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Recent advances in topical and transdermal drug delivery systems have enabled

targeted delivery of therapeutics to the site of action by enhancing drug

permeation across the stratum corneum and increased bioavailability.

Despite various technological advancements, some dermatoses still have

limited treatment options due to potential adverse effects and challenges in

formulation development. To address some of the limitations posed by

conventional dermatotherapy, nano-based technologies have been

developed and have demonstrated a significant improvement in

dermatotherapy. Their distinct physicochemical properties demonstrate their

overall superior therapeutic efficacy in providing sustained and effective

targeted drug release, as well as improved solubility of hydrophobic actives

with optimized drug formulations. These nanocarriers are commonly classified

as polymeric, lipid-based, metallic, and vesicular nanocarriers, including

nanoemulsions, nanofibers, and microneedles. This mini-review aims to

address recent advances in nano-based technologies, providing a brief

insight on some of the current and prospective technologies and

approaches aimed at improving transdermal delivery.

KEYWORDS

new technologies, nanoparticles, nanocarriers, topical and transdermal delivery, drug/
active, future technologies

1 Introduction

According to the global burden disease projects, skin diseases are considered the

fourth leading cause of nonfatal disease burden (Seth et al., 2017; Flohr and Hay, 2021),

with dermatitis being the highest contributor and cellulitis contributing the least in the

global burden of skin diseases (Table 1). Out of 19,727 publications on skin diseases

published between 2015 and 2020, acne ranked second on the global burden of skin

disease but accounted for only 2.42% of the total publication in literature, demonstrating

the need for more selective scientific research on skin diseases (Pulsipher et al., 2021).

Furthermore, certain dermatoses are presented with limited treatment options, i.e., severe
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atopic dermatitis, despite current technological advancements

owing to the presence of biological barriers, associated systemic

adverse effects, and limitations in product formulation, i.e., drug

solubility (Stefanov and Andonova, 2021). The skin is considered

the largest organ of the body accounting for approximately 16%

of an adult’s total body weight (McLafferty et al., 2012). Thus, it

plays a significant role in maintaining homeostasis (Tortora and

Derrickson, 2018), as well as acting as a chemical, physical, and

biological barrier against exogenous environmental threats

(Dehdashtian et al., 2018). While conventional topical and

transdermal formulations such as creams and ointments are

relatively sufficient in treating some dermatological diseases

(Das Kurmi et al., 2017), the limitations and drawbacks

regarding bioavailability and targeted drug delivery warrants

the development and advancement in technologies to enhance

drug permeation and increase drug delivery. This has

necessitated the development of novel topical and transdermal

drug delivery systems such as nano-based technologies that

significantly improve dermatotherapy, address some of the

formulation drawbacks, i.e., drug solubility (Krishnan and

Mitragotri, 2020), as well as circumventing some of the

subsequent challenges associated with oral drug delivery,

i.e., hepatic first-pass effect, longer dosing frequencies, and

patient compliance (Ramadon et al., 2022).

Due to their various benefits, the development and emergence of

several nanocarriers employed in topical and transdermal delivery

systems have gained huge attention of pharmaceutical scientists and

dermatologists. Their distinct physicochemical properties (e.g.,

reduced size to a few nanometers) have demonstrated their

overall superior therapeutic efficacy in providing sustained and

effective targeted drug release (Mishra et al., 2018; Ghasemiyeh

and Mohammadi-Samani, 2020). Nanocarriers are commonly

classified as polymeric, lipid-based (liposomes, nanostructured

lipid carriers, and solid-lipid nanoparticles), vesicular (niosomes,

liposomes, transferosomes, ethosomes, and transethosomes), and

metallic nanocarriers. With nanoemulsions, nanofibers and

microneedles forming part of the classification (Krishnan and

Mitragotri, 2020). Specific components such as surfactants and

cosurfactants acting as permeation enhancers constitute some of

the developed nano-formulations, with the potential ability to

modify and alter the molecular and dynamic structure of the

membranes by creating temporary pores and loosening the tight

junctions between skin layers (Kapoor et al., 2018). Such molecular

alterations lead to the reversible modification of the skin barriers,

thus enhancing the ability of therapeutics to traverse the skin barrier

via nanocarriers into the deeper layers of the skin (Ezealisiji and

Okorie, 2018). While there are several advancements in topical and

transdermal technologies, this mini-review was selectively aimed at

addressing advancements in nano-based technologies, with a brief

insight on some of the current and prospective technologies and

approaches aimed at improving transdermal delivery.

2 The skin as a barrier

Although the goal of this text is to provide insight into the

new technologies and approaches in topical and transdermal

drug delivery, a brief review on the skin as a barrier is necessary to

facilitate the understanding of the main concepts behind the

development of the new technologies. The skin surface area is

about 2 m2 (Tortora and Derrickson, 2018), with the epidermis

(the outermost surface of the skin) comprising of five layers:

stratum corneum (SC), stratum lucidum, stratum granulosum,

stratum spinosum and stratum basale, with the stratum corneum

TABLE 1 Global burden of skin disease rankings and literature representation between 2015 and 2020 (adapted from Pulsipher et al., 2021) licensed
under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

Skin diseases Global
burden of
skin disease
rank

Rank by %
of total
publications

% Global burden of disease (measured
in disability-adjusted life years)

Publications between
2015–2020 (N = 19,272), n (%)

Dermatitis 1 3 0.38 1927 (9.77)

Acne 2 4 0.29 477 (2.42)

Psoriasis 3 2 0.19 1936 (9.81)

Urticaria 4 7 0.19 139 (0.70)

Viral skin diseases 5 5 0.16 283 (1.38)

Fungal skin diseases 6 6 0.15 193 (0.98)

Scabies 7 10 0.07 54 (0.27)

Melanoma 8 1 0.06 1995 (10.11)

Pyoderma 9 8 0.05 124 (0.63)

Cellulitis 10 9 0.04 81 (0.41)

All other skin and
subcutaneous diseases

N/A N/A 0.12 N/A
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forming the outermost layer (Dehdashtian et al., 2018). The SC is

a thickmatrix of terminally differentiated keratinocytes dispersed

within lipids, approximately 10 µm in thickness (Williams et al.,

2018), and it is considered to be the rate-limiting step in

percutaneous absorption (Higuchi, 1960). A healthy and intact

SC is a barrier to both hydrophilic and large size molecules (Haq

and Michniak-Kohn, 2018). The resistance of the SC to

molecular diffusion limits transdermal drug delivery to

compounds with a molecular weight of up to 500 Da (Bos and

Meinardi, 2000). In addition, the permeation of the drug

candidate by overcoming skin barrier could entirely depend

on the condition and state of the skin (Haq and Michniak-

Kohn, 2018). The SC covers the viable epidermis comprising of

multiple skin layers made of viable keratinocytes, which is

followed by the dermal layer composed of connective tissues

(collagen and elastin), fibroblasts, and other extracellular

components such as hair follicles and glands (Dehdashtian

et al., 2018). Advanced nanotechnological derived nanocarriers

can permeate into the epidermis and reach target sites for the

treatment of skin-related disorders. These nanocarriers

overcome the stratum corneum barrier by increasing drug

solubility, and partitioning into the skin, which facilitates the

delivery of the desired amount of the drug to the target site (Iqbal

et al., 2018). While significantly important in transdermal and

topical drug delivery, the discussion on percutaneous absorption

is limited due to the objectives of this review; however, Roberts

et al. and Benson et al. provide updated and comprehensive

reviews on the history, progression, and advances in

percutaneous absorption (Benson et al., 2019; Roberts et al.,

2021).

3 Application of nanotechnology-
based transdermal and topical
delivery systems

There has been a rise in the development of transdermal and

topical delivery systems for the effective treatment of skin-related

disorders. The implementation of nanotechnology for the

development of advanced therapeutic tools offers multiple

advantages over conventional therapies, such as enhanced

solubility of highly hydrophobic drugs and increased drug

stability (Goyal et al., 2016). Such nanocarriers can be

categorized into lipid-based, vesicle-based, polymeric, and

metallic nanocarriers, nanoemulsions, nanofibers, as well as

microneedle patches. Thus, this section will summarize several

nanocarriers developed by advanced nanotechnologies.

3.1 Microneedles

This treatment technique has gained enormous attention from

researchers owing to its various benefits, i.e., it avoids the

degradation of therapeutics in the gastrointestinal tract,

circumvents the first-pass metabolism in the liver (in the case

of oral delivery), and prevents the invasive and painful approach

via the intravenous delivery of drugs (Figure 3) (Fernando et al.,

2018; Qu et al., 2022); hence, it is considered an effective approach

in transdermal drug delivery. Microneedles are composed of an

array of micron-sized needles that pierce the SC (10–20 um) and

deliver the actives directly to the viable epidermis, bypassing the SC

barrier and providing high drug bioavailability compared to

FIGURE 1
Comparison of topical cream, hypodermic needle, microneedle patch and transdermal patch adapted from Waghule et al., 2019, licensed
under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).
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creams and the transdermal patch (Figure 1) (Waghule et al., 2019;

Avcil and Çelik, 2021; Ali et al., 2022; Qu et al., 2022). Due to these

various advantages, microneedles and their patches have also been

translated to clinical stages in the delivery of vaccines (Fernando

et al., 2018); however, this strategy has some limitations, such as

compatibility, loading capacity, dose restriction due to small size of

microneedles, irritation, and inflammatory immune response

(Avcil and Çelik, 2021). Nonetheless, their advantages outweigh

the limitations and, therefore, microneedles (i.e., patches) have

become a delivery system of choice for vaccines and therapeutics

for a range of diseases (Fernando et al., 2018).

Caudill et al. designed microneedle arrays by utilizing a

three dimensional (3D)-printing technique that induced the

potent cellular immunity. The findings demonstrated that

microneedle transdermal patch increased the vaccine

component retention in the skin and enhanced the

activation of immune cells as compared to the

subcutaneous bolus injection. Overall, these 3D printed

microneedle patches with vaccine components offer a

successful and effective approach for a non-invasive and

self-administered vaccination (Caudill et al., 2021). Further,

Moon and associates developed an effective microneedle

patch for successful delivery of inactivated polio and

rotavirus vaccine (Moon et al., 2022).

3.2 Vesicular nanocarriers

Phospholipid nanocarriers have garnered much interest

from scientists over the past years, particularly liposomes,

and they are aimed at improving dermal targeting for the

treatment of various skin-related diseases (Lai et al., 2020).

Vesicular nanocarriers are made of actives enclosed in an

aqueous core, with liposomes as the first developed vesicular

nanocarrier (Mbah et al., 2014). The mechanisms of some of

the vesicular nanocarriers are shown in Figure 2. Liposomes

have demonstrated poor transdermal permeation (Wadher

et al., 2018) and to improve their efficacy, optimization has

been achieved by adding compounds to the classic

phospholipid vesicles (which have poor skin permeation),

to increase the effects of the active moiety at the target site

(Wadher et al., 2018; Lai et al., 2020). One such example is

the development of ethosomes, first introduced by Touitou

et al., formed from introducing ethanol, which acts as a

permeation enhancer, to the phospholipid vesicle (Touitou

et al., 2000). Ethosomes are nano-vesicular carriers suitable

for poorly soluble drugs shown to increase their drug

permeation (Abouhussein, 2021; Apolinário et al., 2021).

Powale et al. has recently demonstrated the improved

stability and minimized degradation of clindamycin from

an ethosome formulation (Powale et al., 2022). Other

developed vesicular carriers include niosomes (comprised

of non-ionic surfactants in lipid vesicles) (Ge et al., 2019),

liposomes (comprised of phospholipids as the lipophilic

phase and an aqueous core giving them their amphiphilic

nature) (Fan et al., 2021), transfersomes (comprised of

phospholipid-based vesicles with an edge activator)

(Mahmood et al., 2021), as well as transethosomes

(formed from the addition of a permeation enhancer to

ethosomes) (Sudhakar et al., 2021).

FIGURE 2
Mechanism of some vesicular nanocarriers across the stratum corneum adapted from Sudhakar et al., 2021, licensed under the CC BY-NC-ND
license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).
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3.3 Polymeric nanocarriers

The solubility of drugs has posed a challenge in pharmaceutical

formulation. Polymeric micelles have gained much interest as an

innovative method to overcome the poor solubility and permeability

of drugs across the skin (Ghezzi et al., 2021). Polymeric micelles are

self-assembling nanocarriers consisting of amphiphilic,

biocompatible, and biodegradable copolymers (natural and

synthetic). Some of the commonly used natural polymers include

gelatin and albumin polymers, whereas the synthetic polymers

include polylactic acid and polyglycolic acid (Makhmalzade and

Chavoshy, 2018; Mishra et al., 2018). They consist of a hydrophobic

core and a hydrophilic shell formed from self-assembling in aqueous

environment above critical micelle concentration (Makhmalzade

and Chavoshy, 2018). They are nanocarriers that encapsulate

hydrophilic, lipophilic, and charged compounds; decrease the

potential for systemic side effects; and facilitate targeted drug

delivery (Makhmalzade and Chavoshy, 2018; Yotsumoto et al.,

2018). Yotsumoto and associates demonstrated the increased

aqueous solubility of indomethacin and resveratrol (hydrophobic

drugs) from polymeric micelle encapsulation with improved

transdermal permeation (Yotsumoto et al., 2018). Compared to

other nanocarriers, they are generally considered to have easier

preparations and sterilization methods, are smaller in size, and

exhibit better stability in different microenvironments (Mishra

et al., 2018; Ghezzi et al., 2021).

3.4 Lipid-based nanocarriers

Lipid-based nanocarriers, i.e., solid-lipid nanoparticles

(SLNs), nanostructured lipid carriers (NLCs), and

liposomes have gained much attention due to their high

bioavailability and ability to deliver macromolecules such

as proteins. SLNs are the most common lipid-based

nanocarrier developed as a substitute for liposomes,

emulsions, and polymeric nanoparticles (Samimi et al.,

2019). They are a solid matrix of colloidal lipid dispersions

prepared using surfactants (stabilize the lipid dispersions),

lipids (such as triglycerides, waxes and fatty acids), and water

(Goyal et al., 2016). Furthermore, they offer many advantages

including sustained and controlled release of drugs and

physicochemical stability. They are also solid at both room

and body temperature, and are biodegradable (Goyal et al.,

2016; Samimi et al., 2019). Despite their safety and efficacy,

some of the drawbacks include poor drug loading due to their

crystalline structure, particle growth, and drug extrusion

during storage (Samimi et al., 2019). Liposomes are

spherical lipid vesicles surrounding an aqueous core to

allow for encapsulation of both hydrophilic drugs (in the

core) and lipophilic drugs (in the lipid bilayer) (Fan et al.,

2021). Furthermore, they increase the drug circulation time in

the body by reducing the interaction of the drug molecules

with serum proteins and increase targeted drug delivery. They

provide sustained release of drugs and can be prepared via

several methods such as thin film hydration and solvent

injection (Goyal et al., 2016). Nanostructure lipid carriers

were developed to overcome the SLNs challenges. They are

comprised of solid and liquid lipids to create a more

disordered matrix that improves drug loading capacity.

NLCs have greater stability and avoid the use of organic

solvents (Samimi et al., 2019).

3.5 Metallic nanocarriers

The use of metallic nanocarriers has roused scientific interest

due to their versatile application in science, increased therapeutic

index, and site-specific drug targeting (Chandrakala et al., 2022).

They are used as drug delivery carriers for various drugs such as

nucleic acids, peptides, and chemotherapeutic drugs (Yih and Al-

Fandi, 2006; Mandal et al., 2009). Metallic nanoparticles such as

gold, silver, platinum, zinc, and copper have enhanced tunable

optical properties, high drug loading, and improved therapeutic

efficacy. Their surfaces can be functionalized through hydrogen

bonding, covalent bonding, and electrostatic interactions to

conjugate active molecules. Furthermore, metallic

nanoparticles offer several advantages, including increased

aqueous solubility of hydrophobic drugs, increased drug

circulation time in the blood, site-specific drug targeting, and

controlled drug release (Chandrakala et al., 2022). The unique

size of metallic nanoparticles enables diffusion through loose

junctions to tumor sites, which increases their use in cancer

treatment (Yih and Al-Fandi, 2006). A study by Chelladurai et al.

demonstrated the use of zinc oxide nanoparticles conjugated to

mupirocin (a hydrophobic drug) in improved targeted drug

delivery in human epidermoid cancer treatment (Chelladurai

et al., 2022). Although efficacy has been demonstrated, metallic

nanocarriers are associated with some limitations, such as higher

toxicity and poor biocompatibility (Imran et al., 2022).

3.6 Nanoemulsions

To overcome some of the limitations in topical and transdermal

drug delivery, nanoemulsions have been developed to improve

penetration and absorption of active molecules, as well as to

achieve controlled release (Sarheed et al., 2020; Souto et al.,

2022). Nanoemulsions are lipid-based, colloidal oil in water

dispersions of finely dispersed droplets (in the nm scale) with

hydrophilic and lipophilic phases (Klang et al., 2012; Sarheed

et al., 2020). They are biodegradable and offer increased

solubility of both polar and non-polar compounds. Compared to

conventional emulsions, they have greater thermodynamic and

kinetic stability and an increased bioavailability of lipophilic

compounds from the addition of surfactants/emulsifier (Rai et al.,
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2018; Yamada et al., 2018; Souto et al., 2022). The fluidic nature of

nanoemulsions and surfactant interface promotes skin interaction

(Rai et al., 2018). In addition, they have a high loading capacity of

hydrophobic molecules and protect the active molecules from

oxidation and hydrolysis, which improves bioavailability

(Yamada et al., 2018). The development of a miconazole

nanoemulsion was recently demonstrated by Farooq et al.

to improve skin penetration compared to marketed products

for antifungal treatment. The formulated nanoemulsion also

showed stability, as well as good drug loading and in vitro

drug release profiles. Overall, the nanoemulsion had

improved permeation rates (Farooq et al., 2021).

Furthermore, a clinical study by Yamada et al.

demonstrated enhanced topical drug delivery of

hydrophobic drugs in a tailorable nanoemulsion using

elongated microparticles that could penetrate the dermal-

epidermal junction and enhance drug permeability within the

epidermis (Yamada et al., 2018).

3.7 Nanofibers/microfibers

These systems have seen an increase in wound healing for

their ability to produce a local effect (Kamble et al., 2017;

Kumar et al., 2021). Nanofibers offer the advantage of a high

surface area, which enhances drug dissolution (Kamble et al.,

2017). The drug molecules are entrapped in the polymer

structure to provide a more controlled drug delivery system

and an increased drug concentration in the carrier, which

increases the flux of drug into the skin (Goyal et al., 2016;

Kamble et al., 2017). One potential technique for producing

nanofibers is electrospinning from various polymers to

produce nanofibers with small diameter, large surface area

and flexibility (Pant et al., 2019). Rancan and associates

demonstrated the sustained local drug delivery from

nanofiber mats of a poorly water-soluble antibiotic

(ciprofloxacin) in wound healing. The nanofiber systems

demonstrated efficiency in the treatment of pseudomonas

aeruginosa in ex vivo human skin models (Rancan et al.,

2019). Furthermore, Zhu et al. developed core-shell

nanofibers for the treatment of melanoma. The nanofibers

exhibited high drug encapsulation efficiency, and their study

demonstrated the potential use of nanofibers in cancer

treatment with targeted drug delivery (Zhu et al., 2019).

4 Prospective advancements in
transdermal and topical delivery
systems

Although nanotechnology has shown great potential in the

advancement of topical and transdermal drug delivery, other

emerging technologies and approaches have also shown

conceivable prospective in improved drug delivery. One such

example are biologics, which are becoming increasingly popular

in transdermal delivery owing to the presence of biological

barriers limiting drug permeation. Novel therapeutics such as

anti-IL-13 inhibitor (tralokinumab), Janus kinase (JAK)

inhibitors (baricitinib, tofacitinib), and anti-IL-4Rα antibody

(dupilumab) are currently being investigated in the treatment

of inflammatory diseases (Deleanu and Nedelea, 2019; Bieber,

2021). The Food and Drug Administration (FDA) has recently

approved the first topical JAK inhibitor ruxolitinib cream for the

treatment of mild to moderate atopic dermatitis not sufficiently

treatable with prescription topical therapies (Chovatiya and

Paller, 2021).

Hyaluronic-acid-based systems are also becoming increasing

popular as they are widely used in the pharmaceutical industry

for their enhanced permeability and biocompatibility.

Hyaluronic acid is usually incorporated into nanoparticles,

ethosomes, and liposomal transdermal systems, in the

treatment of anti-inflammatory diseases such as atopic

dermatitis and psoriasis (How et al., 2020).

Apart from microneedles, other physical penetration

technologies in transdermal delivery such as sonophoresis

(Nguyen and Banga, 2018; Park et al., 2019), iontophoresis

(Park et al., 2019), and electroporation (Baveja, 2018) are

being investigated. They are generally considered to be safe,

efficient, and with high drug bioavailability. Furthermore,

electroporation is an emerging method that delivers

medication via small electrical impulses. This improves the

permeation of hydrophilic drugs across the stratum corneum

(Baveja, 2018). Sonophoresis involves the use of ultrasound

waves at varying frequencies to disrupt the skin barrier and

drive diffusion of drug across the skin, which enhances drug

permeation. Low-frequency ultrasound enhances drug

permeation to a greater extent compared to high-frequency

ultrasound (Nguyen and Banga, 2018; Park et al., 2019),

whereas in iontophoresis an electric field (the repulsive forces

between similarly charged molecules) is used to push molecules

into the skin. It offers fast drug release for the delivery of both

charged and uncharged molecules (Park et al., 2019). However,

the challenges that many of these prospective strategies face

include cost and large-scale feasibility due to the patient-specific

nature of the models. More intensive research and clinical studies

are thus required to ascertain long-term effects of some of the

techniques (Baveja, 2018).

5 Conclusion

An interesting aspect associated with transdermal drug delivery

is the need to improve drug permeation across the skin. The

limitations of conventional dermatotherapy are a continual

driving force for the need to develop more enhanced and

optimized topical and transdermal drug delivery systems. The
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implementation of nanotechnology for the development of

advanced therapeutic tools is increasingly getting more scientific

attention as it offers multiple advantages over conventional topical

dermatotherapy. Although this review has demonstrated the great

potential of nano-based carriers, it is important to consider

prospective advancements in technology and approaches that

improve targeted transdermal delivery to address some of the

gaps and challenges transdermal delivery still faces.
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