5832. [CrossRef]
[PubMed]

120. Marzi, M.; Chijan, M.R.; Zarenezhad, E. Hydrogels as Promising Therapeutic Strategy for the Treatment of Skin Cancer. J. Mol.
Struct. 2022, 1262, 133014. [CrossRef]

121. Yin, Y.; Hu, B.; Yuan, X.; Cai, L.; Gao, H.; Yang, Q. Nanogel: A Versatile Nano-Delivery System for Biomedical Applications.
Pharmaceutics 2020, 12, 290. [CrossRef] [PubMed]

122. Sharma, S.; Tiwari, S. A Review on Biomacromolecular Hydrogel Classification and Its Applications. Int. J. Biol. Macromol. 2020,
162, 737–747. [CrossRef]

123. Sahu, P.; Kashaw, S.K.; Sau, S.; Kushwah, V.; Jain, S.; Agrawal, R.K.; Iyer, A.K. PH Triggered and Charge Attracted Nanogel for
Simultaneous Evaluation of Penetration and Toxicity against Skin Cancer: In-Vitro and Ex-Vivo Study. Int. J. Biol. Macromol. 2019,
128, 740–751. [CrossRef] [PubMed]

124. Sabitha, M.; Rejinold, N.S.; Nair, A.; Lakshmanan, V.-K.; Nair, S.V.; Jayakumar, R. Development and Evaluation of 5-Fluorouracil
Loaded Chitin Nanogels for Treatment of Skin Cancer. Carbohydr. Polym. 2013, 91, 48–57. [CrossRef] [PubMed]

125. Rejinold, N.S.; Nair, A.; Sabitha, M.; Chennazhi, K.P.; Tamura, H.; Nair, S.V.; Jayakumar, R. Synthesis, Characterization and in
Vitro Cytocompatibility Studies of Chitin Nanogels for Biomedical Applications. Carbohydr. Polym. 2012, 87, 943–949. [CrossRef]
[PubMed]

126. Sahu, P.; Kashaw, S.K.; Kushwah, V.; Sau, S.; Jain, S.; Iyer, A.K. PH Responsive Biodegradable Nanogels for Sustained Release of
Bleomycin. Bioorg. Med. Chem. 2017, 25, 4595–4613. [CrossRef] [PubMed]

127. Kamal, I.; Khedr, A.I.M.; Alfaifi, M.Y.; Elbehairi, S.E.I.; Elshaarawy, R.F.M.; Saad, A.S. Chemotherapeutic and Chemopreventive
Potentials of ρ-Coumaric Acid—Squid Chitosan Nanogel Loaded with Syzygium Aromaticum Essential Oil. Int. J. Biol. Macromol.
2021, 188, 523–533. [CrossRef] [PubMed]

128. Osborne, D.W.; Musakhanian, J. Skin Penetration and Permeation Properties of Transcutol®—Neat or Diluted Mixtures. AAPS
PharmSciTech 2018, 19, 3512–3533. [CrossRef] [PubMed]

129. Pitorre, M.; Gondé, H.; Haury, C.; Messous, M.; Poilane, J.; Boudaud, D.; Kanber, E.; Ndombina, G.A.R.; Benoit, J.-P.; Bastiat, G.
Recent Advances in Nanocarrier-Loaded Gels: Which Drug Delivery Technologies against which Diseases? J. Control. Release
2017, 266, 140–155. [CrossRef] [PubMed]

130. Lin, L.-J.; Larsson, M.; Liu, D.-M. A Novel Dual-Structure, Self-Healable, Polysaccharide Based Hybrid Nanogel for Biomedical
Uses. Soft Matter 2011, 7, 5816–5825. [CrossRef]

https://doi.org/10.2174/0929867311302010009
https://doi.org/10.1021/acs.langmuir.8b00658
https://doi.org/10.1039/C5GC02396C
https://doi.org/10.1016/j.jddst.2021.102804
https://doi.org/10.1016/j.molliq.2022.120790
https://doi.org/10.1016/j.ijbiomac.2019.01.184
https://www.ncbi.nlm.nih.gov/pubmed/30708013
https://doi.org/10.1021/acsanm.9b01924
https://doi.org/10.1016/j.molliq.2018.06.085
https://doi.org/10.1002/app.46914
https://doi.org/10.1021/acsami.7b10716
https://doi.org/10.1016/j.ijbiomac.2022.02.096
https://doi.org/10.3390/biom10081124
https://doi.org/10.3390/ma14195832
https://www.ncbi.nlm.nih.gov/pubmed/34640229
https://doi.org/10.1016/j.molstruc.2022.133014
https://doi.org/10.3390/pharmaceutics12030290
https://www.ncbi.nlm.nih.gov/pubmed/32210184
https://doi.org/10.1016/j.ijbiomac.2020.06.110
https://doi.org/10.1016/j.ijbiomac.2019.01.147
https://www.ncbi.nlm.nih.gov/pubmed/30699336
https://doi.org/10.1016/j.carbpol.2012.07.060
https://www.ncbi.nlm.nih.gov/pubmed/23044104
https://doi.org/10.1016/j.carbpol.2011.08.044
https://www.ncbi.nlm.nih.gov/pubmed/34663060
https://doi.org/10.1016/j.bmc.2017.06.038
https://www.ncbi.nlm.nih.gov/pubmed/28734664
https://doi.org/10.1016/j.ijbiomac.2021.08.038
https://www.ncbi.nlm.nih.gov/pubmed/34389386
https://doi.org/10.1208/s12249-018-1196-8
https://www.ncbi.nlm.nih.gov/pubmed/30421383
https://doi.org/10.1016/j.jconrel.2017.09.031
https://www.ncbi.nlm.nih.gov/pubmed/28951319
https://doi.org/10.1039/c1sm05249g


Gels 2023, 9, 352 33 of 36

131. Manosroi, A.; Kongkaneramit, L.; Manosroi, J. Stability and Transdermal Absorption of Topical Amphotericin B Liposome
Formulations. Int. J. Pharm. 2004, 270, 279–286. [CrossRef] [PubMed]

132. Hussain, A.; Samad, A.; Ramzan, M.; Ahsan, M.N.; Ur Rehman, Z.; Ahmad, F.J. Elastic Liposome-Based Gel for Topical Delivery
of 5-Fluorouracil: In Vitro and in Vivo Investigation. Drug Deliv. 2016, 23, 1115–1129. [CrossRef]

133. Nekvasil, M.; Zadinova, M.; Tahotna, L.; Zackova, M.; Pouckova, P.; Jezek, P. Optimum Modality for Photodynamic Therapy of
Tumors: Gels Containing Liposomes with Hydrophobic Photosensitizers. Drug Dev. Res. 2007, 68, 235–252. [CrossRef]

134. Dragicevic-Curic, N.; Winter, S.; Krajisnik, D.; Stupar, M.; Milic, J.; Graefe, S.; Fahr, A. Stability Evaluation of Temoporfin-Loaded
Liposomal Gels for Topical Application. J. Liposome Res. 2010, 20, 38–48. [CrossRef] [PubMed]

135. Marwah, M.; Badhan, R.K.S.; Lowry, D. Development of a Novel Polymer-Based Carrier for Deformable Liposomes for the
Controlled Dermal Delivery of Naringenin. J. Liposome Res. 2021, 32, 181–194. [CrossRef]

136. Famta, P.; Shah, S.; Fernandes, V.; Kumar, K.C.; Bagasariya, D.; Samim, K.S.; Khatri, D.K.; Singh, S.B.; Srivastava, S. Quality by
Design (QbD) Assisted Fabrication & Evaluation of Simvastatin Loaded Nano-Enabled Thermogel for Melanoma Therapy. Int. J.
Pharm. 2022, 628, 122270. [CrossRef] [PubMed]

137. Jain, S.; Jain, P.; Umamaheshwari, R.B.; Jain, N.K. Transfersomes—A Novel Vesicular Carrier for Enhanced Transdermal Delivery:
Development, Characterization, and Performance Evaluation. Drug Dev. Ind. Pharm. 2003, 29, 1013–1026. [CrossRef]

138. Paul, A.; Cevc, G.; Bachhawat, B.K. Transdermal Immunization with Large Proteins by Means of Ultradeformable Drug Carriers.
Eur. J. Immunol. 1995, 25, 3521–3524. [CrossRef] [PubMed]

139. Jain, S.; Sapre, R.; Umamaheswari, R.B.; Jain, N.K. Protransfersomes for Effective Transdermal Delivery of Norgestrel Preparation
and in Vitro Characterization. Indian J. Pharm. Sci. 2003, 65, 152.

140. Gupta, V.; Trivedi, P. Ex Vivo Localization and Permeation of Cisplatin from Novel Topical Formulations through Excised Pig,
Goat, and Mice Skin and in Vitro Characterization for Effective Management of Skin-Cited Malignancies. Artif. Cells Nanomed.
Biotechnol. 2015, 43, 373–382. [CrossRef] [PubMed]

141. Khan, M.; Pandit, J.; Sultana, Y.; Sultana, S.; Ali, A.; Aqil, M.; Chauhan, M. Novel Carbopol-Based Transfersomal Gel of
5-Fluorouracil for Skin Cancer Treatment: In Vitro Characterization and in Vivo Study. Drug Deliv. 2015, 22, 795–802. [CrossRef]

142. Raahulan, S.; Sanapalli, B.K.R.; Karri, V.V.S.R. Paclitaxel Loaded Transfersomal Vesicular Drug Delivery for the Treatment of
Melanoma Skin Cancers. Int. J. Res. Pharm. Sci. 2019, 10, 2891–2897. [CrossRef]

143. Gayathri, H.; Sangeetha, S. Pharmaceutical Development of Methotrexate Loaded Transferosomal Gel for Skin Cancer By Doe
Approach. J. Pharm. Negat. Results 2022, 13, 2456–2468. [CrossRef]

144. Gayathri, H.; Sangeetha, S. Design and Development of Tofacitinib Citrate Loaded Transferosomal Gel for Skin Cancer by
Box-Behnken Design- Doe Approach. Int. J. Health Sci. 2022, 6, 3119–3140. [CrossRef]

145. Gayathri, H.; Sangeetha, D.S. Pharmaceutical Development of Tamoxifen Citrate Loaded Transferosomal Gel for Skin Cancer by
Doe Approach. J. Posit. Sch. Psychol. 2022, 6, 1879–1890.

146. Shamim, M.A.; Yeung, S.; Shahid, A.; Chen, M.; Wang, J.; Desai, P.; Parsa, C.; Orlando, R.; Meyskens, F.L., Jr.; Kelly, K.M.; et al.
Topical Carvedilol Delivery Prevents UV-Induced Skin Cancer with Negligible Systemic Absorption. Int. J. Pharm. 2022, 611,
121302. [CrossRef]

147. Jangdey, M.; Kaur, C.; Saraf, S. Efficacy of Concanavalin-A Conjugated Nanotransfersomal Gel of Apigenin for Enhanced Targeted
Delivery of UV Induced Skin Malignant Melanoma. Artif. Cells. Nanomed. Biotechnol. 2019, 47, 904–916. [CrossRef]

148. Deka, T.; Das, M.K.; Das, S.; Das, P.; Singha, L.R. Box-Behnken design approach to develop nano-vesicular herbal gel for the
management of skin cancer in experimental animal model. Int. J. Appl. Pharm. 2022, 14, 148–166. [CrossRef]

149. El-Refaie, W.; Elnaggar, Y.; El-Massik, M.; Abdallah, O. Novel Curcumin-Loaded Gel-Core Hyaluosomes with Promising Burn-
Wound Healing Potential: Development, in-Vitro Appraisal and in-Vivo Studies. Int. J. Pharm. 2015, 486, 88–98. [CrossRef]
[PubMed]

150. Mbah, C.C.; Builders, P.F.; Attama, A.A. Nanovesicular Carriers as Alternative Drug Delivery Systems: Ethosomes in Focus.
Expert Opin. Drug Deliv. 2014, 11, 45–59. [CrossRef] [PubMed]

151. Jain, S.; Tiwary, A.K.; Sapra, B.; Jain, N.K. Formulation and Evaluation of Ethosomes for Transdermal Delivery of Lamivudine.
AAPS PharmSciTech 2007, 8, 249–257. [CrossRef] [PubMed]

152. Puri, R.; Jain, S. Ethogel Topical Formulation for Increasing the Local Bioavailability of 5-Fluorouracil: A Mechanistic Study.
Anticancer Drugs 2012, 23, 923–934. [CrossRef]

153. Gamal, F.A.; Kharshoum, R.M.; Sayed, O.M.; El-Ela, F.I.A.; Salem, H.F. Control of Basal Cell Carcinoma via Positively Charged
Ethosomes of Vismodegib: In Vitro and in Vivo Studies. J. Drug Deliv. Sci. Technol. 2020, 56, 101556. [CrossRef]

154. Gamal, A.; Saeed, H.; El-Ela, F.I.A.; Salem, H.F. Improving the Antitumor Activity and Bioavailability of Sonidegib for the
Treatment of Skin Cancer. Pharmaceutics 2021, 13, 1560. [CrossRef] [PubMed]

155. Saraf, S.; Gupta, M.K. Itraconazole Loaded Ethosomal Gel System for Efficient Treatment of Skin Cancer. Int. J. Drug Deliv. 2018,
10, 12–19.

156. Moolakkadath, T.; Aqil, M.; Ahad, A.; Imam, S.S.; Praveen, A.; Sultana, Y.; Mujeeb, M.; Iqbal, Z. Fisetin Loaded Binary Ethosomes
for Management of Skin Cancer by Dermal Application on UV Exposed Mice. Int. J. Pharm. 2019, 560, 78–91. [CrossRef]

157. Abdellatif, A.A.H.; Aldosari, B.N.; Al-Subaiyel, A.; Alhaddad, A.; Samman, W.A.; Eleraky, N.E.; Elnaggar, M.G.; Barakat, H.;
Tawfeek, H.M. Transethosomal Gel for the Topical Delivery of Celecoxib: Formulation and Estimation of Skin Cancer Progression.
Pharmaceutics 2022, 15, 22. [CrossRef]

https://doi.org/10.1016/j.ijpharm.2003.10.031
https://www.ncbi.nlm.nih.gov/pubmed/14726142
https://doi.org/10.3109/10717544.2014.976891
https://doi.org/10.1002/ddr.20184
https://doi.org/10.3109/08982100903030263
https://www.ncbi.nlm.nih.gov/pubmed/19558347
https://doi.org/10.1080/08982104.2021.1956529
https://doi.org/10.1016/j.ijpharm.2022.122270
https://www.ncbi.nlm.nih.gov/pubmed/36228882
https://doi.org/10.1081/DDC-120025458
https://doi.org/10.1002/eji.1830251248
https://www.ncbi.nlm.nih.gov/pubmed/8566048
https://doi.org/10.3109/21691401.2014.893523
https://www.ncbi.nlm.nih.gov/pubmed/24628359
https://doi.org/10.3109/10717544.2014.902146
https://doi.org/10.26452/ijrps.v10i4.1569
https://doi.org/10.47750/pnr.2022.13.S05.381
https://doi.org/10.53730/ijhs.v6nS6.10118
https://doi.org/10.1016/j.ijpharm.2021.121302
https://doi.org/10.1080/21691401.2019.1578784
https://doi.org/10.22159/ijap.2022v14i6.45867
https://doi.org/10.1016/j.ijpharm.2015.03.052
https://www.ncbi.nlm.nih.gov/pubmed/25818063
https://doi.org/10.1517/17425247.2013.860130
https://www.ncbi.nlm.nih.gov/pubmed/24294974
https://doi.org/10.1208/pt0804111
https://www.ncbi.nlm.nih.gov/pubmed/18181532
https://doi.org/10.1097/CAD.0b013e3283534051
https://doi.org/10.1016/j.jddst.2020.101556
https://doi.org/10.3390/pharmaceutics13101560
https://www.ncbi.nlm.nih.gov/pubmed/34683853
https://doi.org/10.1016/j.ijpharm.2019.01.067
https://doi.org/10.3390/pharmaceutics15010022


Gels 2023, 9, 352 34 of 36

158. Sahu, B.; Kori, M. Topical Delivery of Emulsomal Gel for the Management of Skin Cancer. Asian J. Pharm. 2022, 16, 378–386.
159. Shadab, M.; Alhakamy, N.; Aldawsari, H.; Husain, M.; Khan, N.; Alfaleh, M.; Asfour, H.; Riadi, Y.; Bilgrami, A.; Akhter, M.

Plumbagin-Loaded Glycerosome Gel as Topical Delivery System for Skin Cancer Therapy. Polymers 2021, 13, 923. [CrossRef]
160. Singh, P.; Singh, M.; Kanoujia, J.; Arya, M.; Saraf, S.K.; Saraf, S.A. Process Optimization and Photostability of Silymarin

Nanostructured Lipid Carriers: Effect on UV-Irradiated Rat Skin and SK-MEL 2 Cell Line. Drug Deliv. Transl. Res. 2016, 6, 597–609.
[CrossRef] [PubMed]

161. Venâncio, J.H.; Andrade, L.M.; Esteves, N.L.S.; Brito, L.B.; Valadares, M.C.; Oliveira, G.A.R.; Lima, E.M.; Marreto, R.N.; Gratieri,
T.; Taveira, S.F. Topotecan-Loaded Lipid Nanoparticles as a Viable Tool for the Topical Treatment of Skin Cancers. J. Pharm.
Pharmacol. 2017, 69, 1318–1326. [CrossRef] [PubMed]

162. El-Sheridy, N.A.; El-Moslemany, R.M.; Ramadan, A.A.; Helmy, M.W.; El-Khordagui, L.K. Itraconazole for Topical Treatment
of Skin Carcinogenesis: Efficacy Enhancement by Lipid Nanocapsule Formulations. J. Biomed. Nanotechnol. 2022, 18, 97–111.
[CrossRef]

163. Khallaf, R.A.; Salem, H.F.; Abdelbary, A. 5-Fluorouracil Shell-Enriched Solid Lipid Nanoparticles (SLN) for Effective Skin
Carcinoma Treatment. Drug Deliv. 2016, 23, 3452–3460. [CrossRef] [PubMed]

164. Hasan, N.; Imran, M.; Nadeem, M.; Jain, D.; Haider, K.; Moshahid Alam Rizvi, M.; Sheikh, A.; Kesharwani, P.; Kumar jain, G.;
Jalees Ahmad, F. Formulation and Development of Novel Lipid-Based Combinatorial Advanced Nanoformulation for Effective
Treatment of Non-Melanoma Skin Cancer. Int. J. Pharm. 2023, 632, 122580. [CrossRef] [PubMed]

165. Imran, M.; Iqubal, M.K.; Imtiyaz, K.; Saleem, S.; Mittal, S.; Rizvi, M.M.A.; Ali, J.; Baboota, S. Topical Nanostructured Lipid Carrier
Gel of Quercetin and Resveratrol: Formulation, Optimization, in Vitro and Ex Vivo Study for the Treatment of Skin Cancer. Int. J.
Pharm. 2020, 587, 119705. [CrossRef] [PubMed]

166. Iqubal, M.K.; Iqubal, A.; Anjum, H.; Gupta, M.M.; Ali, J.; Baboota, S. Determination of in Vivo Virtue of Dermal Targeted
Combinatorial Lipid Nanocolloidal Based Formulation of 5-Fluorouracil and Resveratrol against Skin Cancer. Int. J. Pharm. 2021,
610, 121179. [CrossRef]

167. Vallet-Regi, M.; Rámila, A.; Del Real, R.P.; Pérez-Pariente, J.J.C. A New Property of MCM-41: Drug Delivery System. Chem. Mater.
2001, 13, 308–311. [CrossRef]

168. Vasile, A.; Ignat, M.; Zaltariov, M.F.; Sacarescu, L.; Stoleriu, I.; Draganescu, D.; Dumitras, M.; Ochiuz, L. Development of New
Bexarotene-Loaded Mesoporous Silica Systems for Topical Pharmaceutical Formulations. Acta Chim. Slov. 2018, 65, 97–107.
[CrossRef] [PubMed]

169. Ghiciuc, C.M.; Strat, A.L.; Ochiuz, L.; Lupusoru, C.E.; Ignat, M.; Vasile, A.; Grigorovici, A.; Stoleriu, I.; Solcan, C. Inhibition of
Bcl-2 and Cox-2 Protein Expression after Local Application of a New Carmustine-Loaded Clinoptilolite-Based Delivery System in
a Chemically Induced Skin Cancer Model in Mice. Molecules 2017, 22, 2014. [CrossRef]

170. Nasr, S.; Rady, M.; Gomaa, I.; Syrovets, T.; Simmet, T.; Fayad, W.; Abdel-Kader, M. Ethosomes and Lipid-Coated Chitosan
Nanocarriers for Skin Delivery of a Chlorophyll Derivative: A Potential Treatment of Squamous Cell Carcinoma by Photodynamic
Therapy. Int. J. Pharm. 2019, 568, 118528. [CrossRef] [PubMed]

171. Bharadwaj, R.; Das, P.J.; Pal, P.; Mazumder, B. Topical Delivery of Paclitaxel for Treatment of Skin Cancer. Drug Dev. Ind. Pharm.
2016, 42, 1482–1494. [CrossRef]

172. Meng, Z.; Fang, X.; Fu, B.; Qian, C.; Yang, Z.; Bai, Y.; Tao, X.; Huang, H.; Ma, C.; Miao, W.; et al. Tumor Immunotherapy Boosted by
R837 Nanocrystals through Combining Chemotherapy and Mild Hyperthermia. J. Control. Release 2022, 350, 841–856. [CrossRef]

173. Boakye, C.H.; Patel, K.; Doddapaneni, R.; Bagde, A.; Behl, G.; Chowdhury, N.; Safe, S.; Singh, M. Ultra-Flexible Nanocarriers for
Enhanced Topical Delivery of a Highly Lipophilic Antioxidative Molecule for Skin Cancer Chemoprevention. Colloids Surf. B
Biointerfaces 2016, 143, 156–167. [CrossRef] [PubMed]

174. Puga, A.M.; Lima, A.C.; Mano, J.F.; Concheiro, A.; Alvarez-Lorenzo, C. Pectin-Coated Chitosan Microgels Crosslinked on
Superhydrophobic Surfaces for 5-Fluorouracil Encapsulation. Carbohydr. Polym. 2013, 98, 331–340. [CrossRef] [PubMed]

175. Rehman, K.; Zulfakar, M.H. Novel Fish Oil-Based Bigel System for Controlled Drug Delivery and Its Influence on Immunomodu-
latory Activity of Imiquimod Against Skin Cancer. Pharm. Res. 2016, 34, 36–48. [CrossRef] [PubMed]

176. Rasti, F.; Yousefpoor, Y.; Abdollahi, A.; Safari, M.; Roozitalab, G.; Osanloo, M. Antioxidative, Anticancer, and Antibacterial Activi-
ties of a Nanogel Containing Mentha Spicata L. Essential Oil and Electrospun Nanofibers of Polycaprolactone-Hydroxypropyl
Methylcellulose. BMC Complement. Med. Ther. 2022, 22, 261. [CrossRef] [PubMed]

177. Cullity, B.D.; Stock, S.R. Elements of X-Ray Diffraction; Prentice Hall: Hoboken, NJ, USA, 2001; ISBN 978-0-201-61091-8.
178. Seeck, O.H.; Murphy, B. (Eds.) X-Ray Diffraction: Modern Experimental Techniques; Jenny Stanford Publishing: New York, NY, USA,

2015; ISBN 978-0-429-07189-8.
179. Bacani, R. 7—Gel Characterization: From Molecules to Nanostructure to Macroproperties. In Nano Design for Smart Gels; Bacani,

R., Trindade, F., Politi, M.J., Triboni, E.R., Eds.; Micro and Nano Technologies; Elsevier: Amsterdam, The Netherlands, 2019;
pp. 141–206. ISBN 978-0-12-814825-9.

180. Pavia, D.L.; Lampman, G.M.; Kriz, G.S. Introduction to Spectroscopy, 3rd ed.; Brooks Cole: Fort Worth, TX, USA, 2000; ISBN
978-0-03-031961-7.

181. Hisaki, I.; Shigemitsu, H.; Sakamoto, Y.; Hasegawa, Y.; Okajima, Y.; Nakano, K.; Tohnai, N.; Miyata, M. Octadehydrodibenzo[12]Annulene-
Based Organogels: Two Methyl Ester Groups Prevent Crystallization and Promote Gelation. Angew. Chem. Int. Ed. 2009, 48, 5465–5469.
[CrossRef] [PubMed]

https://doi.org/10.3390/polym13060923
https://doi.org/10.1007/s13346-016-0317-8
https://www.ncbi.nlm.nih.gov/pubmed/27431400
https://doi.org/10.1111/jphp.12772
https://www.ncbi.nlm.nih.gov/pubmed/28703281
https://doi.org/10.1166/jbn.2022.3217
https://doi.org/10.1080/10717544.2016.1194498
https://www.ncbi.nlm.nih.gov/pubmed/27240935
https://doi.org/10.1016/j.ijpharm.2022.122580
https://www.ncbi.nlm.nih.gov/pubmed/36608807
https://doi.org/10.1016/j.ijpharm.2020.119705
https://www.ncbi.nlm.nih.gov/pubmed/32738456
https://doi.org/10.1016/j.ijpharm.2021.121179
https://doi.org/10.1021/cm0011559
https://doi.org/10.17344/acsi.2017.3641
https://www.ncbi.nlm.nih.gov/pubmed/29562115
https://doi.org/10.3390/molecules22112014
https://doi.org/10.1016/j.ijpharm.2019.118528
https://www.ncbi.nlm.nih.gov/pubmed/31323373
https://doi.org/10.3109/03639045.2016.1151028
https://doi.org/10.1016/j.jconrel.2022.09.009
https://doi.org/10.1016/j.colsurfb.2016.03.036
https://www.ncbi.nlm.nih.gov/pubmed/27003466
https://doi.org/10.1016/j.carbpol.2013.05.091
https://www.ncbi.nlm.nih.gov/pubmed/23987352
https://doi.org/10.1007/s11095-016-2036-8
https://www.ncbi.nlm.nih.gov/pubmed/27620176
https://doi.org/10.1186/s12906-022-03741-8
https://www.ncbi.nlm.nih.gov/pubmed/36207726
https://doi.org/10.1002/anie.200900501
https://www.ncbi.nlm.nih.gov/pubmed/19472252


Gels 2023, 9, 352 35 of 36

182. Voycheva, C.; Slavkova, M.; Popova, T.; Tzankova, D.; Tosheva, A.; Aluani, D.; Tzankova, V.; Ivanova, I.; Tzankov, S.; Spassova, I.;
et al. Synthesis and Characterization of PnVCL Grafted Agar with Potential Temperature-Sensitive Delivery of Doxorubicin. J.
Drug Deliv. Sci. Technol. 2022, 76, 103725. [CrossRef]

183. Günther, H. (Ed.) NMR Spectroscopy: Basic Principles, Concepts and Applications in Chemistry, 3rd ed.; Wiley: Hoboken, NJ, USA, 2013.
184. Ha, W.; Yu, J.; Song, X.; Chen, J.; Shi, Y. Tunable Temperature-Responsive Supramolecular Hydrogels Formed by Prodrugs as a

Codelivery System. ACS Appl. Mater. Interfaces 2014, 6, 10623–10630. [CrossRef] [PubMed]
185. Makhmalzadeh, B.S.; Molavi, O.; Vakili, M.R.; Zhang, H.-F.; Solimani, A.; Abyaneh, H.S.; Loebenberg, R.; Lai, R.; Lavasanifar,

A. Functionalized Caprolactone-Polyethylene Glycol Based Thermo-Responsive Hydrogels of Silibinin for the Treatment of
Malignant Melanoma. J. Pharm. Pharm. Sci. 2018, 21, 143–159. [CrossRef]

186. Nazir, S.; Khan, M.U.A.; Al-Arjan, W.S.; Razak, S.I.A.; Javed, A.; Kadir, M.R.A. Nanocomposite Hydrogels for Melanoma Skin Cancer
Care and Treatment: In-Vitro Drug Delivery, Drug Release Kinetics and Anti-Cancer Activities. Arab. J. Chem. 2021, 14, 103120.
[CrossRef]

187. Franken, L.E.; Grünewald, K.; Boekema, E.J.; Stuart, M.C.A. A Technical Introduction to Transmission Electron Microscopy for
Soft-Matter: Imaging, Possibilities, Choices, and Technical Developments. Small 2020, 16, 1906198. [CrossRef]

188. Suzuki, A.; Yamazaki, M.; Kobiki, Y. Direct Observation of Polymer Gel Surfaces by Atomic Force Microscopy. J. Chem. Phys.
1996, 104, 1751–1757. [CrossRef]

189. Joshi, J.; Homburg, S.V.; Ehrmann, A. Atomic Force Microscopy (AFM) on Biopolymers and Hydrogels for Biotechnological
Applications—Possibilities and Limits. Polymers 2022, 14, 1267. [CrossRef] [PubMed]

190. Dawn, A.; Kumari, H. Low Molecular Weight Supramolecular Gels Under Shear: Rheology as the Tool for Elucidating Structure-
Function Correlation. Chem. Weinh. Bergstr. Ger. 2018, 24, 762–776. [CrossRef]

191. Ferreira, L.M.; Sari, M.H.M.; Azambuja, J.H.; da Silveira, E.F.; Cervi, V.F.; Marchiori, M.C.L.; Maria-Engler, S.S.; Wink, M.R.;
Azevedo, J.G.; Nogueira, C.W.; et al. Xanthan Gum-Based Hydrogel Containing Nanocapsules for Cutaneous Diphenyl Diselenide
Delivery in Melanoma Therapy. Investig. New Drugs 2020, 38, 662–674. [CrossRef]

192. Rosseto, H.C.; de Toledo, L.d.A.S.; dos Santos, R.S.; de Francisco, L.M.B.; Vecchi, C.F.; Esposito, E.; Cortesi, R.; Bruschi, M.L.
Design of Propolis-Loaded Film Forming Systems for Topical Administration: The Effect of Acrylic Acid Derivative Polymers. J.
Mol. Liq. 2021, 322, 114514. [CrossRef]

193. Oun, R.; Plumb, J.A.; Wheate, N.J. A Cisplatin Slow-Release Hydrogel Drug Delivery System Based on a Formulation of the
Macrocycle Cucurbit[7]Uril, Gelatin and Polyvinyl Alcohol. J. Inorg. Biochem. 2014, 134, 100–105. [CrossRef]

194. Iqubal, M.K.; Iqubal, A.; Imtiyaz, K.; Rizvi, M.M.A.; Gupta, M.M.; Ali, J.; Baboota, S. Combinatorial Lipid-Nanosystem for Dermal
Delivery of 5-Fluorouracil and Resveratrol against Skin Cancer: Delineation of Improved Dermatokinetics and Epidermal Drug
Deposition Enhancement Analysis. Eur. J. Pharm. Biopharm. 2021, 163, 223–239. [CrossRef]

195. Wissing, S.A.; Müller, R.H. The Influence of the Crystallinity of Lipid Nanoparticles on Their Occlusive Properties. Int. J. Pharm.
2002, 242, 377–379. [CrossRef]

196. Montenegro, L.; Parenti, C.; Turnaturi, R.; Pasquinucci, L. Resveratrol-Loaded Lipid Nanocarriers: Correlation between In Vitro
Occlusion Factor and In Vivo Skin Hydrating Effect. Pharmaceutics 2017, 9, 58. [CrossRef] [PubMed]

197. Montenegro, L.; Pasquinucci, L.; Zappalà, A.; Chiechio, S.; Turnaturi, R.; Parenti, C. Rosemary Essential Oil-Loaded Lipid
Nanoparticles: In Vivo Topical Activity from Gel Vehicles. Pharmaceutics 2017, 9, 48. [CrossRef] [PubMed]

198. Haq, A.; Goodyear, B.; Ameen, D.; Joshi, V.; Michniak-Kohn, B. Strat-M®Synthetic Membrane: Permeability Comparison to
Human Cadaver Skin. Int. J. Pharm. 2018, 547, 432–437. [CrossRef] [PubMed]

199. Mathes, S.H.; Ruffner, H.; Graf-Hausner, U. The Use of Skin Models in Drug Development. Adv. Drug Deliv. Rev. 2014, 69–70,
81–102. [CrossRef] [PubMed]

200. Gupta, D.K.; Aqil, M.; Ahad, A.; Imam, S.S.; Waheed, A.; Qadir, A.; Iqubal, M.K.; Sultana, Y. Tailoring of Berberine Loaded
Transniosomes for the Management of Skin Cancer in Mice. J. Drug Deliv. Sci. Technol. 2020, 60, 102051. [CrossRef]
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