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Abstract: Skin is the largest epithelial surface of the human body, with a surface area of 2 m? for
the average adult human. Being an external organ, it is susceptible to more than 3000 potential
skin diseases, including injury, inflammation, microbial and viral infections, and skin cancer. Due
to its nature, it offers a large accessible site for administrating several medications against these
diseases. The dermal and transdermal delivery of such medications are often ensured by utilizing
dermal/transdermal patches or microneedles made of biocompatible and biodegradable materials.
These tools provide controlled delivery of drugs to the site of action in a rapid and therapeutically
effective manner with enhanced diffusivity and minimal side effects. Regrettably, they are usually
fabricated using synthetic materials with possible harmful environmental effects. Manufacturing
such tools using green synthesis routes and raw materials is hence essential for both ecological and
economic sustainability. In this review, natural materials including chitosan/chitin, alginate, keratin,
gelatin, cellulose, hyaluronic acid, pectin, and collagen utilized in designing ecofriendly patches will
be explored. Their implementation in wound healing, skin cancer, inflammations, and infections will
be discussed, and the significance of these studies will be evaluated with future perspectives.

Keywords: skin disease; transdermal patches; microneedles; controlled drug release; green biomaterials

1. Introduction

Being an external organ with the largest epithelial surface, skin is susceptible to several
environmental factors, including microorganisms and hazardous chemicals [1,2]. On that
account, skin diseases are one of the primary causes of global disease burden, impacting
millions of people’s lives worldwide [3]. More than 3000 identified varieties of skin
diseases, from eczema to skin cancer, have been reported to be experienced by patients [4].
Appropriate treatment of skin diseases includes either systemic (i.e., oral, sublingual,
buccal, subcutaneous, intramuscular, and intravenous, etc.) or topical delivery of drugs
(Figure 1). Most drugs are rapidly metabolized in liver upon oral administration, resulting
in a reduced bioavailability before reaching the target site [5]. This situation requires the
optimum oral dosage to be much higher than when administered intravenously.

An alternative to oral delivery and hypodermic injections, drugs can be delivered
using dermal and transdermal routes. Additionally, predictable and extendable duration
of activity, eliminated gastrointestinal absorption, controlled and adjustable dosage, and
enhanced patient compliance also make them excellent candidates for next-generation
drug delivery [6]. On the other hand, patches may cause skin irritations, and external
factors may prevent the patch from sticking to the skin. Not all drugs are suitable to be
administered using this route since low permeability of skin may limit the penetration of
certain drugs. Despite these disadvantages, such a drug delivery method has eventually
made a significant contribution to medical practice for releasing drugs in a controlled and
minimally invasive fashion to treat skin diseases [7] (Table 1). To date, numerous drugs
have been delivered using a number of dermal and transdermal adhesive patches. Such
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patches usually encounter limitations in surpassing the resistance of the uppermost layer of
skin “stratum corneum”. To overcome this, microneedles, which are micron-sized needles
orientated on a patch, are integrated into these patches to speed up drug penetration [8].
Current tackle still includes that the type of drugs and their maximum dosage, which can
be loaded in these patches, are limited. To overcome this obstacle, novel polymers have
been designed and manufactured to further exploit the benefits of such technological tools
and expand their relevance in the diverse field of drug delivery.

ROUTES OF DRUGS ADMINISTRATION
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Figure 1. Main drug administration routes. Copyright permission for reuse from the refs. [9,10].
Table 1. Advantages and disadvantages of transdermal and dermal drug delivery systems.
Advantages Disadvantages REF
e  Non- or minimally invasive approach e  Possible local irritations [11]
° Controlled drug release rate ) Low permeability of skin limits the penetration [12]
e  Provides steady drug concentration in plasma e  Limited number of drugs can be administered [13,14]

° Patches can be uncomfortable to wear for

° Eliminates the first-pass effect long-term use [15,16]
e  Easily application and removal from skin ® fgﬁiﬁﬁ: tf(?(t:;(;rzlﬁ y prevent the patch from [17,18]
e  Improvement in bioavailability [19]
e  Reduction in the frequency of dosing [20]
° Prolonged duration of action [21]

The major components of dermal/transdermal drug delivery systems comprise the
drug molecule, a polymer complex, and adhesive material [22]. Briefly, polymers are
critical materials for producing drug delivery patches; hence, polymer selection is a critical
step in such processes since their properties determine the release of drugs at a required
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therapeutic rate. Advances in polymer science have paved the way for designing novel
transdermal patches, which constitutes a rapidly increasing market projected to reach
~USD 87 billion by 2030 [23]. However, the current manufacturing route of such polymers
typically involves synthetic processes. The key advantage of such processes is that polymers
can be fabricated with desired mechanical and chemical assets; however, they are difficult
to degrade naturally by biological processes, dramatically impacting the environment
due to high amount of waste generation. Hence, the main focus on polymer synthesis
has been directed toward ecofriendly or “green” production routes, which represent a
sustainable alternative. These next-generation polymers are obtained from nonedible and
highly accessible plants as well as agro-food and industrial by-products [24]. Despite
minimized environmental impact, they may still show inferior performance regarding
end-use applications compared to synthetic counterparts [25]. A wide range of natural
polymers such as chitosan [26], cellulose [27], pectin [28], alginate [29,30], gelatin [31], and
starch [32] have been utilized to manufacture ecofriendly patches to treat skin diseases
(Table 2). The features such as swelling, biodegradability, stretchability, drug loading
capacity, and drug release rate need to be taken into account for manufacturing patches for
a specific skin disease (Figure 2).

Chitosan Pectin

P s

thas

Keratin Alginate '

Extracted Product

Diabetic

Skin Allergy Wound.

& Skin diseases

o — Backing laminate
— Drug in adhesive matrix
Dermal/Transdermal :" - Release liner
Patches \

Figure 2. Dermal/transdermal patches are produced to treat different skin diseases using sustainable

ecofriendly biopolymers derived from natural resources. Copyright permission for reuse from the
refs. [33-37]. The image on the lower right corner illustrates the overall structure of a patch containing
backing laminate, drug-loaded adhesive matrix, and release liner.

Despite being a billion-dollar sector and new research being conducted, ecofriendly
patch-mediated drug delivery technology is still in its infancy, and several issues remain to
be addressed before it becomes mainstream. The goal of this review is to comprehensively
present ecofriendly alternatives to synthetically produced polymeric patches, which hold
a wide range of applications in treating skin-related diseases. These diseases are briefly
addressed regarding their treatability via dermal and transdermal patches, which are
described as well. Ecofriendly patches used in skin diseases are explored by discussing
their types, manufacturing routes, characteristics, and applicability in medical practice
considering the pros and cons. To conclude, we herein introduce the current status of
ecofriendly patches in clinical applications to validate their efficacy against skin diseases.
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Table 2. Advantages and disadvantages of natural and synthetic polymers used in dermal and
transdermal administration of drugs [38—43].

Natural Polymers Synthetic Polymers

Advantages

Disadvantages

Advantages

Disadvantages

Low-cost production in
fabricating skin patches

Expensive extraction
methods

Higher controlled release
of drugs due to
consistent properties

Less environmentally
friendly patches

Low adverse reaction on
the skin

They can be biodegraded

by microorganisms

Easily tailored into
specific applications

More toxicity to the skin

Lower toxicity and less
risk of allergic reaction

Susceptible to
environmental
conditions

Strong adhesion to skin
due to high mechanical
strength and flexibility

Possible allergic
reactions

Enhanced skin
penetration

Limited number of
functional groups for
chemical modifications

Resistant to degradation
by enzymes and
microorganisms

Not widely accepted by
the general public due to
concerns over safety

Increased the
effectiveness of the drug

The quality of raw
materials can vary, hence
potentially affecting on
the performance of the
patch

Improved shelf-life of
the patch

Higher risk of skin
irritation

Renewable and high
biocompatibility

Large-scale production
with high purity and

Less biodegradability
may lead to

reproducibility environmental issues

Nontoxic and
environmentally friendly

2. Skin Diseases

The skin is a complex and dynamic organ that is composed of several layers, each with
its own exclusive characteristics (Figure 3) [44,45]. The epidermis is the outermost layer of
a skin, and it is responsible for protecting the body from external factors. It is composed of
multiple layers of cells that are constantly being shed and replaced. The stratum corneum,
which serves as the outermost layer of the epidermis, is composed of dead skin cells that
form a protective barrier [44,45]. Additionally, the stratum lucidum, found typically in thick
skin such as the soles of the feet and palms of the hands, is a thin, transparent layer of the
epidermis that helps to provide an additional barrier against external elements and friction.
The stratum granulosum—acting as a transition layer—helps to protect the deeper layers
of the skin. Furthermore, the stratum spinosum—a thicker layer—contains cells that are
actively dividing [44,45]. Lastly, the stratum basale—the deepest layer of the epidermis—is
responsible for the production of new skin cells. The dermis—the middle layer of the
skin—is composed of connective tissue. It contains blood vessels, nerves, and sweat glands.
The dermis is responsible for maintaining the elasticity and strength of skin [46]. The
hypodermis—the innermost layer of the skin—is composed of fat and connective tissue,
and it serves as insulation and cushioning for the body. The hypodermis also helps to
regulate the body’s temperature. These three layers of skin work coherently to protect the
body from external factors, regulate body temperature, and aid in sensation.
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Figure 3. The structure of skin with all the characteristic of stratums. Copyright permission for the
reuse from the refs. [44,45].

The symptoms and degree of skin diseases vary extensively. They may be fleeting or
long-lasting, painful or not. Several skin problems are minor, while the others pose a serious
risk to life. In addition, skin diseases play an important role in the diagnosis and treatment
of some internal diseases as well. Skin is not just an external organ, but it can also provide
vital information about the overall health of an individual [46]. Skin diseases can be caused
by a variety of internal factors such as hormonal imbalances, nutritional deficiencies,
and underlying medical conditions [47]. For example, certain skin conditions such as
acne, eczema, and psoriasis can be caused by, for instance, autoimmune disorders and
inflammatory conditions [47]. Similarly, skin rashes and discoloration can be a symptom
of other diseases such as diabetes and liver disease [48]. Therefore, skin diseases play an
important role in the diagnosis and treatment of some internal diseases. By examining
the skin as an organ, physicians would have valuable insights into the underlying causes
of a patient’s symptoms. This knowledge can help to guide the diagnosis and treatment
of the diseases, which in turn can improve the patient’s overall health and quality of life.
In summary, skin diseases should not be overlooked or dismissed as only external issues,
as they can also be a sign of underlying other diseases and play an important role in the
diagnosis and treatment of these diseases [49]. There are a myriad of different skin diseases
such as psoriasis, acne, rosacea, allergic diseases, diabetic wound, microbial infections, skin
cancer, lupus, and so on (Figure 4) [49]. Among the reported lots of skin diseases, diabetic
wound, skin cancer, psoriasis, and microbial infections are frequently used for transdermal
skin patches.



Pharmaceutics 2023, 15, 579

6 of 31

Skin Diseases

Microbial

Diabetic Wound Skin cancer Psoriasis

infections

Figure 4. Changes in the skin caused by some of the most common skin diseases in humans.
Copyright permission for reuse from the refs. [50-53].

2.1. Diabetic Wound

Diabetes mellitus (DM)—a group of diseases with one of the highest incidence rates in
the world, is defined by elevated blood sugar levels. People diagnosed with DM are more
likely to experience a variety of life-threatening health issues, which can raise healthcare
expenses, decrease quality of life, and even increase mortality rate [54]. Chronical high
blood sugar levels harm all of the arteries, including those in heart, kidneys, and eyes. It is
expected to affect 693 million people by 2045 [54], pointing out an increase of more than
50% from 2017.

People diagnosed with DM frequently develop chronic wounds due to the retarded
wound healing process. As a result of this, they have a higher risk of experiencing frequent
infections, as well as other severe problems [55]. Such a wound infection can spread to
other tissues near the wound, eventually traveling to more distant body parts. An infection
may be life-threatening in some situations if a patient does not receive immediate medical
treatment. A diabetic patient’s chance of having a diabetic foot ulcer is 15-25%, and
40-80% of these ulcers progress to osteomyelitis, inflammation, or swelling in the body [56].
Patients who develop foot ulceration usually need hospitalization, surgical treatment, and
sometimes even amputation of the affected part. A foot ulcer can be long-lasting, and
patients are more likely to experience recurrence three years after the first appearance [57].
On account of this, poor wound healing in DM poses a serious problem and a considerable
financial burden.

Different medications, mostly including dressings such as gels and creams, have
been utilized to promote healing of diabetic wounds [58]. One of the advanced wound
care products against diabetic wounds is using topical bandages, providing the moisture
needed for healing and promoting the growth of fibrous tissue and epithelialization [58].
Additionally, topical bandages help to minimize scarring, enhance wound healing, and
lower infection risk. Numerous types of dressings have been produced, and they all have
some common characteristics, such as moisturization, stimulation of re-epithelialization,
minimization of any possible trauma, and antibacterial qualities [59]. The other method
is the use of antidiabetic drugs. Reports in the literature have shown that these drugs not
only have an anti-inflammatory effect, but also play an important role in the production
of macrophages that contribute to the healing of wounds, fibroblast proliferation, and
keratinocyte proliferation [60]. It is also known that exogenous growth factors are used
for the treatment of wounds [61]. A number of molecular and cellular reactions can be
triggered by growth factors, which have the capacity to interfere at different phases of
the recovery process. They are capable of stimulating angiogenesis, granulation tissue
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development, inflammation response regulation, extracellular matrix (ECM) production,
and re-epithelization [61].

2.2. Skin Cancer

Skin cancer is an uncontrolled growth of skin cells that usually appears on skin that
has been exposed to sunlight. However, this prevalent type of cancer could also develop
on parts of the body that are not often exposed to the sun. Melanoma and nonmelanoma
(primarily consisting of squamous cell carcinoma and basal cell carcinoma) are two main
kinds of skin cancer. Briefly, melanoma is a type of skin cancer that occurs as a result of
the breakdown of melanocyte cells, which are responsible for the production of melanin
pigments [62]. Melanocyte cells in the body multiply uncontrollably and rapidly. There are
cells called squamous cells in the middle and outer layers of the skin. In the squamous cell
carcinoma type, squamous cells tend to proliferate uncontrollably. It is more likely to occur
in people who primarily have sun exposure or have dark skin [63]. Basal cell carcinoma
occurs in the basal cells of the epidermis, which is in the uppermost layer of the skin. The
main reason is a direct body exposure to the sun and UV rays [63].

Surgical procedure, cryotherapy, chemotherapy, radiotherapy, topical field application
(anticancer creams and gels), and immunotherapies are used as treatment methods for
skin cancer. Despite the fact that removal of the tumor is an efficient strategy for skin
cancer, surgical procedures can be deformed and require further skin grafts to repair the
abnormalities. In this scenario, postsurgery treatment may include the use of wound
dressings to stimulate the healing process and minimize bacterial infections and tumor
reappearance [64].

2.3. Psoriasis

Psoriasis is a lifelong, systemic inflammatory condition that mostly affects the skin and
joints [65]. It has a significant mental and emotional impact on patients that extends further
than physical aspects of the disease, impacting well-being and social communication.
Psoriasis has a number of complications, such as cancer and coronary heart disease. Skin
biopsies are rarely necessary because the diagnosis is mostly clinical.

Psoriasis causes skin cells to grow quickly. A thick, scaly plaque may cause severe
itching and discomfort for the patients [66]. Psoriasis comes in a variety of forms, relying on
how the scales look and where they are on the body. The symptoms of psoriasis frequently
increase in response to environmental factors. However, there is still no cure for these
symptoms, and the recent advances in psoriasis therapies imply that they are now able to
minimize the frequency and intensity of flares. The proper medicine is basically prescribed
based on severity of the disease. First-line therapy for mild to moderate illness includes
topical corticosteroids, vitamin D3 substitutes, and mixed products [65]. Physicians of
primary care can easily initiate and prescribe topical therapy because they work successfully.
Systemic therapy is frequently needed to treat moderate to severe psoriasis. Co-occurring
conditions such as psoriatic arthritis need to be taken into consideration when choosing a
treatment plan.

2.4. Microbial and Viral Infections

Infections of the skin and soft tissues caused by microorganisms and fungi are among
the most common infections worldwide [67]. These lesions are caused by either primary
inoculation or, frequently, disseminated infection. Although they are common in immuno-
competent hosts, immunocompromised people are more vulnerable to these infections
due to deficiencies in their innate or adaptive immune responses. Microbial infections that
penetrate skin barriers might affect any of the three skin layers. In general, an infection on
deeper layers of a skin is more dangerous than those of the surface layers [68]. A wound,
particularly on a large area, might provide an opportunity for simple entry into the body.
Opportunistic pathogens or those that become pathogenic as a result of a host disturbance
(i.e., wound, immunodeficiency, sickness, or age), can grow inside the body by colonizing
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on nutrient-rich substances, such as necrotic or hypoxic tissue [69]. Microbial infections
caused by multidrug resistance (MDR) are significant concerns that need to be addressed
immediately. MDR bacteria impede wound healing since most wounds will acquire in-
fections at some time. The ESKAPE bacterial group (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter species) includes the most opportunistic and MDR pathogens capable of colonizing
wounds [70]. Moreover, Staphylococcus aureus and Pseudomonas aeruginosa can also form a
biofilm on the wound and medical equipment, worsening the condition and making biofilm
bacteria exceedingly difficult, if not impossible, to cure. This is because bacteria within
biofilms are 100-1000 times more resistant to antimicrobial treatments, slowing the healing
of infected wounds [71]. Topical antibiotic therapy is critical for the treatment of skin infec-
tions; nevertheless, antibiotic efficacy is frequently diminished due to insufficient local drug
concentration, increasing antibiotic-resistant strains, biofilm development, or the drug’s
inability to reach the site of action. As a result, treating these illnesses with high dosages of
antibiotics may lead to a high incidence of side effects, probable allergic responses, patient
annoyance, and an increased risk of antibiotic resistance development [72].

Different microorganisms (Helicobacter pylori, Streptococci, Staphylococci, Yersinia,
Mycoplasma pneumoniae), viruses (Hepatitis virus, Norovirus, Parvovirus B19), and
parasites (Giardia lamblia, Entamoeba spp., Anisakis simplex) have been also related
with chronic urticaria. Infection-mediated autoimmune responses and molecular mimicry
may be involved in these disorders [73]. Additionally, a massive proportion of the global
population suffers from viral skin infections [74]. Cold sores, for example, typically affect
the oral and perioral region and are caused by herpes simplex virus type-1 (HSV-1) and
occasionally by HSV-2 as well; however, this predominantly affects the vaginal area. They
are often characterized by pain and suffering as premonitory indications, as well as the
emergence of papules or vesicles that burst and create scabs, which go off after a certain time,
and lesions that endure mending in due course. Topical therapies consisting of heat/laser
treatment, natural cures, photodynamic therapy, and antiviral drugs are available for
symptomatic alleviation [75]. For another example, herpes zoster (shingles) often manifests
as a localized, painful cutaneous eruption and is a frequent clinical concern, particularly
among individuals over the age of 50 and immunocompromised patients. The reactivation
of varicella-zoster virus infection causes herpes zoster, which causes a severe rash with
blisters [76].

3. Dermal and Transdermal Drug Delivery and Design Parameters for Patches

Skin serves as a means for administering drugs through various routes. Two major
routes of drug delivery through the skin are dermal and transdermal [77]. These paths for
drug delivery have gained significant attention over the past decade due to their numerous
benefits, such as improved patient compliance; physicochemical protection for various
drugs; suitability for unconscious/vomiting patients; avoidance of first-pass metabolism,
which increases the bioavailability of the drug; decreased frequency of dose administration;
and reduced risk of toxic side effects [77]. The physico-chemical characteristics of the
active components govern dermal drug transport to a great extent. Limited cutaneous
penetration of the medication requires extreme polarity or stringent hydrophobicity, large
molecular mass, the presence of ionizable functional groups, and their dissociation at the
pathophysiological pH of the skin layers [78]. Dermal (topical) medication administration
is used to describe localized activity with little systemic absorption to the diseased locations
inside the skin. Transdermal drug delivery, on the other hand, involves the use of a patch
that is applied to the skin. The patch contains the drug in a matrix or gel form, which is
slowly released over time [79].

Drug delivery through dermal application is appealing because it increases patient
compliance and quality of life [80]. Applying a dose form to a specific region of skin to
produce a localized effect is known as topical medication distribution. It is often used
to treat skin conditions such as eczema or psoriasis when a systemic distribution of the
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medication is not the primary goal of the treatment. Corticosteroids, antifungals, antivirals,
antibiotics, antiseptics, local anesthetics, and antineoplastics are among the medications
that are typically used topically [81].

Transdermal drug delivery systems are distinct from dermal drug delivery systems
since it introduces medication into the bloodstream over the skin at a set and regulated
rate [82]. This route is commonly used for the delivery of hormones, such as estrogen and
testosterone, and for managing of chronic conditions, such as pain and smoking cessation.
Transdermal drug delivery has the advantage of providing a steady and consistent level of
the drug in the bloodstream, avoiding the fluctuation that can occur with oral or injectable
administration. This is particularly useful for drugs that have a narrow therapeutic window
or for conditions that require a constant level of medication.

The use of dermal and transdermal patches on skin to treat superficial skin disorders
dates back to the oldest existing records of humankind. However, only in the late 20th
century did their use become a common practice along with technological advancements in
drug delivery systems [83]. Basically, a patch is a transferrable adhesive material placed on
skin to deliver drugs with a tunable release rate and dosage to promote healing to an injured
area [84]. They are usually noninvasive and painless drug delivery approaches. Up to date,
various patches have been designed and manufactured for cosmetic and pharmaceutical
application [85]. There are essential design criteria for manufacturing such patch-mediated
delivery systems (Table 3). These patches are usually composed of a drug molecule, an
adhesive, and polymer matrix.

Table 3. Critical parameters in designing the patch.

Patch Design
Drug [84] Polymer [86] Adhesive [87]
Molecular weight Tensile strength Binding force with skin surface
Half-life Endurance against folding Resistance against shear adhesion
Skin permeation coefficient Flatness Force required to peel it off
Concentration Moisture content
Hydrophilic/hydrophobic nature Solubility in different solvents

Film-forming capacity

Drugs can be administered as either dermal or transdermal approaches using patches.
Dermal delivery usually refers to the process of the transport of drugs applied on the skin
to deeper skin layers. On the other hand, transdermal delivery refers to the transport of
drugs into the deeper skin layers, including their absorption by each layer, finally reaching
the blood vessels in the dermis layer followed by joining the bloodstream. The purpose of
the dermal and transdermal drug delivery processes differs according to the type of disease
or injury and the treatment process required. While the dermal pathway is utilized for a
local treatment, the transdermal pathway is used for the treatment of a specific disease
by following a certain period of time [88]. One should bear in mind that not all drugs are
convenient for patch delivery. The main criteria for optimum selection of drugs is the fact
that drugs need to pose sufficient therapeutic attainability, cost-effectiveness, and ability of
penetrating the skin layers with no safety issues. Their hydrophilic/hydrophobic nature,
molecular weight, half-life, skin permeation coefficient, and concentration of drugs are the
other parameters to be considered prior to patch design [89]. Another fundamental issue in
patch development is adjusting the properties of adhesive material, as adhesive is directly
linked to the efficacy of the patch system [90]. First and foremost, the adhesive should have
the ability to form a strong bond with the skin surface under light-to-mild pressure. The
resistance against shear adhesion and the force required to peel it off from the surface are
other criteria to be taken into account for adhesive design [91]. Once these parameters are
assessed vigilantly, the patch is expected to remain attached to the skin during a specific
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time period regardless of tangential stress induced by body movements or other factors
such as sweating or dry skin.

Selection of polymeric material is expected to be the most critical step for formulating
a patch-mediated drug delivery system. Polymers have the capacity to form film once
crosslinked with specific agents. These polymers are usually dissolved in a suitable solvent
together with drug molecules, and once the solvent is evaporated, a thin film is formed
with drug molecules dispersed in polymer. The nature of polymers determines the drug
release properties of patches; hence, polymers are selected accordingly [92]. For instance,
the fabricated polymeric material must have a smooth surface, which is characterized by
zero percent constriction as a flatness factor [93]. The designed polymeric system needs
to have a sufficient endurance against folding and optimum tensile strength to determine
if they are easily breakable [94]. Moisture 