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The transdermal route of administration provides numerous advantages over

conventional routes i.e., oral or injectable for the treatment of different diseases and

cosmetics applications. The skin also works as a reservoir, thus deliver the penetrated

drug for more extended periods in a sustained manner. It reduces toxicity and local

irritation due to multiple sites for absorption and owes the option of avoiding systemic

side effects. However, the transdermal route of delivery for many drugs is limited since

very few drugs can be delivered at a viable rate using this route. The stratum corneum

of skin works as an effective barrier, limiting most drugs’ penetration posing difficulty

to cross through the skin. Fortunately, some non-invasive methods can significantly

enhance the penetration of drugs through this barrier. The use of nanocarriers for

increasing the range of available drugs for the transdermal delivery has emerged as

a valuable and exciting alternative. Both the lipophilic and hydrophilic drugs can be

delivered via a range of nanocarriers through the stratum corneum with the possibility

of having local or systemic effects to treat various diseases. In this review, the skin

structure and major obstacle for transdermal drug delivery, different nanocarriers used

for transdermal delivery, i.e., nanoparticles, ethosomes, dendrimers, liposomes, etc.,

have been discussed. Some recent examples of the combination of nanocarrier and

physical methods, including iontophoresis, ultrasound, laser, and microneedles, have

also been discussed for improving the therapeutic efficacy of transdermal drugs.

Limitations and future perspectives of nanocarriers for transdermal drug delivery have

been summarized at the end of this manuscript.
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INTRODUCTION

Oral administration is the typical route for drug delivery, but the
drawbacks such as first-pass metabolism, high cost, and repeated
dosing create this route challenging. A new drug delivery
mechanism needs to be developed to enhance the therapeutic
effectiveness, stabilization, and protection of medications to
address all these challenges (Shaw andMitchell, 1983). Stoughton
has predicted the percutaneous absorption of drugs long ago
in 1965, which tiled the technique for the topical/transdermal
drug delivery system (TDDS) (Idson, 1975). Medications through
TDDS offer an extended-spectrum for application to different
shapes and sizes of formulations of single or more than one
active constituents that, when applied on the integral skin, can
distribute to all over the body or can act locally at the site of
application. The wide-scale epidermis and informal functionality
make it an ideal route to the penetration of drugs (Prausnitz
and Langer, 2008). Though, the crucial trials in the formulation
of TDD are prerequisites to address the very high impermeable,
keratinized external layer skin, for example, ’stratum corneum’
(SC) for successful translation to clinics. The core function of
the stratum corneum is to give a protective layer for the tissues
beneath the skin, however, this blockade function often decreases
the quantity of drugs that can move through the skin passively
(Prausnitz et al., 2004).

In nanoparticle technology, the range of particles is 1–
500 nm to cure diseases and diagnose and has overcome the
highly significant issue of low bioavailability of drugs. There
have been many innovative studies and some of them are
patented nanotechnology-based products in the medical field
over the last few decades (Boisseau and Loubaton, 2011). The
purpose of this technique is to identify and resolve issues of
drugs for enhancing wellbeing by minimizing the adverse effects
of drugs with non-invasive treatments. Nanoparticles deliver
a lot of new resources to encounter these achievements. The
alteration of drugs and other ingredients on a nanometer scale
through nanotechnological approaches significantly enhances
the therapeutic outcomes of these materials and reduces the
associated side effects. Surface area, site-targeting, solubility
enhancement, control delivery, and sustained release are a few
properties that distinguish nanomedicines from conventional
counterparts (Hughes, 2005). The field of nanocarriers based
medicine is constantly growing and it has achieved success in
curing cancers and infectious disorders that were hard to treat
in the past (Díaz-Torres and Transdermal nanocarriers, 2010).

The use of such preparations on the skin for therapeutic
reasons is as ancient as the medical history, analogous to
the use of salves and ointments in the history of Egyptian
and Babylonian traditional therapies. The historical patterns in
permeation analysis are well characterized by Lane and Hadgraft
(Hadgraft and Lane, 2005). The skin has developed a crucial
route of drug delivery for topical, local, or systemic effects for
centuries. Nonetheless, the skin is a significant obstacle and offer
hindrances to the transdermal distribution of drugs. Meanwhile,
a limited number of drugs can reach the stratum corneum in
appropriate concentrations to achieve an active drug quantity in
the blood. Numerous methods have been developed and patented

to enhance the transdermal absorption of medicines (Barry, 2001;
Rizwan et al., 2009). Table 1 highlight the major advantages and
disadvantages of TDDS (Escobar-Chávez et al., 2012).

The fate of the medicinal agent in skin penetration through
the stratum corneum is shown in Figure 1. Improving
physical permeation enhancement technology also contributed to
increased interest in the delivery of transdermal medications.

SKIN AS A BARRIER FOR
TRANSDERMAL DRUG DELIVERY

Skin is the body’s most important organ and the body’s largest
organ consisting of three main layers (epidermis, dermis, and
hypodermis) (Hendriks et al., 2006). It performs a range of
essential functions, such as defense (biological, mechanical,
chemical, and physical) and hydro and thermo-regulation
(Roosterman et al., 2006). Skin appears as a central route for drug
delivery by allowing topically administered drugs to travel via
stratum corneum (SC) to extra locations inside the skin, which
could contribute to the systemic circulation (Sala et al., 2018).
Its wide surface area improves drug preoccupation, and thus
larger quantity of drugs could be efficiently distributed through
transdermal delivery systems. Nevertheless, the SC of the skin
also prevents the engrossment of some types of low permeable
and/or heavy molecular weight drugs (Schroeder et al., 2007; El
Maghraby et al., 2008).

The skin’s barrier function is almost entirely and quite
remarkably accomplished by the stratum corneum (SC)- a
morphologically and compositionally unique biomembrane
(Scheuplein and Blank, 1971). This enormously thin (nearly
1/100 of a mm), least permeable skin layer is the ultimate stage
in the epidermal differentiation process, forming a laminate of
compressed keratin-filled corneocytes anchored in a lipophilic

TABLE 1 | Major advantages and disadvantages of transdermal drug delivery.

Advantages of Transdermal

delivery

Disadvantages/Limitation of

transdermal delivery

Provide constant plasma levels

and is helpful for drugs that

need relatively consistent

plasma levels (Escobar-Chávez

et al., 2012).

The low permeability of the skin

limits the number of drugs

(Carpentieri-Rodrigues et al., 2007).

Prolong duration of action

(Carpentieri-Rodrigues et al.,

2007).

Local edema by the drug, Itching,

Erythema by the adhesive or other

excipients in the patches (Park

et al., 2019).

Irritation at the site of

administration.

Decreased dosing frequency

(Salinger et al., 2019).

Difficulties in large-scale production.

Provide drug administration

flexibility eliminating the patches

from the human skin. The

alternative route of drug delivery

for patients that are not eligible

for oral dosage forms.

Disruption of stratum corneum

integrity by lipids

(Carpentieri-Rodrigues et al., 2007).

The possibility of polymorphic

transition.
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FIGURE 1 | Drug molecules’ fate during skin penetration.

matrix (Christophers, 1971; Elias, 1981, 1983). The lipids of this
extracellular matrix are distinct in many ways (Gray et al., 1982;
Williams and Elias, 1987) i.e., (i) they provide the sole diffusion
pathway and continuous phase from skin’s surface to the base of
SC; (ii) the composition of skin is unique among biomembranes
and of particular interest is that it is devoid of phospholipids; (iii)
despite this deficit of lipids, the SC lipids produce multilamellar
sheets; and (iv) the long-chain, mostly saturated hydrocarbon
tails provide an ordered, interdigitated configuration and the
formation of gel-phase membrane domains as opposed to the
more usual liquid crystalline membrane systems.

However, it seems that the unusual lipid matrix alone cannot
entirely explain the outstanding resistivity of the membrane, and
the SC architecture as a whole has been proposed to play a key
role in the barrier function of the skin. Hence, the staggered
corneocyte arrangement in a lipid continuum is suggested to
confer a highly twisted lipoidal diffusion pathwaymaking it 1000-
times less permeable to water compared to other biomembranes
(Potts and Francoeur, 1991). The transport role of this twisting
pathway is further elucidated by visualization studies including
localization of different permeants in the intercellular channels

(Nemanic and Elias, 1980; Bodde et al., 1991), kinetic analysis of
the in vivo skin penetration rates of different model compounds
(Albery and Hadgraft, 1979), and through evidence from lipid
domains’ thermotropic biophysical studies (Golden et al., 1987;
Potts and Francoeur, 1990). Figure 2 shows the schematic view
of different skin layers.

ROUTES OF DRUG PENETRATION
VIA SKIN

Various studies have been conducted to determine the route of
penetration of topical compounds via the skin. The permeability
of drugs to the skin essentially require that the retained epidermis
should be diffused by the drug. The human skin additionally
contains sweat glands and hair follicles, which form thrust
pathways via the intact epidermis, accounting for 0.1% of the
entire skin (Illel, 1997). The penetration of the drug through the
skin is often regulated by the stratum corneum. Two different
pathways namely transcellular and intercellular are suggested for
drugs to cross this complete barrier.
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FIGURE 2 | Schematic illustration of the skin layer and showing penetration routes of the drug administered through the skin.

The Intercellular Lipid Route
The stratum corneum (SC) possesses interlamellar areas, such as
linking regions, ordered lipids, and stable hydrophobic chains
providing a non-planar gap between both the neighboring
cells and the crystalline lipid lamellae of the cell wall. For
transepidermal diffusion of lipid and amphiphilic particles, fluid
lipids in the skin layer are of vital significance, filling these spaces
for migration and insertion (Geinoz et al., 2004; Ly and Longo,
2004). Hydrophilic molecules diffuse mostly “laterally” through
surfaces with less inter-lamellar spaces filled with water or across
certain volumes. Polar molecules can also use the available spaces
at the same end between the outer membrane and the corneocyte
of the lamella (Gupta and Trivedi, 2016).

The Transcellular Pathway
The intracellular macromolecular matrix runs very deep in
keratin, which does not directly add to the diffusive barrier
of the skin; however, it promotes mechanical stability and
thus contributes to stratum corneum intactness. Transcellular
diffusion is unrelated to TDD (Cevc and Vierl, 2010).
Confocal microscopy has been applied to track small aqueous

transepidermal pathways where regions with intercellular and
low molecular weight lipids overlap with skin wrinkles. The
surface and, at the same time, the areas with the lowest
lipid density resist the delivery of hydrophilic substances
including drugs. Among corneocyte clusters, this small resistance
pathway occurs in positions where there is no lateral similarity
between such groups. The more confined and transport resistant
mechanism is the intra-cluster/inter-corneocyte mechanism
(Schätzlein and Cevc, 1998). The hydrophilic duct has openings
of ≥ 10 nm (narrow pores of intercorneocytes) and ≥ 5 µm
(appendages of the skin). Thus, they form the highest
width/lowest resistance end of the continuum are pilosebaceous
units (5–70 µm) and sweat ducts (≥50 µm), sebaceous glands
(5–15 µm). Cluster boundaries and junctions of clusters collapse
within the range (Mitragotri, 2003). The lipophilic cutaneous
boundary is defined by the predicted values andmolecular weight
rather than the molecular size of the drug (Johnson et al.,
1997). Different tools are applied for measuring the number of
drugs found in the skin or different skin layers. It has not been
possible to accurately and non-invasively quantify the volume
of topically used materials absorbed into the follicle. As a result,
cyanoacrylate skin surface, stripping techniques, peel biopsy, etc.,
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have been used to extract the topically applied dye-containing
stratum corneum components and estimate the amount of drug
absorbed through the transdermal route (Nguyen et al., 2019).
Different stripping techniques have also been applied to test the
delivery of topically used products selectively and non-invasively
into the follicular infundibula (Desai et al., 2013; Nakkam et al.,
2018; Carolina Oliveira Dos Santos et al., 2019).

DRUG PROPERTIES AND
TRANSDERMAL PENETRATION

Percutaneous drug absorption depends on physico-chemical
characteristics - which have the capacity of facilitating absorption
as well as on the condition of the skin. The factors that influence
percutaneous absorption include daily dose, molecular weight,
lipophilicity, andmelting point. Ideally, the daily dose of the drug
should be less than or equal to 20 mg per day, molecular weight
should be less than 500 Da, should have a log P-value between 1–
3 and the melting point should be less than 200◦C. Moreover, the
drugs applied to the transdermal delivery route should be non-
irritating and non-immunogenic (Finnin and Morgan, 1999).

In general, biomembranes consist of a lipophilic membrane
with a hydrophilic portion. The fundamental equation which
described passive drug transport through biomembranes is based
on Fick’s first law:

J = PxCaq

where J is the flow of the drug through the membrane
(mass/area/time), P is the permeability coefficient through the
lipophilic membrane and C is the concentration of the drug
between both sides of themembrane. The permeability coefficient
is defined as:

P = DxK
/

h

where D is the drug’s diffusion coefficient within the membrane,
K is the partition coefficient of the drug from the external
environment towards the membrane and h is the thickness of the
membrane. Finally, the diffusion coefficient can be estimated by
the Stokes-Einstein equation:

D = RT
/

6πηrN

where R is the molar gas constant, T is the absolute temperature,
η is the viscosity of the membrane, r is the radius of a spherical
drug molecule permeating the membrane, and N is Avogadro’s
number. The equation demonstrates that in order for the drug to
be released across the membrane, it must present some aqueous
solubility, (Caq); however, at the same time, it must also possess
lipophilicity and suffer partition from the external aqueous
environment to the lipophylic membrane (K). By observing
Stokes-Einstein equation, it’s possible to see that small molecules
are able to permeate much more easily than large molecules
(Loftsson, 2002).

The hydration of the skin is another factor that influences
the percutaneous absorption of drugs. The greater the hydration,
the higher and better the absorption of substances, in particular
polar substances. Hydration is the result of the diffusion of

water from adjacent layers, or of an accumulation of water –
after the application of some material and/or occlusive vehicle.
Other factors, such as the area and method, region, period of
application, the age of the skin, and the use of vehicles which
alter barrier function also influence percutaneous absorption
(Idson, 1975).

In a parallel manner, the presence of determined compounds,
which act with diverse mechanisms, can provide variations in
flow, due to modifications in cellular membrane structures,
diffusion coefficient alterations, the partition coefficient of the
SC/vehicle, influences cutaneous water content, and can also
modify superficial tension. These substances are designated
modifiers, accelerators, catalyzers, or simply, absorption
promotors. Such substances or physical methods, usually
temporarily and reversibly modify the SC barrier, assisting
in drug penetration. Iontophoresis, electroporation, and
ultrasound - physical methods -, apart from diverse chemical
absorption enhancers are used to make this route viable as a drug
administration alternative (Carpentieri-Rodrigues et al., 2007).

OVERCOMING THE FUNCTIONAL
BARRIER OF SKIN FOR TRANSDERMAL
DRUG DELIVERY

The skin exhibits a surprising evolutionary effect which not
only includes the physical penetration of microorganisms and
multifunctional interface with surroundings but also involves the
assembly of a highly effective hemostatic barrier to prevent water
loss. To do so, the skin serves as an adept membrane to limit
the transportation from the body to the environment or vice
versa. This barrier is considered as the main challenge for the
scientists working in the field of transdermal drug delivery. To
overcome the skin barrier, an efficient approach is highly required
to enhance the drug permeability through the skin and to expand
the drugs’ range for transdermal application. To achieve this goal,
various strategies based on varying complexity and efficacy are
available for the pharmaceutical scientists which are described
below (Naik et al., 2000):

Passive Penetration Enhancement
The simplest approach involves the manipulation of the
formulation used in the transdermal drug delivery. While
the design of super-loaded formulation, i.e., supersaturation,
microemulsion, and liposomal systems, is the more innovative
approach to overcome the skin barrier (Osborne et al., 1990;
Davis and Hadgraft, 1993). These approaches have modestly
improved the penetration across the membrane but are unlikely
to transform an impermeable drug entity into an ideal
transdermal candidate.

Drug Modification

Considering the drug molecules, the process of derivatization can
be used to modify the lipophilicity of any drug candidate. This
approach is involved in the pro-drug strategy to physicallymodify
the drug candidate for enhanced skin permeation. This prodrug
is enzymatically converted into its active form (Lee and Li, 1989).
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Hence the prodrug approach is successfully being utilized in
the field of the topical steroidal anti-inflammatory agent where
the inherent property of the pharmaceutical molecule is not
often exact with the topical potency. For instance, triamcinolone
has five times greater activity than that of hydrocortisone
but exhibits very low topical activity i.e., only 10%. However,
the topical efficacy of triamcinolone increase by 1000-folds
after being transformed into acetonide as this modification
provides favorable lipophilicity to triamcinolone. Similarly, the
topical activity of betamethasone was increased by 450-folds
after conversion into 17-valerate analog via esterification. This
approach has widely been exploited to develop a transdermal
formulation and the pharmaceutical scientist are in continuous
efforts on the method development to improve the permeability
of the membrane per se (Naik et al., 2000).

Chemical Enhancement

One of the widely utilized approaches includes the use of
chemicals which can reversibly alter the function of the skin’s
barrier and therefore allow penetration of low permeable drug
candidates into the membrane and systemic circulation. Various
chemicals have been reported to make the SC more permeable
including poly-alcohols, alcohols, amines, pyrrolidones, amides,
sulphoxides, fatty acids, alkanes, esters, surfactants, terpenes,
and phospholipids, and much more (Walters and Hadgraft,
1993). The structural diversity of these molecules prevents
the formulation of any singular mechanistic hypothesis but
it remains a source of debate which one is well echoed
by the vast penetration-enhancer through literature. However,
mechanistic information has been reported for some of the
molecules at the molecular level with the variable mode of
action, i.e., alcohols (e.g., ethanol) enhance the permeation by
extracting and solubilizing the lipid content of SC (Kai et al.,
1990), while fatty acids (e.g., oleic acid) are involved to induce
phase separation and lipid fluidization within the membrane
(Ongpipattanakul et al., 1991; Naik et al., 1995). On the other
hand, simple hydration is a well-known method to enhance the
absorption without affecting the conformation of lipid bilayer or
spacing but the mechanism is not yet known (Lieckfeldt et al.,
1994). Penetration enhancer 1-dodecylazacycloheptan-2- one
(Azone), show its activity at lower concentration and the possible
mechanism for its performance involves lipid fluidization and
ion-pairing (Hadgraft et al., 1985). It has also been reported
that the enhancers (e.g., fatty acids, Azone) and more polar co-
solvents (e.g., propylene glycol, ethanol) synergistically affect the
solubilization of the constituents within the SC hence promoting
the lipid-modulating effect. Likewise, the absorption mechanism
of solvents such as Transcutol involves the solubilization of drugs
within the membrane rather than causing the increase in drug
diffusivity (Harrison et al., 1996). By contrast, sulphoxides, are
comparatively aggressive and capable to induce various structural
deterioration, i.e., solubilization of membrane components and
keratin denaturation thus act as permeation enhancers.

Physical Penetration Enhancement
Transdermal systems provide several advantages, one of them is
the control and sustain release of drug candidate suffering from

the short biological half-life and require frequent administration.
The newly developing ‘biotechnology’ drugs (i.e., proteins,
peptides, and oligonucleotides) are particularly prone to this
problem. Although these therapeutics are highly specific and
potent but cannot be delivered by conventional methods because
of their exceptionally labile nature (Khavari, 1998; Pettit and
Gombotz, 1998). Besides this, these drugs are usually large
molecules with polar and/or charged groups which significantly
limit their transdermal delivery. However, physical enhancement
technologies (described below) are working to directly respond
to the described challenges and offer dominant and exciting
strategies to overcome the issues of transdermal application
(Berner and Dinh, 1998).

Iontophoresis

Iontophoresis is the most evolved technology facilitating drug
transportation across the membrane by using a small electrical
current (usually, 500 microamperes cm2). The electrical potential
allows the transport of charged species into the skin but the
efficacy of this approach is strictly dependent on the ionic
mobility, polarity, and valency of the drug being permeated as
well as on the constituents of the drug delivery formulation.
Typically, two electrolyte chambers (cathodic and anodic) are
employed on the skin and operate by using a constant current
source. The anodal chamber is contained the cationic drug while
the other contains the ionized molecule of the therapeutic drug
having the same polarity. The transportation of ions into the
membrane is dependent on the magnitude of current because
it is associated with the charge generation within the circuit
which in turn transports the charged ions into the skin. This
approach is considered an efficient and controlled drug delivery
method because the delivered drug content is directly related to
the applied charge intensity (Guy, 1992).

At the physiological pH, the skin carries a net negative charge
hence the delivery of the cationic drug is generally preferred
because the negatively charged membrane selectively accepts the
cationic substances under the influence of an applied electrical
field. However, transportation of small cations (such as buffer
salts) also occurs in the direction of the movement of cations
(anode to cathode). During their path, these ions collide with
solvent molecules and result in an electro-osmotic flow which
subsequently permits the transport of neutral species (along with
cationic substances) that can now literally be transported from
the anode to the cathode. For the transportation of cationic drugs,
with increasing molecular weight, the contribution of electro-
osmosis becomes more significant as compared to the classic
electro-repulsive effect such that it is probably considered as the
main transport mechanism for peptides and small proteins via
iontophoresis (Guy et al., 2000).

Over passive transport, iontophoretic transdermal delivery
exhibits various advantages such as dosing precision potential,
and pulsatile delivery profiles, which allow endogenous release
patterns to be mimicked and the avoidance of unwanted effects
(e.g., tolerance) as a result of sustained drug input. Iontophoresis
presents an authentic protocol for the administration of polar
and moderately sized (up to 7 kDa) ionized molecules (Guy,
1998). The delivery of such molecules at therapeutic levels
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is a function of both the transportability and potency of the
molecule [e.g., although iontophoretic delivery of insulin (6 kDa)
is possible the obtained plasma concentrations are not enough
which can fulfill the requirement of diabetic patients. Hence,
intense research is required for the transcutaneous route followed
by the molecules delivered by iontophoresis. Certainly, up-to-
date research showed the higher significance for this method of
drug delivery besides that some other pathway might be created
after the transportation of molecules under the high electric
influence as the charged permeants try to follow the path of least
resistance (Scott et al., 1992; Jadoul et al., 1995).

Electroporation

Electroporation uses high-voltage pulses for a shorter duration of
time and it is believed that this process creates the permeabilizing
potential at the localized regions by making the aqueous pathway
in the bilayer lipid membrane (Tsong, 1989). Based on this
destabilizing tool, permeabilizing nuclear membranes to effect
DNA transfer currently has become a topic of interest to enhance
transdermal transport (Prausnitz et al., 1993). In vitro analysis
has been performed for the electroporation of the SC using
exponential voltage pulses or square waves that are capable to
produce a transmembrane potential of up to 1 kV with a time
of about 10 ms–500 ms. This approach of electrical transdermal
improvement is considered as most effective (quantitatively)
than that of iontophoresis as confirmed by the in vitro
analysis (Bommannan et al., 1994). Furthermore, electroporation
significantly enhances the transport level as compared to passive
delivery (Wang et al., 1998), but it is limited in vivo, and
skin toxicological studies are present hence the establishment of
clinical value is still required.

Ultrasound

Ultrasound, the sound of frequency greater than 20 kHz,
is generally used to alter the skin’s barrier function (Barry,
2001; Escobar-Chávez, 2016). Although ultrasound technology
(sonophoresis) is widely used in various diagnostic procedures
and physical therapy, its unambiguous consignment to the
‘enhancement armamentarium’ is yet to be understood. The
frequencies that have been reported to enhance the transdermal
delivery cover a range of 20 kHz to 10 MHz with intensities
of up to 3 W cm2. It is reported that as compared to
conventional means, low-frequency ultrasound (∼20 kHz) is
capable of the greater deterioration of the skin barrier as the
therapeutic ultrasound (∼1MHz) treatment caused the 1000-fold
enhancement in transportation (Mitragotri et al., 1995b).

Mechanistically, sonophoresis creates various amendments in
the skin tissues (thermal, chemical, and mechanical alterations)
to enhance drug delivery. Sonophoresis is also reported to
form small gaseous pockets within cells (cavitation) along
with the elevation of skin temperature. The increase in pore
size causes the increased alterations of SC lipid architecture
(Mitragotri et al., 1996), which may eventually lead to significant
cytotoxicity (Bommannan et al., 1992). However, cavitation is
considered as themainmechanism through which low-frequency
ultrasound facilitates the skin permeation and probably accounts
for the improved transportation of polar macromolecules such

as interferon-g (∼17 kDa), insulin (∼6 kDa), and erythropoietin
(∼48 kDa) through the in vitromodel of human skin (Tachibana,
1992). Insulin has been successfully delivered to the skin
of the rats and rabbits (in vivo) via ultrasound-mediated
transdermal delivery (Tachibana, 1992; Mitragotri et al., 1995a).
The study provoked curiosity but data still needs validation
on human models to achieve a safe and effective level of
ultrasound application.

NANOCARRIERS FOR TRANSDERMAL
DRUG DELIVERY

Nanocarriers are classified as colloidal structures with a mean
diameter of fewer than 500 nanometres (Neubert, 2011).
New nanocarriers, including liposomes, nanoparticles (NPs),
nanoemulsion, and microemulsion are most investigated for
TDD. NPs have several benefits, such as higher drug diffusion for
TDD systems in the target area, improved physicochemical
stabilization of the drug-loaded in nanoparticles, and
sustained and regulated drug delivery. Lipid-based NPs
including liposomes, solid lipid nanoparticles (SLNs), niosomes
nanostructured lipid carriers (NLCs), and nanoemulsions have
also been widely used for TDD delivery (Patzelt et al., 2017). Hair
follicles act as a significant route to improve skin penetration
for both transdermal and dermal delivery. The mean size of NPs
is by far the most significant factor that decides the extent of
follicular penetration independent of the form of NPs (Patzelt
et al., 2017; Ghasemiyeh et al., 2019). Hair follicles targeting
might be an awesome option for the treatment of hirsutism
androgenetic alopecia, and acne vulgaris. Transfollicular drug
delivery does have the benefits of prolong drug accumulation and
storage, deep skin penetration, targeting the tissue, and improved
skin bioavailability (Fang et al., 2014). However, transdermal
hair follicle delivery is correlated with several challenges such
as low physical properties of activity, including compatibility,
pharmacokinetics, metabolism, and solubility, Paudel et al.
(2010), which need to be tackled. Compared to the traditional
drug delivery approaches, nanocarriers offer a passive drug
delivery strategy (Figure 3) which is considered to be safer and
quicker than the conventional methods.

Solid Lipid Nanoparticles (SLNs)
Solid lipid nanoparticles are produced by emulsifiers and solid
lipids. These are made from lipids that are fully stable at room
temperature (Garcês et al., 2018a). SLNs are nanocarriers with
sizes ranging from 50 to 2000 nm. Lipid NPs are recognized
as secure drug delivery systems for a variety of reasons,
including biodegradability, low toxicity, and biocompatibility
(Ghasemiyeh et al., 2017). SLNs based TDD systems have
the potential for occlusive and adhesion characteristics that
allow them to create a homogeneous and even coating on
the stratum corneum and extend the amount of residence
and boost the absorption through the skin (Arora et al.,
2017). TDD through lipid NPs could result in high drug
deposition in particular target areas such as hair follicles, sweat
glands, and sebaceous glands and reduce systemic adverse
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FIGURE 3 | Drug delivery strategy of Nanocarriers and conventional approaches.

reactions (Borgia et al., 2005). Studies also reported that SLNs
could dramatically improve the dermal absorption of active
pharmaceutical products relative to simple o/w creams and
nanoemulsions owing to SLN occlusion. In vivo research has
shown that cyclosporine A and calcipotriol-loaded lipid NPs
had the highest decrease in inflammation of the eye, increased
lesion, and lower psoriatic score relative to free medicines
(Arora et al., 2017). Loteprednol etabonate (LE) is a carbon-
20 ester corticosteroid having potent anti-inflammatory effects
and a reduced propensity for provoking corticosteroid related
adverse effects. It has been demonstrated that reducing the drug
particle size to the nanometer range in diameter using SLNs
provides effective ocular tissue penetration and resolution of
pain and inflammation despite a reduced drug concentration
(0.38%) and dosing frequency (Salinger et al., 2019). Benzoyl
peroxide SLN has demonstrated higher drug accumulation in
lower skin inflammation, skin organelles, continuous release
of drugs, lower systemic absorption of drugs, and decreased
adverse effects relative to the current marketing formulations

(Pokharkar et al., 2014). Lipid NPs are significant carriers for
lipophilic drugs for topical delivery having high log P-values
(logP > 3) and maximum molecular weight (≤500). The term
“cutaneous absorption” is properly used to characterize the sum
of the amounts of a drug that penetrates and permeates the
skin. The amount of drug absorbed through the skin depends
on many factors including the nature of the drug, the drug
load in the nanocarriers, type of surfactants or other permeation
enhancers used, and the area on which the formulation is
applied. Thus different formulations have respective capabilities
of delivering the loaded drug in different amounts (Ruela et al.,
2016). Owing to their lipid nature, SLNs are more effective
at trapping and penetrating deep into the skin layers. The
selection of surfactant mixtures and lipid plays an essential part in
lipid nanoparticle drug encapsulation, especially SLNs (exhibits
suitable crystalline structure) in the prevention of drug leakage
throughout processing and delivery. The absorption of drugs in
the lipidmixture should also bemeasured before themanufacture
of nanoparticles (Arora et al., 2017).
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A most critical drawback of topical SLNs is their ideal
crystalline form, which leads to higher bursting effects and
low drug loading. To tackle this restriction, the application
of a second lipid portion to the solid lipid matrix has
recently demonstrated improved stability, increased drug
loading performance, and improved prolong release potential
(Chantaburanan et al., 2017). Lipid-based NPs systems may
have a thick film on the skin surface with an occlusive effect
and improve the hydration of the skin. The involvement of
surfactants in this system can loosen or fluidize the stratum
corneum and can enhance the permeation of loaded drugs (Fang
et al., 2008). SLNs can also be employed in cosmetics, e.g., the
anti-wrinkle impact of retinyl palmitate-loaded SLNs has been
tested and the findings showed that it can protect the skin and
improve skin penetration.

Nanostructured Lipid Carriers (NLCs)
Nanostructured lipid carriers are produced by the combination
of liquid and solid lipids (Garcês et al., 2018b). Common liquid
lipids used for the preparation of NLCs are Triolein (Ghasemiyeh
et al., 2017), Miglyol (Stecová et al., 2007), oleic acid (Stecová
et al., 2007), sesame oil, Copaiba oil, Capryol PGMC, and sweet
almond oil (Ribeiro et al., 2017), to mention a few. These
nanoparticles are actual carriers for medicinal and cosmeceutical
products for dermal, transdermal, and follicular applications. The
usage of these nanocarriers have numerous benefits, for example,
drug safety, controlled release of drugs, enhanced bioavailability
of drugs, and improved diffusion and deposition in the tissues.
The potential mechanism of NLC to attract skin penetration
is its greater occlusion, which can be achieved by inducing an
improvement in the angularity of nanoparticles and stratum
corneum within a precise surface area, as well as the volume and
degree of encapsulation of loaded molecules.

Lipid nanoparticles have the possibility of interfering with
the lipid bilayer and persuading lipid reorganization that can
increase the accumulated drug molecules’ penetration. NLCs
also recover skin hydration by stopping trans-epidermal water
loss and through film starting on the stratum corneum surface
(Schwarz et al., 2013). Other promising applications of lipid
nanoparticles (especially NLC) are in the delivery of active
drugs through follicles to address androgenic skin diseases,
such as acne, hirsutism, and hair loss. The important property
of nanocarrier impacting the volume and depth of follicular
distribution is the size of nanoparticles (Ghasemiyeh et al., 2017),
i.e., tiny elements can enter the blood, while larger particles stay
on the stratum corneum surface and intermediate nanoparticles
can be deeply focused in sebaceous glands and hair follicles (Ricci
et al., 2005). In cosmetics, NLCs showed good properties than
SLNs, such as octyl methoxycinnamate (OMC)-loaded NLCs
demonstrated better UV safety than WTO-loaded SLNs, which
may be credited to maximum WTO solubility in liquid NLC
lipids (Garcês et al., 2018a).

Liposomes
Liposomes are made of unilamellar or multilamellar lipid bilayers
surrounding an aqueous phase. Liposomes are usually composed
of phospholipids and cholesterol. Liposomes can act as vesicular

nanocarriers and have many benefits for TDD, including local
anesthetics in the epidermis, controlling drug release, enhancing
absorption, and reducing side effects. It has been shown that
local tissue activation of liposomes reduces blood pressure and
urination (Maghraby et al., 2006). The deposition performance
of liposomes’ encapsulated drug is strongly influenced by the
composition of the liposome, particle size, lamellarity, fluidity,
and occlusive characterization, and also relay on liposome
preparation methods. SCL (stratum corneum liposomes) have
been documented to have improved sedimentation stability
compared to the alcohol-oil emulsions, and hydroalcoholic
solutions have greater precipitation compared to phospholipids
(Egbaria et al., 1990; Lee D. W. et al., 2015). Another application
of liposomes as a local drug delivery mechanism is their possible
follicular targeting (Lieb et al., 1992). Liposomes have the
potential to produce TDD, and current studies have shown
that deformable vesicles (called transdermal vesicles) are a safer
alternative to traditional liposomes for transdermal delivery
(Maghraby et al., 2006). Adding ethanol to the composition of
liposomes (so-called ethosomes) improves the durability of the
vesicles, and therefore the efficiency for skin penetration.

Super-deformed sulforaphane-loaded vesicles have been
extensively investigated for treating certain cancers. Its advantage
is that it reduces the dose compared to the traditional delivery
routes, thus minimum adverse effects are observed. Elastic
liposomes having a particle size of less than 300 nm have also
been investigated for the treatment of skin inflammatory diseases
and skin cancer (Di Francesco et al., 2017). These types of
nanocarriers have the advantages of prolonging stability and
improved drug release kinetics. Though there are many pitfalls
in the delivery of liposomal drugs via skin due to stability and
penetration problems (Cristiano et al., 2020). Paclitaxel-loaded
liposomes have been tested as a possible treatment for squamous
cell carcinoma in a study. Their findings indicate that compared
with free drugs, this TDD device can increase skin penetration
via the stratum corneum and enhance its anti-proliferative
effect, which may help improve the treatment of cases of
squamous cell carcinoma (Paolino et al., 2012). Liposomes have
two main functions in TDD e.g., deposition and preservation
(directed delivery to skin organelles), and enhancement of drug
penetration (Choi and Maibach, 2005). The particle size of
liposomes is an important parameter for skin penetration, as
previous studies have shown that smaller liposomes can retain
water in the skin layer, and smaller unilamellar vesicles (SUVs)
may be more effective than multicellular vesicles. Liposomes
larger than 600 nm cannot be effectively transmitted to the skin
layer, and most of them adhere to the surface of the horn layer.
Liposomes with a particle size of 300 nm penetrate deeper into
the skin layer, while liposomes of 70 nm are promising for skin
delivery (Choi and Maibach, 2005).

Niosomes
Niosomes are single or multi-layer spheroidal structures made
of surfactants and considered the counterpart of liposomes
(Balakrishnan et al., 2009). Nonionic surfactants are safer, fairly
non-toxic and biocompatible with the host, and can act as a
thickening agent in TDD. Surfactants that exhibit increased
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HLB values are not capable to form a vesicle due to the
advanced hydrophilicity of their particles, however, Tweens
and Spans are ideal non-ionic surfactants for the preparation
of noisome (Tavano et al., 2017). One of the processes for
enhanced permeation of niosomes through the skin is the
elimination of trans-epidermal water loss (TEWL) while the
alternate mechanism is the adsorption or fusion of the vesicles
with skin lipids.

Niosomes can disturb the configuration of the stratum
corneum to render it looser and more permeable (Muzzalupo
et al., 2017). Non-ionic surfactants used in niosomes
formulations can even serve as ideal enhancers of skin
permeation (Choi and Maibach, 2005). The tiny size of the
niosomes as drug-delivery devices can even improve the
bioavailability of the encapsulated medicines through the
skin. Previous research has shown that minoxidil-loaded
niosomes could dramatically improve skin penetration and skin
bioavailability relative to the conventional topical formulation. It
has also been reported that particle size and surfactant behavior
had a substantial effect on the amount of skin permeation and
bioavailability of encapsulated medicines. Previous research
indicated that 5-aminolevulinic acid (ALA)-loaded niosomes
could dramatically increase the penetration of the drug relative
to basic aqueous suspension (Bragagni et al., 2015). Niosomes
can function as nanocarriers for chemical drugs and peptides
and proteins. Spans and Tweens are the most commonly used
surfactants for niosomes for drugs, while diacyl glycerides
and poly-oxyethylene ether are mainly used in the niosomes
for the delivery of peptides and proteins. These factors can
also serve as permeation enhancers in the formulations of
niosomes (Choi and Maibach, 2005). The types of non-ionic
surfactants and the amount of cholesterol in niosomes are
important parameters for transdermal delivery. Previous studies
have suggested that Tweens can improve transdermal delivery
more than Span and lower levels of cholesterol can improve
transdermal delivery through niosomes (Fang et al., 2001).
Vesicular membrane fluidity is an essential factor influencing
the delivery of transdermal drugs by niosomes. Essential oils,
in particular terpenes, are considered an essential element of
niosomes formulations that can serve as penetration enhancers
by disrupting the structure of the stratum corneum. Besides,
essential oils have the ability for vesicular fluidization and
improvement of the elasticity of the niosomes, which may
increase the delivery of transdermal drugs. A previous study has
demonstrated that the addition of essential oils to the formulation
of felodipine-loaded niosomes greatly improved the permeation
of the drug and this improvement was heavily influenced by the
quantities and types of added essential oils. Lemon oil, clove
oil, and eucalyptus oil may dramatically improve transdermal
distribution relative to free niosomes (Eid et al., 2019).

Nanocrystals
Nanocrystals are particulate structures that are entirely made up
of drug particles through top-down or bottom-up approaches.
Nanocrystals vary in size from 1 to 1000 nm (Pireddu et al., 2016)
and are kept dispersed and stabilized by stabilizers to prevent
their aggregation. There are three kinds of stabilizers which are
commonly used for nanocrystal development, including ionic

stabilizers, non-ionic stabilizer; and polymeric stabilizers (Müller
et al., 2011). The topical formulations of drug nanocrystals
can allow increased dermal bioavailability of the drug,
saturation solubility, surface adhesion, drug release rate, and
dissolution rate (Shegokar, 2016). Milling approaches and high-
pressure homogenization techniques (top-down) are the most
common approaches used in nanosuspension and nanocrystal
formulation. The final aim of nanotechnology is to increase the
absorption of poorly water-soluble drugs in the skin. A previous
study has reported that lutein nanocrystals (nanosuspension)
display remarkably greater saturation solubility compared to the
lutein microcrystals (coarse powder and the nanocrystals had
improved skin penetration (Vickers, 2017).

As nanocrystals can improve the dissolution rate of poorly
water-soluble products, they are an efficient new delivery system
for dermal use. Nanocrystals are effective drug carriers for
water-insoluble drugs and drugs with minimal skin penetration,
however, the most significant drawback is their optimization
for size and regular dosing (Döge et al., 2016). Nanocrystals
are used to boost skin deposition, increase skin permeation
and achieve rapid skin penetration compared to standard
topical formulations. Research has shown that dexamethasone
nanocrystals significantly improved skin penetration compared
to traditional dexamethasone creams and dexamethasone-loaded
ethyl cellulose nanocarriers. These findings also showed that
much of the medication was deposited in the dermis layer in
nanocrystal formulations relative to traditional nanocarriers in
which much of the drug stayed in the epidermis and rapid skin
permeation was observed for nanocrystal (Pyo et al., 2017).

Natural Lipids Based Nanoparticles
Lipid nanoparticles may be formulated using natural lipids
like Illip butter with the potential for skin hydration and
Calendula oil with the benefit of anti-inflammatory and curing
properties. These natural lipid nanoparticles can be used to
encapsulate certain active pharmaceuticals for selective skin
delivery (Pivetta et al., 2018). Another benefit of natural lipid
nanoparticles is their lower potential toxicity relative to other
synthetic ones. An example of these natural lipids is stearin
fractions of fruit kernel that have been examined in the topical
drug distribution of tretinoin (Mandawgade and Patravale,
2008). Natural nanoparticles will also be regarded as potential
nanocarriers for skin distribution and targeting strategies of
high effectiveness and reduced toxicity issues. Table 2 enlists the
various therapeutic agents loaded in nanocarriers along with their
benefits and drawbacks.

COMBINATION OF NANOCARRIERS
AND PHYSICAL METHODS FOR
ENHANCED TRANSDERMAL DELIVERY

Ultrasonic treatment (sonophoresis, phonophoresis) is one of
the less invasive physical enhancers (Tyle and Agrawala, 1989;
Mitragotri, 2017). It is effectively utilized for enhanced intra- and
transdermal delivery of bioactive molecules (Mitragotri, 2017)
and particulate systems (Genina et al., 2019). Such ultrasonic
treatment of skin at frequencies higher than 0.7 MHz gives rise
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to pressure changes in the medium, forming cavitation bubbles
inside the inherent cavities represented by hair follicle shafts and
sweat glands (Polat et al., 2011). Bubbles oscillation in the follicles
push the particle suspension down the follicle. It was shown, that

application of 1 MHz ultrasound at a power density of 2 W/cm2

did not induce adverse effects on rat skin (Levy et al., 1989).
Prolongation of the enhanced permeability time window allows
for the stepwise application of drugs or vaccines (Mitragotri et al.,

TABLE 2 | Therapeutic materials encapsulated in nanocarriers and their applications.

Nanocarriers

(size)

Advantages/Disadvantages Active Drug Applications References

Niosomes

(100-2000 nm)

Can be used for both hydrophilic

and lipophilic drugs, relatively

stable/stability issue, irritation

Quercetin Antioxidant and skin whitening

agent

Lu et al., 2019

Asiaticoside Antipsoriasis, antiaging, and burn

and wound healing agent

Wichayapreechar et al., 2020

Liposomes

(20-10,000 nm)

Can carry both hydrophilic and

lipophilic drugs/shelf life, stability

issue, costly

Vitamin D3 UV protective and antiaging agent Bi et al., 2019

Folic acid Skin regenerative and nutritional

Agent

Kapoor et al., 2018

Nanostructured

lipid carriers

(10-1000 nm)

enhanced drug encapsulation and

stability/often Lipid particle growth

Hydroquinone Antioxidant and skin bleaching

Agent

Wu et al., 2017

Isoliquiritigenin Antioxidant and skin whitening

agent

Noh et al., 2017

Nanoemulsions

(50-200 nm)

Can be used for all type of lipophilic

drugs/irritation, stability issues,

phase separation, and inversion

docosahexaenoic acid and

Eicosapentaenoic acid

Anti-proliferative and

Anti-inflammatory

Kabri et al., 2011

Hyaluronan Hydrating and antiaging agent Kong et al., 2011

Solid lipid

Nanoparticles

(50-100 nm)

Stable, prolong the release of

drugs/unpredictable gelation, low

drug encapsulation

Tazarotene Acne scare healing, Antipsoriasis,

and photo-aging properties

Rajkumar et al., 2019

Idebenone Antioxidant and hydrating agent Montenegro et al., 2018

TABLE 3 | Examples of Nanocarriers combined with physical methods for transdermal drug delivery.
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Advantages/Disadvantages Active Drug Applications References
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agent
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and wound healing agent

Wichayapreechar et al.,

2020

Liposomes

(20-10,000 nm)

Can carry both hydrophilic and

lipophilic drugs/shelf life, stability
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Vitamin D3 UV protective and antiaging agent Bi et al., 2019

Folic acid Skin regenerative and nutritional

Agent

Kapoor et al., 2018

Nanostructured

lipid carriers

(10-1000 nm)

enhanced drug encapsulation and

stability/often Lipid particle growth

Hydroquinone Antioxidant and skin bleaching

Agent

Wu et al., 2017

Isoliquiritigenin Antioxidant and skin whitening

agent

Noh et al., 2017

Nanoemulsions

(50-200 nm)
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drugs/irritation, stability issues,

phase separation, and inversion

docosahexaenoic acid and

Eicosapentaenoic acid

Anti-proliferative and

Anti-inflammatory

Kabri et al., 2011

Hyaluronan Hydrating and antiaging agent Kong et al., 2011

Solid lipid

Nanoparticles

(50-100 nm)

Stable, prolong the release of

drugs/unpredictable gelation, low

drug encapsulation

Tazarotene Acne scare healing, Antipsoriasis,

and photo-aging properties

Rajkumar et al., 2019

Idebenone Antioxidant and hydrating agent Montenegro et al., 2018
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1996). Ultrasonication can also be coupled with other methods.
Thus, enhanced transdermal delivery of solid nanoparticles by
simultaneous application of ultrasound and various chemical
enhancers has been demonstrated (Lopez et al., 2011; Zaytsev
et al., 2020).

Iontophoretic delivery is another effective non-invasive
approach for therapeutic drug delivery (Merino et al., 2017;
Wu et al., 2020). Generally, transdermal iontophoresis creates a
small electric current (0.1–0.5 mA/cm2) in the skin to induce
transdermal molecular transport, enhancing drug transportation
by electrorepulsion and electro-osmosis. At neutral pH, the
skin is negatively charged and cation-permselective (Burnette
and Ongpipattanakul, 1987). Thus, the current passage causes a
convective solvent flow from anode to cathode, facilitating cation
transport and enabling the enhanced transdermal transport of
neutral, polar solutes. Relative electrorepulsion and electro-
osmosis effects depend on the physico-chemical and electrical
characteristics of the membrane and permanent. Besides, the
negative charge of the skin can be reduced, neutralized, or
even reversed by the iontophoresis of certain cationic, lipophilic
species (Hoogstraate et al., 1994).

Simultaneous application of sonophoresis and iontophoresis
has also been applied (Long et al., 2000; Watanabe et al., 2009;
Park et al., 2019). The synergistic effect of their application is
demonstrated for transdermal delivery of various cosmeceutical
drugs using a Franz diffusion cell. Such a combined strategy
is advantageous as it declines the energy density and thereby
reduces skin irritation (Park et al., 2019).

Phono- and iontophoresis were successfully applied for
translingual delivery of antimycotics (e.g., terbinafine and
ciclopirox) allowing the significant enhancement of their
penetration into nail plates (Nair et al., 2009; Kline-Schoder
et al., 2019). Heating is another physical approach allowing
one to improve the delivery profile of topical medicaments
(Hao et al., 2016; Szunerits and Boukherroub, 2018). The heat-
enhanced effect is generally attributed to both an increase
in drug diffusion in the vehicle and skin and an increase
in skin lipid fluidity. Furthermore, the skin temperature rise
increases its blood supply that also plays an important role
in enhancing the transdermal delivery of a topically applied
compound (Szunerits and Boukherroub, 2018).

Microporation is one of the most common invasive physical
methods applied for skin barrier removal. Such a method
allows the formation of micropores or even microchannels
in the skin by the usage of microneedles fabricated of
different materials and geometries (Migdadi and Donnelly,
2019; Waghule et al., 2019) or laser and radiofrequency
ablations, which allows for further transferring of water-
soluble molecules and macromolecules (Sintov et al., 2003;
Szunerits and Boukherroub, 2018), as well as particulate
systems (Genina et al., 2013; Belikov et al., 2015; Lee W.
R. et al., 2015; Genina et al., 2016; Engelke et al., 2018).
Such techniques enable the delivery of much larger molecules
with much greater fluxes into the skin than other methods
and therefore are extensively developed for delivery of insulin
(Fang et al., 2004), hormones (Song et al., 2018), vaccines (Weiss
et al., 2012), etc.

Although the formation of micron-scale holes within the
stratum corneum is a prospective and successfully applied
approach towards transdermal drug transportation, its
adaptation for antifungal treatment of skin appears unpromising
as this procedure is invasive. Furthermore, it should be
mentioned here that micro-needling treatment results in the
expression of various genes related to epidermal differentiation,
inflammation, and dermal remodeling (Schmitt et al., 2018).
Thus, microneedles possess their pharmacological activity which
may interact with the antimycotic compound.

The combined application of the most efficient physical
methods with various nanocarriers has also been investigated
demonstrating its superiority in drug penetration enhancement
compared to their single-use (Dragicevic and Maibach, 2018).
Thus, for example, a particulate drug delivery system based on
the use of porous biodegradable carriers appeared beneficial
when applied topically together with sonophoresis (Svenskaya
et al., 2019, 2020). Meanwhile, no evidence of systemic toxicity
enhancement was indicated. The proposed system provided
the transportation of immobilized drugs along with the entire
depth of hair follicles, its intrafollicular accumulation, and
prolonged storage. Such an approach was successfully applied
for transdermal delivery of griseofulvin antifungal drugs as well
(Lengert et al., 2019). Some examples (Ding et al., 2011; Tomoda
et al., 2011, 2012; Taveira et al., 2014; Charoenputtakun et al.,
2015; Huber et al., 2015; Qiu et al., 2016; Takeuchi et al., 2017;
Teong et al., 2017) of the combined nanocarriers and physical
methods are listed in Table 3.

LIMITATIONS AND FUTURE OUTLOOK
OF NANOCARRIERS FOR
TRANSDERMAL DRUG DELIVERY

Among various challenges for nanocarriers, there is a lack of
essential studies and standards, which are required to develop
to ensure an appropriate classification, analytical evaluation,
toxicological and pharmacological evaluation of these systems.
These are critical for the evaluation of the effectiveness of
nanotechnology for therapy and diagnostics due to their tiny
scale, maximum surface energy, structure, and design. The key
benefits of nanocarrier based drugs are that their multifunctional
attributes and it is possible to manipulate the functional groups
present in the nanocarriers for desired outcomes (Esfand and
Tomalia, 2001; D’Emanuele and Attwood, 2005). Owing to their
shape and size (1–10 nm), these particles may hold imaging
agents, drugs, and may interfere with lipids in membranes to
improve permeation as documented for intestinal absorption and
cell cultures. Nanocarriers improve the absorption of lipophilic
drugs more effectively compared to hydrophilic drugs.

Compromised biodegradation and intrinsic cytotoxicity are
the major hurdles with these formulations for translation
to clinics (Parekh, 2007). Different strategies have been
developed to overcome this issue such as pairing with other
biocompatible ingredients. Dendrimers have been paired with
peptides to produce less toxic dendrimers. Dendrimers-peptides
are composed of amino acids, which are bound by peptide-amide
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to the branches of dendrimers in the core or upon the upper
surface to mitigate toxicity. Moreover, the production of these
complexes is less costly and there is little problem in purification
(Cloninger, 2002; Niederhafner et al., 2005). Further research is
required to study the interactions of nanocarriers as well as other
particles, and the interactions of the nanocarriers and biological
systems should be fully explained. The toxicity of nanocarriers
is also a significant issue, and a lot of research groups are
actively engaged in designing and manipulating the nanocarriers
to mitigate their toxicity. Nanocarriers act drastically when they
are reduced to tiny particles. Standard rules are not applied
to this "nanoscale" in the same manner as they work at the
macro-scale. On the macro scale, the majority of characteristics
of the substance predominate over the surface properties. Also
at the micro-scale, surface properties tend to predominate. Both
forms of properties play a major role in the mesoscale (Medintz
et al., 2005; Zaib and Iqbal, 2019). Besides that, the effects of
metabolized/modified nanostructures on the biological system
are hard to guess. Regulatory agencies are taking steps to test
emerging nanocarriers, their properties, and biocompatibility
with the host. Though manufacturing nanocarriers from the
laboratory to mass production is hard, and the materials applied
to produce nanocarriers are costly still we hope this technology
will be a promising one for combating certain long-lasting and
un-treatable diseases like cancer.

CONCLUSION

Nanotechnology has demonstrated numerous benefits for the
topical and transdermal delivery of medications. It has already
been reported for different medications that topical/transdermal
formulations composed of NPs can boost skin penetration,
increase treatment effectiveness, target epidermis or follicles, and
minimize the adverse events. Besides, enhanced activities have
been recorded. Most of these delivery systems can be used for
both hydrophilic and lipophilic particles. Further development
within the structures, processing processes, and procedures
promote the production of new and improved nanocarriers.
Combined physical methods and nanocarrier based drug delivery
has seen much progress in the field of topical drug delivery.
However, future research needs to properly establish a unified
system for a range of drugs to be used in nanocarriers and
calculate their risk ratio.

AUTHOR CONTRIBUTIONS

Y-QY and XY collected the data and drew the figures. X-FW and
Y-BF wrote the manuscript. All authors contributed to the article
and approved the submitted version.

REFERENCES

Albery, W. J., and Hadgraft, J. (1979). Percutaneous absorption: in vivo
experiments. J. Pharm. Pharmacol. 31, 140–147. doi: 10.1111/j.2042-7158.1979.
tb13456.x

Arora, R., Katiyar, S. S., Kushwah, V., and Jain, S. (2017). Solid lipid nanoparticles
and nanostructured lipid carrier-based nanotherapeutics in treatment of
psoriasis: a comparative study. Expert Opin. Drug Deliv. 14, 165–177. doi:
10.1080/17425247.2017.1264386

Balakrishnan, P., Shanmugam, S., Lee, W. S., Lee, W. M., Kim, J. O., Oh, D. H.,
et al. (2009). Formulation and in vitro assessment of minoxidil niosomes for
enhanced skin delivery. Int. J. Pharm. 377, 1–8. doi: 10.1016/j.ijpharm.2009.04.
020

Barry, B. W. (2001). Novel mechanisms and devices to enable successful
transdermal drug delivery. Eur. J. Pharm. Sci. 14, 101–114. doi: 10.1016/s0928-
0987(01)00167-1

Belikov, A. V., Skrypnik, A. V., Shatilova, K. V., and Tuchin, V. V. (2015).
Multi-beam laser-induced hydrodynamic shock waves used for delivery of
microparticles and liquids in skin. Lasers Surg. Med. 47, 723–736. doi: 10.1002/
lsm.22417

Berner, B., and Dinh, S. M. (1998). “Electronically assisted drug
delivery: an overview,” in Electronically Controlled Drug Delivery,
eds B. Berner and S. M. Dinh (London: Routledge), 3–7.
doi: 10.1201/9780429262838-2

Bi, Y., Xia, H., Li, L., Lee, R. J., Xie, J., Liu, Z., et al. (2019). Liposomal Vitamin
D3 as an anti-aging agent for the skin. Pharmaceutics 11:311. doi: 10.3390/
pharmaceutics11070311

Bodde, H., Van den Brink, I., Koerten, H., and De Haan, F. (1991). Visualization
of in vitro percutaneous penetration of mercuric chloride; transport through
intercellular space versus cellular uptake through desmosomes. J. Control.
Release 15, 227–236. doi: 10.1016/0168-3659(91)90114-s

Boisseau, P., and Loubaton, B. (2011). Nanomedicine, nanotechnology in
medicine. Compt. Ren. Phys. 12, 620–636.

Bommannan, D., Menon, G. K., Okuyama, H., Elias, P. M., and Guy, R. H. (1992).
Sonophoresis. II. Examination of the mechanism (s) of ultrasound-enhanced
transdermal drug delivery. Pharm. Res. 9, 1043–1047.

Bommannan, D. B., Tamada, J., Leung, L., and Potts, R. O. (1994). Effect of
electroporation on transdermal lontophoretic delivery of luteinizing hormone
releasing hormone (LHRH) in vitro. Pharm. Res. 11, 1809–1814.

Borgia, S. L., Regehly, M., Sivaramakrishnan, R., Mehnert, W., Korting,
H. C., Danker, K., et al. (2005). Lipid nanoparticles for skin penetration
enhancement—correlation to drug localization within the particle matrix as
determined by fluorescence and parelectric spectroscopy. J. Control. Release
110, 151–163. doi: 10.1016/j.jconrel.2005.09.045

Bragagni, M., Scozzafava, A., Mastrolorenzo, A., Supuran, C. T., and Mura, P.
(2015). Development and ex vivo evaluation of 5-aminolevulinic acid-loaded
niosomal formulations for topical photodynamic therapy. Int. J. Pharm. 494,
258–263. doi: 10.1016/j.ijpharm.2015.08.036

Burnette, R. R., and Ongpipattanakul, B. (1987). Characterization of the
permselective properties of excised human skin during iontophoresis. J. Pharm.

Sci. 76, 765–773. doi: 10.1002/jps.2600761003
Carolina Oliveira Dos Santos, L., Spagnol, C. M., Guillot, A. J., Melero, A., and

Corrêa, M. A. (2019). Caffeic acid skin absorption: delivery of microparticles to
hair follicles. Saudi Pharm. J. 27, 791–797. doi: 10.1016/j.jsps.2019.04.015

Carpentieri-Rodrigues, L. N., Zanluchi, J. M., and Grebogi, I. H. (2007).
Percutaneous absorption enhancers: mechanisms and potential. Braz. Arch.
Biol. Technol. 50, 949–961. doi: 10.1590/s1516-89132007000700006

Cevc, G., and Vierl, U. (2010). Nanotechnology and the transdermal route: a
state of the art review and critical appraisal. J. Control. Release 141, 277–299.
doi: 10.1016/j.jconrel.2009.10.016

Chantaburanan, T., Teeranachaideekul, V., Chantasart, D., Jintapattanakit, A.,
and Junyaprasert, V. B. (2017). Effect of binary solid lipid matrix of wax and
triglyceride on lipid crystallinity, drug-lipid interaction and drug release of
ibuprofen-loaded solid lipid nanoparticles (SLN) for dermal delivery. J. Colloid
Interface Sci. 504, 247–256. doi: 10.1016/j.jcis.2017.05.038

Charoenputtakun, P., Li, S. K., and Ngawhirunpat, T. (2015). Iontophoretic
delivery of lipophilic and hydrophilic drugs from lipid nanoparticles across
human skin. Int. J. Pharm. 495, 318–328. doi: 10.1016/j.ijpharm.2015.08.094

Choi, M. J., and Maibach, H. I. (2005). Liposomes and niosomes as topical drug
delivery systems. Skin Pharmacol. Physiol. 18, 209–219. doi: 10.1159/000086666

Christophers, E. (1971). Cellular architecture of the stratum corneum. J. Invest.
Dermatol. 56, 165–169. doi: 10.1111/1523-1747.ep12260765

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 March 2021 | Volume 9 | Article 646554

https://doi.org/10.1111/j.2042-7158.1979.tb13456.x
https://doi.org/10.1111/j.2042-7158.1979.tb13456.x
https://doi.org/10.1080/17425247.2017.1264386
https://doi.org/10.1080/17425247.2017.1264386
https://doi.org/10.1016/j.ijpharm.2009.04.020
https://doi.org/10.1016/j.ijpharm.2009.04.020
https://doi.org/10.1016/s0928-0987(01)00167-1
https://doi.org/10.1016/s0928-0987(01)00167-1
https://doi.org/10.1002/lsm.22417
https://doi.org/10.1002/lsm.22417
https://doi.org/10.1201/9780429262838-2
https://doi.org/10.3390/pharmaceutics11070311
https://doi.org/10.3390/pharmaceutics11070311
https://doi.org/10.1016/0168-3659(91)90114-s
https://doi.org/10.1016/j.jconrel.2005.09.045
https://doi.org/10.1016/j.ijpharm.2015.08.036
https://doi.org/10.1002/jps.2600761003
https://doi.org/10.1016/j.jsps.2019.04.015
https://doi.org/10.1590/s1516-89132007000700006
https://doi.org/10.1016/j.jconrel.2009.10.016
https://doi.org/10.1016/j.jcis.2017.05.038
https://doi.org/10.1016/j.ijpharm.2015.08.094
https://doi.org/10.1159/000086666
https://doi.org/10.1111/1523-1747.ep12260765
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Yu et al. Nanotechnology and Transdermal Delivery

Cloninger, M. J. (2002). Biological applications of dendrimers. Curr. Opin. Chem.

Biol. 6, 742–748.
Cristiano, M. C., Froiio, F., Spaccapelo, R., Mancuso, A., Nisticò, S. P., Udongo,

B. P., et al. (2020). Sulforaphane-loaded ultradeformable vesicles as a potential
natural nanomedicine for the treatment of skin cancer diseases. Pharmaceutics

12:6. doi: 10.3390/pharmaceutics12010006
Davis, A. F., and Hadgraft, J. (1993). Supersaturated solutions as topical drug

delivery systems. Drugs Pharm. Sci. 59, 243–267.
D’Emanuele, A., and Attwood, D. (2005). Dendrimer–drug interactions. Adv. Drug

Deliv. Rev. 57, 2147–2162. doi: 10.1016/j.addr.2005.09.012
Desai, P. R., Shah, P. P., Hayden, P., and Singh, M. (2013). Investigation of

follicular and non-follicular pathways for polyarginine and oleic acid-modified
nanoparticles. Pharm. Res. 30, 1037–1049. doi: 10.1007/s11095-012-0939-6

Di Francesco, M., Primavera, R., Fiorito, S., Cristiano, M. C.,
Taddeo, V. A., Epifano, F., et al. (2017). Acronychiabaueri
analogue derivative-loaded ultradeformable vesicles: physicochemical
characterization and potential applications. Planta Med. 83, 482–491.
doi: 10.1055/s-0042-112225

Díaz-Torres, R., and Transdermal nanocarriers (2010). “Transdermal
nanocarriers,” in Current Technologies to Increase the Transdermal

Delivery of Drugs, ed. V. Merino (Bussum: Bentham Science), 120–140.
doi: 10.2174/978160805191511001010120

Ding, Z., Bal, S. M., Romeijn, S., Kersten, G. F., Jiskoot, W., and Bouwstra, J. A.
(2011). Transcutaneous immunization studies in mice using diphtheria toxoid-
loaded vesicle formulations and a microneedle array. Pharm. Res. 28, 145–158.
doi: 10.1007/s11095-010-0093-y

Döge, N., Hönzke, S., Schumacher, F., Balzus, B., Colombo, M., Hadam, S.,
et al. (2016). Ethyl cellulose nanocarriers and nanocrystals differentially deliver
dexamethasone into intact, tape-stripped or sodium lauryl sulfate-exposed
ex vivo human skin-assessment by intradermal microdialysis and extraction
from the different skin layers. J. Control. Release 242, 25–34. doi: 10.1016/j.
jconrel.2016.07.009

Dragicevic, N., andMaibach, H. (2018). Combined use of nanocarriers and physical
methods for percutaneous penetration enhancement.Adv. Drug Deliv. Rev. 127,
58–84. doi: 10.1016/j.addr.2018.02.003

Egbaria, K., Ramachandran, C., and Weiner, N. (1990). Topical delivery of
ciclosporin: evaluation of various formulations using in vitro diffusion
studies in hairless mouse skin. Skin Pharm. Physiol. 3, 21–28.
doi: 10.1159/000210837

Eid, R. K., Essa, E. A., and El Maghraby, G. M. (2019). Essential oils in niosomes for
enhanced transdermal delivery of felodipine. Pharm. Dev. Technol. 24, 157–165.
doi: 10.1080/10837450.2018.1441302

El Maghraby, G. M., Barry, B. W., and Williams, A. C. (2008). Liposomes and
skin: from drug delivery to model membranes. Eur. J. Pharm. Sci. 34, 203–222.
doi: 10.1016/j.ejps.2008.05.002

Elias, P. M. (1981). Lipids and the epidermal permeability barrier. Arch. Dermatol.

Res. 270, 95–117. doi: 10.1007/bf00417155
Elias, P. M. (1983). Epidermal lipids, barrier function, and desquamation. J. Invest.

Dermatol. 80(1 Suppl.), 44s–49s.
Engelke, L., Winter, G., and Engert, J. (2018). Application of water-soluble

polyvinyl alcohol-based film patches on laser microporated skin facilitates
intradermal macromolecule and nanoparticle delivery. Eur. J. Pharm.

Biopharm. 128, 119–130. doi: 10.1016/j.ejpb.2018.04.008
Escobar-Chávez, J. J. (2016). Physical Penetration Enhancers: Therapeutic

Applications and Devices. Sharjah: Bentham Science Publishers.
Escobar-Chávez, J. J., Díaz-Torres, R., Rodríguez-Cruz, I. M., Domínguez-Delgado,

C. L., Morales, R. S., Ángeles-Anguiano, E., et al. (2012). Nanocarriers for
transdermal drug delivery. Res. Rep. Trans. Drug Deliv. 1, 3–17. doi: 10.2147/
rrtd.s32621

Esfand, R., and Tomalia, D. A. (2001). Poly (amidoamine)(PAMAM) dendrimers:
from biomimicry to drug delivery and biomedical applications. Drug Discov.

Today 6, 427–436. doi: 10.1016/s1359-6446(01)01757-3
Fang, C.-L., Aljuffali, I. A., Li, Y.-C., and Fang, J.-Y. (2014). Delivery and

targeting of nanoparticles into hair follicles. Ther. Deliv. 5, 991–1006.
doi: 10.4155/tde.14.61

Fang, J. Y., Fang, C. L., Liu, C. H., and Su, Y. H. (2008). Lipid nanoparticles as
vehicles for topical psoralen delivery: solid lipid nanoparticles (SLN) versus

nanostructured lipid carriers (NLC). Eur. J. Pharm. Biopharm, 70, 633–640.
doi: 10.1016/j.ejpb.2008.05.008

Fang, J.-Y., Lee,W.-R., Shen, S.-C.,Wang, H.-Y., Fang, C.-L., and Hu, C.-H. (2004).
Transdermal delivery of macromolecules by erbium: YAG laser. J. Control.
Release 100, 75–85.

Fang, J. Y. Y., Yu, S. Y. Y., Wu, P. C. C., and Huang, Y. B. (2001). Bin, Tsai Y-HH.
vitro skin permeation of estradiol from various proniosome formulations. Int.
J. Pharm. 215, 91–99. doi: 10.1016/s0378-5173(00)00669-4

Finnin, B. C., and Morgan, T. M. (1999). Transdermal penetration enhancers:
applications, limitations, and potential. J. Pharm. Sci. 88, 955–958. doi: 10.1021/
js990154g

Garcês, A., Amaral, M. H., Lobo, J. M. S., and Silva, A. C. (2018a). Formulations
based on solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) for cutaneous use: a review. Eur. J. Pharm. Sci. 112, 159–167. doi:
10.1016/j.ejps.2017.11.023

Garcês, A., Amaral,M. H., Sousa Lobo, J. M., and Silva, A. C. (2018b). Formulations
based on solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) for cutaneous use: a review. Eur. J. Pharm. Sci. 112, 159–167. doi: 10.
1016/j.ejps.2017.11.023

Geinoz, S., Guy, R. H., Testa, B., and Carrupt, P.-A. (2004).
Quantitative structure-permeation relationships (QSPeRs) to predict
skin permeation: a critical evaluation. Pharm. Res. 21, 83–92.
doi: 10.1023/b:pham.0000012155.27488.2b

Genina, E. A., Bashkatov, A. N., Dolotov, L. E., Maslyakova, G. N., Kochubey,
V. I., Yaroslavsky, I. V., et al. (2013). Transcutaneous delivery of micro-and
nanoparticles with laser microporation. J. Biomed. Opt. 18:111406. doi: 10.
1117/1.jbo.18.11.111406

Genina, E. A., Parakhonskiy, B. V., Lengert, E., Talnikova, E. E., Terentyuk, G. S.,
Utz, S. R., et al. (2019). A simple non-invasive approach toward efficient
transdermal drug delivery based on biodegradable particulate system.ACSAppl.
Mater. Interfaces 11, 17270–17282. doi: 10.1021/acsami.9b04305

Genina, E. A., Svenskaya, Y. I., Yanina, I. Y., Dolotov, L. E., Navolokin, N. A.,
Bashkatov, A. N., et al. (2016). In vivo optical monitoring of transcutaneous
delivery of calcium carbonate microcontainers. Biomed. Opt. Express 7, 2082–
2087. doi: 10.1364/boe.7.002082

Ghasemiyeh, P., Azadi, A., Daneshamouz, S., Heidari, R., Azarpira, N., and
Mohammadi-Samani, S. (2019). Cyproterone acetate-loaded nanostructured
lipid carriers: effect of particle size on skin penetration and follicular targeting.
Pharm. Dev. Technol. 24, 812–823. doi: 10.1080/10837450.2019.1596133

Ghasemiyeh, P., Azadi, A., Daneshamouz, S., and Mohammadi Samani, S.
(2017). Cyproterone acetate-loaded solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs): preparation and optimization. Trends
Pharm. Sci. 3, 275–286.

Golden, G. M., McKie, J. E., and Potts, R. O. (1987). Role of stratum corneum lipid
fluidity in transdermal drug flux. J. Pharm. Sci. 76, 25–28. doi: 10.1002/jps.
2600760108

Gray, G., White, R., Williams, R., and Yardleymrc, H. (1982). Lipid composition
of the superficial stratum corneum cells of pig epidermis. Br. J. Dermatol. 106,
59–63. doi: 10.1111/j.1365-2133.1982.tb00902.x

Gupta, V., and Trivedi, P. (2016). Dermal drug delivery for cutaneous
malignancies: literature at a glance. J. Pharm. Innov. 11, 1–33. doi: 10.1007/
s12247-015-9236-3

Guy, R. (1992). Advanced Drug Delivery Reviews, Theme Issue: Iontophoresis.
Amsterdam: Elsevier Science.

Guy, R. H. (1998). Iontophoresis–recent developments. J. Pharm. Pharmacol. 50,
371–374. doi: 10.1111/j.2042-7158.1998.tb06875.x

Guy, R. H., Kalia, Y. N., Delgado-Charro, M. B., Merino, V., López, A., and Marro,
D. (2000). Iontophoresis: electrorepulsion and electroosmosis. J. Control.

Release 64, 129–132. doi: 10.1016/s0168-3659(99)00132-7
Hadgraft, J., and Lane, M. E. (2005). Skin permeation: the years of enlightenment.

Int. J. Pharm. 305, 2–12. doi: 10.1016/j.ijpharm.2005.07.014
Hadgraft, J., Walters, K. A., and Wotton, P. K. (1985). Facilitated transport of

sodium salicylate across an artificial lipid membrane by Azone. J. Pharm.

Pharmacol. 37, 725–727. doi: 10.1111/j.2042-7158.1985.tb04951.x
Hao, J., Ghosh, P., Li, S. K., Newman, B., Kasting, G. B., and Raney, S. G. (2016).

Heat effects on drug delivery across human skin. Expert Opin. Drug Deliv. 13,
755–768. doi: 10.1517/17425247.2016.1136286

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 March 2021 | Volume 9 | Article 646554

https://doi.org/10.3390/pharmaceutics12010006
https://doi.org/10.1016/j.addr.2005.09.012
https://doi.org/10.1007/s11095-012-0939-6
https://doi.org/10.1055/s-0042-112225
https://doi.org/10.2174/978160805191511001010120
https://doi.org/10.1007/s11095-010-0093-y
https://doi.org/10.1016/j.jconrel.2016.07.009
https://doi.org/10.1016/j.jconrel.2016.07.009
https://doi.org/10.1016/j.addr.2018.02.003
https://doi.org/10.1159/000210837
https://doi.org/10.1080/10837450.2018.1441302
https://doi.org/10.1016/j.ejps.2008.05.002
https://doi.org/10.1007/bf00417155
https://doi.org/10.1016/j.ejpb.2018.04.008
https://doi.org/10.2147/rrtd.s32621
https://doi.org/10.2147/rrtd.s32621
https://doi.org/10.1016/s1359-6446(01)01757-3
https://doi.org/10.4155/tde.14.61
https://doi.org/10.1016/j.ejpb.2008.05.008
https://doi.org/10.1016/s0378-5173(00)00669-4
https://doi.org/10.1021/js990154g
https://doi.org/10.1021/js990154g
https://doi.org/10.1016/j.ejps.2017.11.023
https://doi.org/10.1016/j.ejps.2017.11.023
https://doi.org/10.1016/j.ejps.2017.11.023
https://doi.org/10.1016/j.ejps.2017.11.023
https://doi.org/10.1023/b:pham.0000012155.27488.2b
https://doi.org/10.1117/1.jbo.18.11.111406
https://doi.org/10.1117/1.jbo.18.11.111406
https://doi.org/10.1021/acsami.9b04305
https://doi.org/10.1364/boe.7.002082
https://doi.org/10.1080/10837450.2019.1596133
https://doi.org/10.1002/jps.2600760108
https://doi.org/10.1002/jps.2600760108
https://doi.org/10.1111/j.1365-2133.1982.tb00902.x
https://doi.org/10.1007/s12247-015-9236-3
https://doi.org/10.1007/s12247-015-9236-3
https://doi.org/10.1111/j.2042-7158.1998.tb06875.x
https://doi.org/10.1016/s0168-3659(99)00132-7
https://doi.org/10.1016/j.ijpharm.2005.07.014
https://doi.org/10.1111/j.2042-7158.1985.tb04951.x
https://doi.org/10.1517/17425247.2016.1136286
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Yu et al. Nanotechnology and Transdermal Delivery

Harrison, J. E., Watkinson, A. C., Green, D. M., Hadgraft, J., and Brain, K.
(1996). The relative effect of Azone and Transcutol on permeant diffusivity and
solubility in human stratum corneum. Pharm. Res. 13, 542–546.

Hendriks, F. M., Brokken, D., Oomens, C. W. J., Bader, D. L., and Baaijens, F. P. T.
(2006). The relative contributions of different skin layers to the mechanical
behavior of human skin in vivo using suction experiments.Med. Eng. Phys. 28,
259–266. doi: 10.1016/j.medengphy.2005.07.001

Hoogstraate, A., Srinivasan, V., Sims, S., and Higuchi, W. (1994). Iontophoretic
enhancement of peptides: behaviour of leuprolide versus model permeants.
J. Control. Release 31, 41–47. doi: 10.1016/0168-3659(94)90249-6

Huber, L. A., Pereira, T. A., Ramos, D. N., Rezende, L. C., Emery, F. S., Sobral, L.M.,
et al. (2015). Topical skin cancer therapy using doxorubicin-loaded cationic
lipid nanoparticles and iontophoresis. J. Biomed. Nanotechnol. 11, 1975–1988.
doi: 10.1166/jbn.2015.2139

Hughes, G. A. (2005). Nanostructure-mediated drug delivery. Nanomed.

Nanotechnol. Biol. Med. 1, 22–30. doi: 10.1016/j.nano.2004.11.009
Idson, B. (1975). Percutaneous absorption. J. Pharm. Sci. 64, 901–924.
Illel, B. (1997). Formulation for transfollicular drug administration: some recent

advances. Crit. Rev. Ther. Drug Carrier Syst. 14, 207–219.
Jadoul, A., Hanchard, C., Thysman, S., and Préat, V. (1995). Quantification and

localization of fentanyl and TRH delivered by iontophoresis in the skin. Int. J.
Pharm. 120, 221–228. doi: 10.1016/0378-5173(94)00417-4

Johnson, M. E., Blankschtein, D., and Langer, R. (1997). Evaluation of solute
permeation through the stratum corneum: lateral bilayer diffusion as the
primary transport mechanism. J. Pharm. Sci. 86, 1162–1172. doi: 10.1021/
js960198e

Kabri, T.-H., Arab-Tehrany, E., Belhaj, N., and Linder,M. (2011). Physico-chemical
characterization of nano-emulsions in cosmetic matrix enriched on omega-3.
J. Nanobiotechnol. 9:41. doi: 10.1186/1477-3155-9-41

Kai, T., Mak, V. H., Potts, R. O., andGuy, R. H. (1990).Mechanism of percutaneous
penetration enhancement: effect of n-alkanols on the permeability barrier
of hairless mouse skin. J. Control. Release 12, 103–112. doi: 10.1016/0168-
3659(90)90086-9

Kapoor, M. S., D’Souza, A., Aibani, N., Nair, S. S., Sandbhor, P., Kumari, D.,
et al. (2018). Stable liposome in cosmetic platforms for transdermal Folic acid
delivery for fortification and treatment of micronutrient deficiencies. Sci. Rep.
8, 16122–16122. doi: 10.1038/s41598-018-34205-0

Khavari, P. A. (1998). Gene therapy for genetic skin disease. J. Invest. Dermatol.

110, 462–467. doi: 10.1046/j.1523-1747.1998.00157.x
Kline-Schoder, A., Le, Z., Sweeney, L., and Zderic, V. (2019). Optimization of

ultrasound-mediated drug delivery for treatment of Onychomycosis. J. Am.

Podiatr. Med. Assoc.

Kong, M., Chen, X. G., Kweon, D. K., and Park, H. J. (2011). Investigations on
skin permeation of hyaluronic acid based nanoemulsion as transdermal carrier.
Carbohydr. Polym. 86, 837–843. doi: 10.1016/j.carbpol.2011.05.027

Lee, D. W., Kochenderfer, J. N., Stetler-Stevenson, M., Cui, Y. K., Delbrook,
C., Feldman, S. A., et al. (2015). T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in children and young adults: a
phase 1 dose-escalation trial. Lancet 385, 517–528. doi: 10.1016/S0140-6736(14)
61403-3

Lee, W.-R., Shen, S.-C., Sun, C.-K., Aljuffali, I. A., Suen, S.-Y., Lin, Y.-K., et al.
(2015). Fractional thermolysis by bipolar radiofrequency facilitates cutaneous
delivery of peptide and siRNA with minor loss of barrier function. Pharm. Res.

32, 1704–1713. doi: 10.1007/s11095-014-1568-z
Lee, V. H., and Li, V. H. (1989). Prodrugs for improved ocular drug delivery. Adv.

Drug Deliv. Rev. 3, 1–38. doi: 10.1016/0169-409x(89)90003-3
Lengert, E., Verkhovskii, R., Yurasov, N., Genina, E., and Svenskaya, Y. (2019).

Mesoporous carriers for transdermal delivery of antifungal drug. Mater. Lett.

248, 211–213. doi: 10.1016/j.matlet.2019.04.028
Levy, D., Kost, J., Meshulam, Y., and Langer, R. (1989). Effect of ultrasound on

transdermal drug delivery to rats and guinea pigs. J. Clin. Invest. 83, 2074–2078.
doi: 10.1172/jci114119

Lieb, L. M., Ramachandran, C., Egbaria, K., andWeiner, N. (1992). Topical delivery
enhancement with multilamellar liposomes into pilosebaceous units: I. In vitro
evaluation using fluorescent techniques with the hamster ear model. J. Invest.
Dermatol. 99, 108–113. doi: 10.1111/1523-1747.ep12611886

Lieckfeldt, R., Villalaín, J., Gómez-Fernández, J.-C., and Lee, G. (1994). Influence
of oleic acid on the structure of a mixture of hydrated model stratum corneum

fatty acids and their soaps. Colloids Surfaces A Physicochem. Eng. Aspects 90,
225–234. doi: 10.1016/0927-7757(94)02919-9

Loftsson, T. (2002). Cyclodextrins and the biopharmaceutics classification system
of drugs. J.Incl. Phenom. Macrocycl. Chem. 44, 63–67. doi: 10.1515/fv-2016-
0040

Long, L., Kost, J., and Mitragotri, S. (2000). Combined effect of low-frequency
ultrasound and iontophoresis: applications for transdermal heparin delivery.
Pharm. Res. 17:1151.

Lopez, R. F., Seto, J. E., Blankschtein, D., and Langer, R. (2011). Enhancing the
transdermal delivery of rigid nanoparticles using the simultaneous application
of ultrasound and sodium lauryl sulfate. Biomaterials 32, 933–941. doi: 10.1016/
j.biomaterials.2010.09.060

Lu, B., Huang, Y., Chen, Z., Ye, J., Xu, H., Chen, W., et al. (2019).
Niosomal nanocarriers for enhanced skin delivery of quercetin with
functions of anti-tyrosinase and antioxidant. Molecules 24:2322. doi: 10.3390/
molecules24122322

Ly, H. V., and Longo, M. L. (2004). The influence of short-chain alcohols on
interfacial tension, mechanical properties, area/molecule, and permeability of
fluid lipid bilayers. Biophys. J. 87, 1013–1033. doi: 10.1529/biophysj.103.034280

Maghraby, G. M. M. E., Williams, A. C., and Barry, B. W. (2006). Can drug-
bearing liposomes penetrate intact skin? J. Pharm. Pharmacol. 58, 415–429.
doi: 10.1211/jpp.58.4.0001

Mandawgade, S. D., and Patravale, V. B. (2008). Development of SLNs from natural
lipids: application to topical delivery of tretinoin. Int. J. Pharm. 363, 132–138.
doi: 10.1016/j.ijpharm.2008.06.028

Medintz, I. L., Uyeda, H. T., Goldman, E. R., and Mattoussi, H. (2005). Quantum
dot bioconjugates for imaging, labelling and sensing. Nat. Mater. 4, 435–446.
doi: 10.1038/nmat1390

Merino, V., Castellano, A. L., and Delgado-Charro, M. B. (2017). “Iontophoresis
for therapeutic drug delivery and non-invasive sampling applications,”
in Percutaneous Penetration Enhancers Physical Methods in Penetration

Enhancement, eds N. Dragicevic and H. I. Maibach (Berlin: Springer), 77–101.
doi: 10.1007/978-3-662-53273-7_6

Migdadi, E. M., and Donnelly, R. F. (2019). “Microneedles for Transdermal Drug
Delivery,” in Imaging Technologies and Transdermal Delivery in Skin Disorders,
eds C. Xu, X. Wang, and M. Pramanik (Hoboken, NJ: John Wiley & Sons),
223–270.

Mitragotri, S. (2003). Modeling skin permeability to hydrophilic and hydrophobic
solutes based on four permeation pathways. J. Control. Release 86, 69–92. doi:
10.1016/s0168-3659(02)00321-8

Mitragotri, S. (2017). “Sonophoresis: ultrasound-mediated transdermal drug
delivery,” in Percutaneous Penetration Enhancers Physical Methods in

Penetration Enhancement, eds N. Dragicevic and H. I. Maibach (Berlin:
Springer), 3–14. doi: 10.1007/978-3-662-53273-7_1

Mitragotri, S., Blankschtein, D., and Langer, R. (1995a). Ultrasound-mediated
transdermal protein delivery. Science 269, 850–853. doi: 10.1126/science.
7638603

Mitragotri, S., Edwards, D. A., Blankschtein, D., and Langer, R. (1995b).
A mechanistic study of ultrasonically-enhanced transdermal drug delivery.
J. Pharm. Sci. 84, 697–706. doi: 10.1002/jps.2600840607

Mitragotri, S., Blankschtein, D., and Langer, R. (1996). Transdermal drug delivery
using low-frequency sonophoresis. Pharm. Res. 13, 411–420.

Montenegro, L., Panico, A. M., Santagati, L. M., Siciliano, E. A., Intagliata, S.,
and Modica, M. N. (2018). Solid lipid nanoparticles loading idebenone ester
with pyroglutamic acid: in vitro antioxidant activity and in vivo topical efficacy.
Nanomaterials 9:43. doi: 10.3390/nano9010043

Müller, R. H., Gohla, S., and Keck, C. M. (2011). State of the art of nanocrystals–
special features, production, nanotoxicology aspects and intracellular delivery.
Eur. Opean J. Pharm. Biopharm. 78, 1–9. doi: 10.1016/j.ejpb.2011.01.007

Muzzalupo, R., Pérez, L., Pinazo, A., and Tavano, L. (2017). Pharmaceutical
versatility of cationic niosomes derived from amino acid-based surfactants: skin
penetration behavior and controlled drug release. Int. J. Pharm. 529, 245–252.
doi: 10.1016/j.ijpharm.2017.06.083

Naik, A., Kalia, Y. N., and Guy, R. H. (2000). Transdermal drug delivery:
overcoming the skin’s barrier function. Pharm. Sci. Technol. Today 3, 318–326.

Naik, A., Pechtold, L. A., Potts, R. O., and Guy, R. H. (1995). Mechanism of
oleic acid-induced skin penetration enhancement in vivo in humans. J. Control.
Release 37, 299–306.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 March 2021 | Volume 9 | Article 646554

https://doi.org/10.1016/j.medengphy.2005.07.001
https://doi.org/10.1016/0168-3659(94)90249-6
https://doi.org/10.1166/jbn.2015.2139
https://doi.org/10.1016/j.nano.2004.11.009
https://doi.org/10.1016/0378-5173(94)00417-4
https://doi.org/10.1021/js960198e
https://doi.org/10.1021/js960198e
https://doi.org/10.1186/1477-3155-9-41
https://doi.org/10.1016/0168-3659(90)90086-9
https://doi.org/10.1016/0168-3659(90)90086-9
https://doi.org/10.1038/s41598-018-34205-0
https://doi.org/10.1046/j.1523-1747.1998.00157.x
https://doi.org/10.1016/j.carbpol.2011.05.027
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1007/s11095-014-1568-z
https://doi.org/10.1016/0169-409x(89)90003-3
https://doi.org/10.1016/j.matlet.2019.04.028
https://doi.org/10.1172/jci114119
https://doi.org/10.1111/1523-1747.ep12611886
https://doi.org/10.1016/0927-7757(94)02919-9
https://doi.org/10.1515/fv-2016-0040
https://doi.org/10.1515/fv-2016-0040
https://doi.org/10.1016/j.biomaterials.2010.09.060
https://doi.org/10.1016/j.biomaterials.2010.09.060
https://doi.org/10.3390/molecules24122322
https://doi.org/10.3390/molecules24122322
https://doi.org/10.1529/biophysj.103.034280
https://doi.org/10.1211/jpp.58.4.0001
https://doi.org/10.1016/j.ijpharm.2008.06.028
https://doi.org/10.1038/nmat1390
https://doi.org/10.1007/978-3-662-53273-7_6
https://doi.org/10.1016/s0168-3659(02)00321-8
https://doi.org/10.1016/s0168-3659(02)00321-8
https://doi.org/10.1007/978-3-662-53273-7_1
https://doi.org/10.1126/science.7638603
https://doi.org/10.1126/science.7638603
https://doi.org/10.1002/jps.2600840607
https://doi.org/10.3390/nano9010043
https://doi.org/10.1016/j.ejpb.2011.01.007
https://doi.org/10.1016/j.ijpharm.2017.06.083
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Yu et al. Nanotechnology and Transdermal Delivery

Nair, A. B., Kim, H. D., Davis, S. P., Etheredge, R., Barsness, M., Friden, P. M., et al.
(2009). An ex vivo toe model used to assess applicators for the iontophoretic
ungual delivery of terbinafine. Pharm. Res. 26, 2194–2201.

Nakkam, N., Konyoung, P., Kanjanawart, S., Saksit, N., Kongpan, T., Khaeso, K.,
et al. (2018). HLA pharmacogenetic markers of drug hypersensitivity in a thai
population. Front. Genet. 9:277. doi: 10.3389/fgene.2018.00277

Nemanic, M. K., and Elias, P. M. (1980). In situ precipitation: a novel cytochemical
technique for visualization of permeability pathways in mammalian stratum
corneum. J. Histochem. Cytochem. 28, 573–578.

Neubert, R. H. H. (2011). Potentials of new nanocarriers for dermal and
transdermal drug delivery. Eur. J. Pharm.Biopharm. 77, 1–2.

Nguyen, D. V., Vidal, C., Chu, H. C., and van Nunen, S. (2019). Developing
pharmacogenetic screening methods for an emergent country: vietnam. World

Allergy Organ. J. 12:100037. doi: 10.1016/j.waojou.2019.100037
Niederhafner, P., Šebestík, J., and Ježek, J. (2005). Peptide dendrimers. J. Peptide

Sci. 11, 757–788.
Noh, G. Y., Suh, J. Y., and Park, S. N. (2017). Ceramide-based nanostructured

lipid carriers for transdermal delivery of isoliquiritigenin: development,
physicochemical characterization, and in vitro skin permeation studies. Korean
J. Chem. Eng. 34, 400–406. doi: 10.1007/s11814-016-0267-3

Ongpipattanakul, B., Burnette, R. R., Potts, R. O., and Francoeur, M. L. (1991).
Evidence that oleic acid exists in a separate phase within stratum corneum
lipids. Pharm. Res. 8, 350–354.

Osborne, D., Ward, A. I., and O’neill, K. (1990). Surfactant association colloids as
topical drug delivery vehicles. Drugs Pharm. Sci. 42, 349–379.

Paolino, D., Celia, C., Trapasso, E., Cilurzo, F., and Fresta, M. (2012). Paclitaxel-
loaded ethosomes: potential treatment of squamous cell carcinoma, a malignant
transformation of actinic keratoses. Eur. J. Pharm. Biopharm. 81, 102–112.

Parekh, H. S. (2007). The advance of dendrimers-a versatile targeting platform for
gene/drug delivery. Curr. Pharm. Des. 13, 2837–2850.

Park, J., Lee, H., Lim, G.-S., Kim, N., Kim, D., and Kim, Y.-C. (2019). Enhanced
transdermal drug delivery by sonophoresis and simultaneous application of
sonophoresis and iontophoresis. AAPS PharmSciTech 20, 1–7.

Patzelt, A., Mak, W. C., Jung, S., Knorr, F., Meinke, M. C., Richter, H., et al. (2017).
Do nanoparticles have a future in dermal drug delivery? J. Control. Release 246,
174–182.

Paudel, K. S., Milewski, M., Swadley, C. L., Brogden, N. K., Ghosh, P., and
Stinchcomb, A. L. (2010). Challenges and opportunities in dermal/transdermal
delivery. Ther. Deliv. 1, 109–131.

Pettit, D. K., and Gombotz, W. R. (1998). The development of site-specific drug-
delivery systems for protein and peptide biopharmaceuticals. Trends Biotechnol.
16, 343–349.

Pireddu, R., Caddeo, C., Valenti, D., Marongiu, F., Scano, A., Ennas, G., et al.
(2016). Diclofenac acid nanocrystals as an effective strategy to reduce in vivo
skin inflammation by improving dermal drug bioavailability. Colloids Surf. B
143, 64–70.

Pivetta, T. P., Simões, S., Araújo, M. M., Carvalho, T., Arruda, C., and Marcato,
P. D. (2018). Development of nanoparticles from natural lipids for topical
delivery of thymol: investigation of its anti-inflammatory properties. Colloids
Surf. B 164, 281–290.

Pokharkar, V. B., Mendiratta, C., Kyadarkunte, A. Y., Bhosale, S. H., and
Barhate, G. A. (2014). Skin delivery aspects of benzoyl peroxide-loaded
solid lipid nanoparticles for acne treatment. Ther. Deliv. 5, 635–652.
doi: 10.4155/tde.14.31

Polat, B. E., Hart, D., Langer, R., and Blankschtein, D. (2011). Ultrasound-mediated
transdermal drug delivery: mechanisms, scope, and emerging trends. J. Control.
Release 152, 330–348.

Potts, R. O., and Francoeur, M. L. (1990). Lipid biophysics of water loss through
the skin. Proc. Natl. Acad. Sci. U.S.A. 87, 3871–3873.

Potts, R. O., and Francoeur, M. L. (1991). The influence of stratum corneum
morphology on water permeability. J. Invest. Dermatol. 96, 495–499.

Prausnitz, M. R., Bose, V. G., Langer, R., and Weaver, J. C. (1993). Electroporation
of mammalian skin: a mechanism to enhance transdermal drug delivery. Proc.
Natl. Acad. Sci. U.S.A. 90, 10504–10508.

Prausnitz,M. R., and Langer, R. (2008). Transdermal drug delivery.Nat. Biotechnol.
26, 1261–1268.

Prausnitz, M. R., Mitragotri, S., and Langer, R. (2004). Current status and future
potential of transdermal drug delivery. Nat. Rev. Drug Discov. 3, 115–124.

Pyo, S. M., Hespeler, D., Keck, C. M., and Müller, R. H. (2017). Dermal miconazole
nitrate nanocrystals–formulation development, increased antifungal efficacy &
skin penetration. Int. J. Pharm. 531, 350–359.

Qiu, Y., Guo, L., Zhang, S., Xu, B., Gao, Y., Hu, Y., et al. (2016). DNA-
based vaccination against hepatitis B virus using dissolving microneedle
arrays adjuvanted by cationic liposomes and CpG ODN. Drug Deliv. 23,
2391–2398.

Rajkumar, A., Ganesan, M., and Rao, P. R. (2019). IN VIVO EVALUATION
OF TAZAROTENE SOLID LIPID NANOPARTICLES GEL FOR TOPICAL
DELIVERY. Int. J. Pharm. Sci. Drug Res. 11, 45–50. doi: 10.25004/IJPSDR.2019.
110107

Ribeiro, L. N. M., Breitkreitz, M. C., Guilherme, V. A., da Silva, G. H. R., Couto,
V.M., Castro, S. R., et al. (2017). Natural lipids-basedNLC containing lidocaine:
from pre-formulation to in vivo studies. Eur. J. Pharm. Sci. 106, 102–112.

Ricci, M., Puglia, C., Bonina, F., Di Giovanni, C., Giovagnoli, S., and
Rossi, C. (2005). Evaluation of indomethacin percutaneous absorption from
nanostructured lipid carriers (NLC): in vitro and in vivo studies. J. Pharm. Sci.

94, 1149–1159.
Rizwan, M., Aqil, M., Talegaonkar, S., Azeem, A., Sultana, Y., and Ali, A. (2009).

Enhanced transdermal drug delivery techniques: an extensive review of patents.
Recent Patents Drug Deliv. Formul. 3, 105–124.

Roosterman, D., Goerge, T., Schneider, S. W., Bunnett, N. W., and Steinhoff, M.
(2006). Neuronal control of skin function: the skin as a neuroimmunoendocrine
organ. Physiol. Rev. 86, 1309–1379.

Ruela, A. L. M., Perissinato, A. G., Lino,M. E. D. S., Mudrik, P. S., and Pereira, G. R.
(2016). Evaluation of skin absorption of drugs from topical and transdermal
formulations. Braz. J. Pharm. Sci. 52, 527–544.

Sala, M., Diab, R., Elaissari, A., and Fessi, H. (2018). Lipid nanocarriers as skin
drug delivery systems: Properties, mechanisms of skin interactions and medical
applications. Int. J. Pharm. 535, 1–17.

Salinger, C. L., Gaynes, B. I., and Rajpal, R. K. (2019). Innovations in topical
ocular corticosteroid therapy for the management of postoperative ocular
inflammation and pain. Am. J. Manag. Care 25(12 Suppl.), S215–S226.

Schätzlein, A., and Cevc, G. (1998). Non-uniform cellular packing of the stratum
corneum and permeability barrier function of intact skin: a high-resolution
confocal laser scanning microscopy study using highly deformable vesicles
(Transfersomes). Br. J. Dermatol. 138, 583–592.

Scheuplein, R. J., and Blank, I. H. (1971). Permeability of the skin. Physiol. Rev. 51,
702–747.

Schmitt, L., Marquardt, Y., Amann, P., Heise, R., Huth, L., Wagner-Schiffler,
S., et al. (2018). Comprehensive molecular characterization of microneedling
therapy in a human three-dimensional skin model. PLoS One 13:e0204318.
doi: 10.1371/journal.pone.0204318

Schroeder, I. Z., Franke, P., Schaefer, U. F., and Lehr, C.-M. (2007). Development
and characterization of film forming polymeric solutions for skin drug delivery.
Eur. J. Pharm. Biopharm. 65, 111–121.

Schwarz, J. C., Baisaeng, N., Hoppel, M., Löw, M., Keck, C. M., and Valenta, C.
(2013). Ultra-small NLC for improved dermal delivery of coenyzme Q10. Int. J.
Pharm. 447, 213–217.

Scott, E. R., White, H. S., and Phipps, J. B. (1992). Direct imaging of ionic pathways
in stratum corneum using scanning electrochemical microscopy. Solid State

Ionics 53, 176–183.
Shaw, J. E., and Mitchell, C. (1983). Dermal drug delivery systems: a review.

J. Toxicol. 2, 249–266.
Shegokar, R. (2016). “What nanocrystals can offer to cosmetic and dermal

formulations,” in Nanobiomaterials in Galenic Formulations and Cosmetics, ed.
A. Grumezescu (Amsterdam: Elsevier), 69–91.

Sintov, A. C., Krymberk, I., Daniel, D., Hannan, T., Sohn, Z. E., and Levin,
G. (2003). Radiofrequency-driven skin microchanneling as a new way for
electrically assisted transdermal delivery of hydrophilic drugs. J. Control.

Release 89, 311–320.
Song, Y., Hemmady, K., Puri, A., and Banga, A. K. (2018). Transdermal delivery

of human growth hormone via laser-generated micropores. Drug Deliv. Transl.
Res. 8, 450–460.

Stecová, J., Mehnert,W., Blaschke, T., Kleuser, B., Sivaramakrishnan, R., Zouboulis,
C. C., et al. (2007). Cyproterone acetate loading to lipid nanoparticles for
topical acne treatment: particle characterisation and skin uptake. Pharm. Res.

24, 991–1000. doi: 10.1007/s11095-006-9225-9

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 March 2021 | Volume 9 | Article 646554

https://doi.org/10.3389/fgene.2018.00277
https://doi.org/10.1016/j.waojou.2019.100037
https://doi.org/10.1007/s11814-016-0267-3
https://doi.org/10.4155/tde.14.31
https://doi.org/10.25004/IJPSDR.2019.110107
https://doi.org/10.25004/IJPSDR.2019.110107
https://doi.org/10.1371/journal.pone.0204318
https://doi.org/10.1007/s11095-006-9225-9
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Yu et al. Nanotechnology and Transdermal Delivery

Svenskaya, Y., Talnikova, E., Parakhonskiy, B., Tuchin, V., Sukhorukov, G., Gorin,
D., et al. (2020). Enhanced topical psoralen–ultraviolet A therapy via targeting
to hair follicles. Br. J. Dermatol. 182, 1479–1481.

Svenskaya, Y. I., Genina, E. A., Parakhonskiy, B. V., Lengert, E. V., Talnikova, E. E.,
Terentyuk, G. S., et al. (2019). A simple non-invasive approach toward efficient
transdermal drug delivery based on biodegradable particulate system.ACSAppl.
Mater. Interfaces 11, 17270–17282.

Szunerits, S., and Boukherroub, R. (2018). Heat: a highly efficient skin enhancer for
transdermal drug delivery. Front. Bioeng. Biotechnol. 6:15. doi: 10.3389/fbioe.
2018.00015

Tachibana, K. (1992). Transdermal delivery of insulin to alloxan-diabetic rabbits by
ultrasound exposure. Pharm. Res. 9, 952–954.

Takeuchi, I., Suzuki, T., and Makino, K. (2017). Skin permeability and transdermal
delivery route of 50-nm indomethacin-loaded PLGA nanoparticles. Colloids
Surf. 159, 312–317.

Tavano, L., Picci, N., Ioele, G., and Muzzalupo, R. (2017). Tetracycline-niosomes
versus tetracycline hydrochlo-ride-niosomes: how to modulate encapsulation
and percutaneous permeation properties. J. Drug. 1, 1–6.

Taveira, S. F., De Santana, D. C., Araújo, L. M., Marquele-Oliveira, F., Nomizo,
A., and Lopez, R. F. (2014). Effect of iontophoresis on topical delivery of
doxorubicin-loaded solid lipid nanoparticles. J. Biomed. Nanotechnol. 10, 1382–
1390.

Teong, B., Kuo, S. M., Tsai, W.-H., Ho, M.-L., Chen, C.-H., and Huang, H. H.
(2017). Liposomal encapsulation for systemic delivery of propranolol via
transdermal iontophoresis improves bone microarchitecture in ovariectomized
rats. Int. J. Mol. Sci. 18:822.

Tomoda, K., Terashima, H., Suzuki, K., Inagi, T., Terada, H., and Makino,
K. (2011). Enhanced transdermal delivery of indomethacin-loaded PLGA
nanoparticles by iontophoresis. Colloids Surf. B 88, 706–710.

Tomoda, K., Terashima, H., Suzuki, K., Inagi, T., Terada, H., and Makino, K.
(2012). Enhanced transdermal delivery of indomethacin using combination of
PLGA nanoparticles and iontophoresis in vivo. Colloids Surf. B 92, 50–54.

Tsong, T. Y. (1989). “Electroporation of cell membranes,” in Electroporation and

Electrofusion in Cell Biology, eds E. Neumann, A. E. Sowers and C. A. Jordan
(Berlin: Springer), 149–163.

Tyle, P., and Agrawala, P. (1989). Drug delivery by phonophoresis. Pharm. Res. 6,
355–361.

Vickers, N. J. (2017). Animal communication: when i’m calling you, will you
answer too? Curr. Biol. 27, R713–R715.

Waghule, T., Singhvi, G., Dubey, S. K., Pandey, M. M., Gupta, G., Singh, M.,
et al. (2019). Microneedles: a smart approach and increasing potential for
transdermal drug delivery system. Biomed. Pharmacother. 109, 1249–1258.

Walters, K. A., and Hadgraft, J. (1993). Pharmaceutical skin Penetration

Enhancement. London: Informa Health Care.
Wang, S., Kara, M., and Krishnan, T. (1998). Transdermal delivery of cyclosporin-

A using electroporation. J. Control. Release 50, 61–70.
Watanabe, S., Takagi, S., Ga, K., Yamamoto, K., and Aoyagi, T. (2009). Enhanced

transdermal drug penetration by the simultaneous application of iontophoresis
and sonophoresis. J. Drug Deliv. Sci. Technol. 19, 185–189.

Weiss, R., Hessenberger, M., Kitzmüller, S., Bach, D., Weinberger, E. E.,
Krautgartner, W. D., et al. (2012). Transcutaneous vaccination via laser
microporation. J. Control. Release 162, 391–399.

Wichayapreechar, P., Anuchapreeda, S., Phongpradist, R., Rungseevijitprapa, W.,
and Ampasavate, C. (2020). Dermal targeting of Centella asiatica extract using
hyaluronic acid surface modified niosomes. J. Liposome Res. 30, 197–207. doi:
10.1080/08982104.2019.1614952

Williams, M., and Elias, P. (1987). The extracellular matrix of stratum corneum:
role of lipids in normal and pathological function. Crit. Rev. Ther. Drug Carrier
Syst. 3, 95–122.

Wu, C., Jiang, P., Li, W., Guo, H., Wang, J., Chen, J., et al. (2020). Self-
powered Iontophoretic transdermal drug delivery system driven and regulated
by biomechanical motions. Adv. Funct. Mater. 30:1907378.

Wu, P.-S., Lin, C.-H., Kuo, Y.-C., and Lin, C.-C. (2017). Formulation
and characterization of hydroquinone nanostructured lipid carriers by
homogenization emulsification method. J. Nanomater. 2017:3282693. doi: 10.
1155/2017/3282693

Zaib, S., and Iqbal, J. (2019). Nanotechnology: applications, techniques,
approaches, & the advancement in toxicology and environmental impact of
engineered nanomaterials. Importance Appl. Nanotechnol. 8, 1–8.

Zaytsev, S. M., Svenskaya, Y. I., Lengert, E. V., Terentyuk, G. S., Bashkatov,
A. N., Tuchin, V. V., et al. (2020). Optimized skin optical clearing for optical
coherence tomography monitoring of encapsulated drug delivery through the
hair follicles. J. Biophotonics 13:e201960020.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yu, Yang, Wu and Fan. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 March 2021 | Volume 9 | Article 646554

https://doi.org/10.3389/fbioe.2018.00015
https://doi.org/10.3389/fbioe.2018.00015
https://doi.org/10.1080/08982104.2019.1614952
https://doi.org/10.1080/08982104.2019.1614952
https://doi.org/10.1155/2017/3282693
https://doi.org/10.1155/2017/3282693
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Enhancing Permeation of Drug Molecules Across the Skin via Delivery in Nanocarriers: Novel Strategies for Effective Transdermal Applications
	Introduction
	Skin as a Barrier for Transdermal Drug Delivery
	Routes of Drug PenetrationVia Skin
	The Intercellular Lipid Route
	The Transcellular Pathway

	Drug Properties and Transdermal Penetration
	Overcoming the Functional Barrier of Skin for Transdermal Drug Delivery
	Passive Penetration Enhancement
	Drug Modification
	Chemical Enhancement

	Physical Penetration Enhancement
	Iontophoresis
	Electroporation
	Ultrasound


	Nanocarriers for Transdermal Drug Delivery
	Solid Lipid Nanoparticles (SLNs)
	Nanostructured Lipid Carriers (NLCs)
	Liposomes
	Niosomes
	Nanocrystals
	Natural Lipids Based Nanoparticles

	Combination of Nanocarriers and Physical Methods for Enhanced Transdermal Delivery
	Limitations and Future Outlook of Nanocarriers for Transdermal Drug Delivery
	Conclusion
	Author Contributions
	References


