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Abstract

The major obstacle of dermal and transdermal therapeutics is the low penetration rate of xenobiotics through the skin due to the diffusional barrier

of its upper layer, the stratum corneum. A wide array of techniques has been proposed thus far, however, recent developments in the application of

nanosystems for topical drug administration have gained much interest and optimism. In this review, we provide a comprehensive overview of the

main types of nanocarriers that have been studied and developed up-to-date. We conclude that the nanosystems may become a useful dosage form for

a variety of dermally active principals by modulating drug transfer and serving as nontoxic penetration enhancers.
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Introduction

An optimal pharmaceutical dosage form aims at delivering an
active compound to a target organ at therapeutic concentrations, while
avoiding or reducing side effects and simplifying the dosing regimen
of the patients. Percutaneous drug delivery is one of the promising
pharmaceutical approaches since it can provide a continuous delivery
for hours or days creating constant drug levels. The transdermal
delivery can be advantageous in particular for drugs with a high
renal or hepatic clearance, i.e., those that undergo oral first-pass
metabolism and drugs with short half-lives that would otherwise need
a frequent dosing regimen. The quick and short-acting BCS class II
drugs with a very short half-life like the antidiabetic repaglinide, are
ideal candidates for transdermal drug delivery [1]. In addition to the
potential improvement in the medication regimen, the transdermal
route can cause a considerable impact in medical practice, clinically
and economically, by improving the treatment compliance and
reducing the need for medical services. In an observational study
of a population with Alzheimer’s disease [2], a high proportion
of patients have switched from oral to transdermal rivastigmine,
which has eventually resulted in increased patient satisfaction and
stress relief for caregivers through the use of the patch under daily
practice conditions. The ultimate goal, though not easy to fulfill, for
all new forms of transdermal formulations is to achieve a quantitative
drug permeation through the skin, taking into account that the
skin is an excellent barrier and basically difficult to penetrate. This
constraint is evidenced by the fact that after more than 30 years
since launching the first transdermal drug product, there have been
only 30 transdermal products on the US market for just 20 drug
molecules [3,4]. Nevertheless, due to the advantages of transdermal
drug delivery and the potential benefit for millions of patients every
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year, tremendous research efforts have been made to challenge the
skin penetration problem. Many techniques have been developed to
enhancing transdermal drug permeation using physical or chemical
methods. The latter include prodrugs, salt formation, ion pairing,
chemical enhancers, as well as nano-formulation approaches such as
microemulsions, nanoemulsions, solid lipid nanoparticles, polymeric
nanoparticles, nanostructured lipid, liposomes and others [5-10].
Microemulsions (MEs), and nanoparticles which includes lipid
nanoparticles (SLNs and NLCs) and solid polymeric nanoparticles
(PNPs), three nanotechnology-based dosage forms (see Table 1 and
Fugure 2), have been drawn much attention during the last decade.
Owing to their physicochemical properties, these systems are
proposed as vectors to deliver active compounds through the stratum
corneum, epidermis, and dermis, in order to obtain dermal, regional,
and systemic effects. It should be noted that dermal and transdermal
drug delivery systems are both being designed to overcome the main
barrier of the skin, the stratum corneum, and the terminological
difference between them relates to the extent of the molecular flux
through the skin. Unfortunately, due to the selective nature of the
stratum corneum, only a small group of drugs loaded in these novel
formulations can be delivered at a therapeutically relevant dosage
[11]. In this review, we summarize the immense work done so far
aiming to challenge the skin barrier by the three types of nano-sized
drug delivery systems.

Topical Pharmaceutical Forms and Challenges in
Transporting Drugs via the Transdermal Route

Since the US Food and Drug Administration have approved the
first scopolamine transdermal patch for motion sickness in 1979, the
pharmaceutical industry has centered their efforts on transdermal
formulation research for other drugs. Between 1970 to 1980, the first
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generation of the transdermal system included patches that designed
as a drug reservoir with a semi-permeable membrane placed over the
skin that controls drug release. Later, in the next decade (1980-1990),
patches made of polymeric matrices entrapping the drug within pores
and channels were introduced into the market. Today, almost 20 drugs
have been successfully incorporated into transdermal drug delivery
systems to reach systemic circulation or to treat local disorders.

Table 1. MEs, PNPs and SLNs for drug delivery to and through the skin.

Commercial transdermal systems contain drugs such as clonidine,
fentanyl, estradiol, nicotine, rotigotine, estradiol, oxybutynin,
testosterone, nitroglycerin, and others [3]. The transdermal dosage
forms have become attractive for patients due to their simplicity,
immediate application, and prompt termination whenever desired
[12-15].
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Drug LogP Pharmacology effect Studies Ref.
MEs Progesterone, 3.87 Tocopherol and lycopene as Ex vivo skin permeation assay in porcine ear skin
a-tocopherol, and 7.96 antioxidants, Progesterone for [97]
lycopene 916 wound healing
Repaglinide 3.97 Hypoglycemic agent Ex vivo skin permeation assay in rat skin. /n vivo efficacy [1]
study by using oral glucose tolerance test
Lacidipine 5.40 Calcium channel blocker Ex vivo permeation assay in [60]
rat skin
Zidovudine 0.05 Antiretroviral Skin permeation assay in pig ear skin, and in snake skin as a [67]
stratum corneum model
Hydrocortisone 1.61 Corticosteroid Skin permeation studies in rabbit ear model [98]
Valsartan, 1.49 Angiotensin receptor Ex vivo skin permeation assay in rat skin [99]
Nifedipine 2.50 blockers, Calcium channel blockers
Celecoxib 3.82 Anti-inflammatory Ex vivo skin permeation assay. /n vivo irritation study [100]
evaluation of erythema and edema formation, and
pharmacokinetic study
Indomethacin 4.27 Anti-inflammatory In vitro permeability in rabbit ear model [66]
Agomelatine 2.80 Antidepressant In vivo bioavailability in rabbit model [61]
a-santalol 4.50 Chemoprevention of breast cancer In vitro permeability in animal (porcine and rat) and human [101]
breast skin/mammary papilla. /n vivo biodistribution and
efficacy studies in female rats.
Drug LogP Pharmacology effect Studies Ref.
PNPs Cyclosporin A 2.99 Inmunosupresant EXx vivo skin permeation assay in pig ear skin [102]
Quercetin 1.82 Protective effects against UVB- Ex vivo skin permeation assay in dorsal mouse skin [103]
induced pro-inflammatory responses
Diclofenac 4.40 Non-steroidal anti- Ex vivo permeation assay in pig [104]
inflammatory ears skin
Flufenamic acid 5.62 Non-steroidal anti- inflammatory Ex vivo permeation assay in human epidermis and porcine [105]
full-thickness skin
Propranolol 3.60 Non-selective B-blocking Ex vivo permeation assay in pig [106]
agent ear skin
Melatonin 2.16 Neurohormone In vitro release test in skin- [107]
mimicking membrane
Pirfenidone 1.90 Anti-inflammatory, FEXx vivo permeation studies in [82]
antifibrotic effects mouse skin
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Drug LogP Pharmacology effect Studies Ref.
SLNs Extracts of 2.37-3.2 Anti-inflammatory, and antimicrobial Ex vivo permeation assay in human-derived epidermis [108]
Kaempferia
parvij oral
Avanafil 2.40 Phosphodiesterase type 5 Ex vivo permeation assay in rat [109]
(PDES) inhibitor skin
Curcumin 3.29 Anti-inflammatory EXx vivo permeation assay in human skin, PD studies in [110]
rats (anti-inflammatory activity by edema inhibition), skin
irritation studies on human.
Lornoxicam 3.15 Anti-inflammatory Ex vivo permeation assay in rat skin [92]
Rasagiline 2.30 Inhibitor of monoamine oxidase-B Ex vivo permeation assay in rat skin [111]
Rivastigmine 2.30 Acetylcholinesterase inhibitor In vivo PK and dermal toxicity study [93]
Ivermectin 4.80 Antiparasitic EXx vivo permeation skin assay [86]
Caffeine -0.07 Antioxidant Ex vivo permeation assay in human skin [112]

! Flavonoids dichloromethane extraction: 3,5,7,3}4 -pentamethoxyflavone, 5,7-dimethoxyflavone, 3,5,7,4 -tetramethoxyflavone, 5,7,4’- trimethoxyflavone, 5-hydroxy-7-methoxyflavone, 5-hy-

droxy-3,7,4’-trimethoxyflavone.

Advantages of Transdermal Drug Delivery

Transdermal drug delivery has a significant advantage of
bypassing the hepatic first-pass metabolism, thereby improving
drug bioavailability. In addition, the transdermal route can avoid
possible gastrointestinal degradation and instability of some orally-
administered drugs and/or unwanted mucosal irritation caused by
drugs like non-steroidal anti- inflammatory drugs (NSAIDs). The
transdermal benefits were exemplified in a research performed with
flurbiprofen, one of the most potent members of the phenylalkanoic
acid series of NSAIDs [16]. After its oral administration, the most
frequently reported side effects of flurbiprofen are abdominal
discomfort, diarrhea, constipation, emesis and abdominal distention
[17]. Furthermore, it has a short half-life of 3.9 h, which requires
frequent dosing that obviously increases these symptoms. These
drawbacks make flurbiprofen a perfect candidate for the transdermal
route, especially for the prolonged therapy of rheumatoid arthritis
and its related disorders. Charoo et al. [18] have shown that the
bioavailability of flurbiprofen in albino rats increased up to 5.56
times with transdermal patch formulation compared to its oral
administration. The results were confirmed by pharmacodynamic
studies in a rat edema inflammation model [18]. Another attractive
advantage of the transdermal drug delivery systems is the reduction
of toxic side effects by keeping a steady state plasma drug level with
less peak-to-trough variations. The necessity of the transdermal route
is also exemplified by the scopolamine patch that was designed to
prevent motion sickness for an extended duration of time. Its dermal
application accompanies with none or minimal adverse effects, which
are usually associated with the oral or parenteral bolus therapy of
antimuscarinic drugs (mainly dry mouth, drowsiness and some more
reactions including hallucinations) [19, 20]. Finally, the improved
patient compliance due to non-invasive, easy drug administration,
and the natural capability of controlled and sustained drug release
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make this dosage form attractive. It may also effectively serve the
elderly population, especially people suffering from dysphagia and
neurological disorders that lead to non- compliance [21]. Similarly, it
may serve infants and children who also require compliant medications
[22]. As it has already been recognized that drug compliance is quite
substantial, the transdermal drug delivery can resolve the compliance
problems, reducing the need for injections and oral administration of
medications to vulnerable pediatric and geriatric patients [23, 24]. In
developing countries, children, unfortunately, die from easily treatable
diseases (e.g., malaria) due to poor compliance, e.g., difficulties to
properly swallow medications or inconsistent multiple dosing. Poor
patient compliance can also result in antibiotic resistance, which is one
of the biggest threats to global health.

Limitations of Transdermal Drug Delivery

Despite the considerable advantages some major drawbacks limit
the transdermal patch from being a generally-used drug delivery
system. A substantial limitation of the transdermal route is a poor
permeation of many active molecules through the skin, wherein the
stratum corneum plays the primary barrier. A relatively high skin
penetration usually takes place with low molecular weight drug
molecules (< 500 kDa), light lipophilicity, and high potency (daily
dose < 10 mg) [25-27]. Due to these limitations, it is therefore
difficult to frequently employ the transdermal route. Thus, it is a
great challenge and almost an impossible mission to deliver large
hydrophilic molecules (i.e., high molecular weight/poor lipophilicity)
such as antibodies, peptides, proteins, and hormones. Besides,
possible skin irritation and sensitization caused by the formulation
and/or the adhesive band may be detrimental during the treatment.
It should be taken into consideration that a drug that accumulates
in the skin may be irritant if it stays for a relatively long time inside
the skin layers. Therefore, it is essential to investigate the skin
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pharmacokinetics not only during the patch application but also after
the application is over (patch removal). An excellent example of skin
toxicity by accumulation is captopril, which its irritation activity could
be diminished only by including penetration enhancer, antioxidant,
anti-irritant and chelating agent in the transdermal formulation [28].
Inter- and intra-subject variability of skin permeability due to patient
skin conditions may also be a problem. Fentanyl, a potent synthetic
opioid that has been used in transdermal drug delivery systems, has
caused an extensive interindividual variation in dermal penetration
with maximal fluxes ranging between 21 to 105 ng/cm2/h in in vitro
studies [29].

Finally, it is well known that the most common drug-metabolizing
enzymes are expressed in the skin, which is the largest organ
of the human body. Among them are cytochromes P450, flavin
monooxygenases, glutathione-S-transferases, N-acetyltransferases,
and sulfotransferases [30, 31]. Their activity in the skin may cause
either drug biotransformation that leads to inactivation [32], or
prodrug biotransformation that leads to pharmacological activation
[33, 34]. Any pre-systemic metabolism that may occur in the skin
should be taken into account when transdermal patch is designed and
developed.

The Skin Barrier

Skin is the largest and accessible organ of the body, covering a
surface area of approximately 2m? depending on the individual weight
and height. It is also one of the most multifunctional organs, forming
a protective barrier against many different factors including ultraviolet
radiation, pathogens, and xenobiotics. It allows, however, an exchange
of gases and toxins with the external environment. Additionally,
it prevents water loss but regulates body temperature in humans
through sweat secretion. The thickness of the skin is a few millimeters,
possessing two primary structures:

(a) The epidermis, an avascular layer, measures 50 to 100 pm in
thickness. This layer can be further divided into four distinct strata
according to the corresponding cell differentiation: stratum basale,
stratum spinosum, stratum granulosum, and the outer stratum
corneum (SC). The latter is the outermost layer, which is 10 to
20 um thick and is generally accepted as the primary membranal
barrier for topically applied xenobiotics. This barrier is constructed
as a ‘brick and mortar’ structure, where the bricks represent dead
corneocyte cells composed primarily of cross-linked keratin and
the intercellular mortar is a mixture of lipids organized in bilayers.
The extracellular medium consists principally of neutral lipids
such as cholesterol, ceramides and fatty acids, including linoleic
acid that is deemed to play a significant role in the barrier function
[35]. The SC is commonly recognized as the most predominant
barrier for drug delivery, therefore, it has become the target for
variously designed nanocarriers. By transporting the SC, the
drug could be released from its carrier and retained in the skin,
known as topical drug, or could be dragged through the skin into
the blood, an action known as transdermal drug. Whatever is the
mechanism of drug release, the act of transporatation through
the SC barrier by the nanocarrier is of great importance for
transdermal researchers.
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(b) The dermis, covered by the epidermis, possesses 1-2 mm thickness
and contains a highly capillary area just below the dermal-
epidermal junction. Drug molecules that reach the dermis are
available for systemic drug absorption via the capillary area. The
dermis represents another active layer of the skin that holds the
hair muscles, blood supply, sebaceous glands, and nerve receptors.

Although the skin consists of various membranal layers and cell
types, it is acceptable that the stratum corneum layer is the one that
controls the entrance of xenobiotics, and despite its incredible thin
thickness it provides an effective barrier for maintaining homeostasis
[36]. The passage of a xenobiotic through the skin can follow three
diffusive pathways (Figure 1): transcellular (intracellular), paracellular
(intercellular), and appendageal (through eccrine sweat glands or hair
follicles). The transepidermal pathway (intracellular and intercellular)
requires crossing through the stratum corneum, i.e., corneocytes and
lipid-dominant extracellular lamellar membrane structures. Polar
drugs following the intracellular route can cross through corneocytes,
while apolar drug molecules undergo intercellular transport through
the continuous lipid matrix. The transappendageal route comprises
a passage of molecules through the hair follicles or sweat glands;
however, it is considered as a less significant route for most drugs [37].

a) b) 9]

Stratum corneum

Epidermis

Dermis

Figure 1. Illustration of a cross-section view of human skin, where the three
possible xenobiotic penetration pathways are signaled: a) intracellular, b)
intercellular, c) follicular or appendageal. The upper left inset indicates the stratum
corneum, viable epidermis, and dermis.

Commonly, to obtain quantitative transdermal drug absorption to
the dermis and blood circulation, a temporary disruption of the skin
barrier function is required [38]. This process can proceed in three
different steps. Initially, the molecule enters into the outer skin stratum,
the SC (i.e., skin penetration). In the next step, it passes through one
stratum to another, which is defined and known as permeation, and
finally reaches the dermis and the vascular system (i.e., absorption). The
physicochemical characteristics of the molecules determine the route
of drug penetration through the stratum corneum [39]. It has been
reported that hydrophilic molecules usually prefer the intracellular
(transcellular) route, due to the low affinity of these molecules to lipids
existing on the surface and between the corneocytes [40]. However,
this pathway is considered to be most difficult due to the complexed
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lipid bilayers crossing. Moreover, if a drug is very hydrophilic, it would
be unable to partition from the topical aqueous delivery system into
the SC. In contrast, a highly lipophilic drug is unable to transfer into
the epidermis and will retain in the SC. Like the intracellular route, the
appendages are also considered as a less significant route, because they
occupy a limited surface area (~0.1%) [41]. Altogether, the relative
importance of the skin appendages depends on the intrinsic physical
properties of the test molecules or delivery systems as well as the time
of application [42]. Nevertheless, the appendages represent important
reservoir structures and are considered as shunt penetration pathways
[43]. In fact, the pilosebaceous units are key anatomic compartments
for particle-based drug delivery systems. Nanoparticles in particular
can be accumulated in the follicular openings and penetrate along the
follicular duct [44, 45]. However, the hair follicle types and dimensions
significantly vary among the different body regions, which make the
delivery rate and extent via this route inconsistent in nature. It has
been noted that while terminal hair follicles of the scalp and the
dilated acne pores can conveniently be reached with particles in the
submicron size range, penetration in hair follicles of the body vellum
is limited to smaller particles sizes [46]. Despite its high tortuosity, the
intercellular (paracellular) pathway of xenobiotics along the lamellar
lipids between the corneocytes is widely considered as the main route
for a few drugs but a significant barrier to permeation for most drugs.
Therefore, it is commonly accepted that an optimal drug candidate for
transdermal delivery should be lightly lipophilic (log octanol-water
partition coeflicient or logP = 1-3), possessing a low molecular weight
(MW <500 Da), and a low melting point (m.p. <200 °C) [25, 47].
Basically, the intercellular and follicular route, at least in healthy skin,
may be the most relevant for penetration of drug-loaded nanoparticles
into the skin, but not for penetration of most drug molecules in
their free and soluble form. Impenetrable large particles, rather than
nanoparticles, deposited in furrows atop the stratum corneum may
continuously release their payload, which may become effective only
if the active molecules show suitable features for skin penetration such
as described above.

Surfactant layer

Solid lipid core

Polymeric matrix

Currently New Transdermal Drug Delivery Nano-
Systems

There has been always of great importance for the pharmaceutical
and cosmetic researchers to develop more “cost-effective/ delivery-
efficient” vehicles. In particular, major efforts have been made for
development of vehicles possessing an appropriate ability to carry
hydrophilic and high molecular weight active molecules through
the stratum corneum, molecules that are naturally impenetrable
into the skin. These vehicles should be designed to bring about
efficient penetration and maximization of drug bioavailability thus
providing therapeutic drug concentrations. During the last decades,
extensive research has been done to overcome the skin barrier and
novel formulations and techniques have been developed to achieve
this goal. They can be roughly classified into physical and chemical
methods. The physical or the active methods include iontophoresis
[48], electroporation [49], sonophoresis [50], fractional ablation [51],
and micro-needles [52], and are used as a driving force to obtain
drug skin permeation from a topical formulation. The iontophoretic
method applies an electrical field to drive ionized drug molecules
across the skin membrane, electroporation treats the skin with a high
electrical voltage for a short period of time, and sonophoresis uses
ultrasonic waves to improve drug diffusion. On another hand, there
are chemical strategies that include chemical permeation enhancers
that perturb the skin structure [53], prodrugs, and nanoformulations
(or nanostructured systems) such as polymeric nanoparticles, solid
lipid nanoparticles, and microemulsions (see Figure 2). Nanostructure
systems represent an alternative to the traditional formulations due to
their ability to facilitate drug delivery to structural features of the skin
like hair follicles or interact with skin lipids to mediate transportation.
Diverse parameters affect the penetration of nanostructures including
size, shape as well as their deformability. The relevance of the size
for nanoparticle permeation has not yet been conclusive, and that is
because several other physicochemical properties of the nanoparticles
may also affect, such as { potential and surface modification.

Co-surfactant layer

Surfactant layer

Figure 2. Schematic illustration of (from left to right): Solid lipid nanoparticles, Polymeric nanoparticles, and Microemulsion.

| Pharmacol Pharm Res, Volume 2(4): 5-12, 2019



Aguirre CV, Sintov AC (2019) Microemulsions and Nanoparticles as Carriers for Dermal and Transdermal Drug Delivery

Microemulsion

Microemulsions (MEs) have gained an important role since
it has widely demonstrated to significantly enhance transdermal
permeation of drugs compared to the conventional dosage forms
such as simple gels, ointments or creams (macroemulsions) [54]. A
microemulsion is a mixture of two immiscible liquids, surfactant, and
a cosurfactant, forming an optically isotropic structured liquid. Even
though it macroscopically appears as a single-phase system, it is a
multiphasic system on a nanoscale, being considered as a dispersion of
nanodroplets. MEs are thermodynamically stable (interfacial tension
is nearly zero) and are spontaneously formed while not requiring an
input of energy. The ME formulation is beneficial for transdermal
and dermal delivery of drugs, primarily since the diffusivity and the
partitioning into the skin is significantly increased due to its high
capacity, namely, a high quantity of drug that can be incorporated in
the formulation. Furthermore, the microemulsion ingredients that
create its unique composition may reduce the diffusional barrier of
the stratum corneum and enhance skin permeation [55-58]. For
instance, the hydration effect of the microemulsion on the stratum
corneum has been reported to affect skin permeation [7,59]. In
addition, ME formulations are capable of solubilizing and delivering
both hydrophilic (in W/O MEs) and lipophilic drugs (in O/W MEs).
Consequently, many studies have demonstrated an improvement
in drug bioavailability and stability by using MEs. Gannu et al. [60]
developed a microemulsion-based transdermal therapeutic system
for lacidipine, which is a poorly water-soluble (logP=4.5) and poorly
bioavailable drug. The results demonstrated a 3.5 times improvement
in the bioavailability of lacidipine after transdermal administration
of microemulsion gel compared to oral suspension. Other promising
results have been reported by Said et al. [61] who studied the delivery
of agomelatine by the transdermal route using microemulsions. An
approximate value of 40-fold enhancement in drug permeation
through rat skin was demonstrated when compared to the same drug
in a hydrogel formulation.

Despite their benefits, MEs are not exempt from disadvantages.
In order to produce stable nanodroplets with an ultra-low interfacial
tension, high concentrations of surfactants (30-60%) are usually
required. These excessive concentrations of surfactants may lead
to skin irritation and toxicity. Additionally, due to the use of high
concentrations of surfactants and co-surfactants, microemulsions can
be affected by environmental parameters such as temperature, ionic
strength, dilution, and pH. The effectiveness of MEs for transdermal
drug delivery depends on several interconnected factors such as the
microstructure, type, size, and shape of the nanodroplets. The transport
efficacy through the skin layers also depends on how a drug or an
active compound is incorporated in the MEs droplets, either dissolved
in their core or attached at the interface. It has also been reported that
MEs components can play an essential role as penetration enhancers,
by disrupting the lipid structure of the stratum corneum or increasing
the partition coefficient between the vehicle and the skin [62].
However, the penetration mechanism is additionally dependent on
the stratum corneum properties and the physicochemical properties
of the active compound [63]. Hathout et al. [64] have designed a study
to evaluate how a microemulsion component induces changes in the
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stratum corneum. It has been shown that there was a proportional
relationship between the perturbation degree of the stratum corneum
and the concentration of the components that had topically applied on
the skin [65]. They have shown that the use of unsaturated fatty acids,
such as oleic acid, can decrease the conformational order of the stratum
corneum lipids and induce some phase separation. Other studies have
confirmed that the stratum corneum uptake of oleic acid, Tween 20
and Transcutol®, which are commonly used as MEs components,
is increased after application of MEs compared to application of
the pure chemicals [64]. Another interesting research evaluated the
transdermal delivery of indomethacin in eugenol microemulsion
by the rabbit ear model [66], showing a greater flux compared with
that obtained from a saturated aqueous solution. This penetration
enhancement can be explained by the the activity of eugenol and
the synergistic effect obtained with PEG. Also, the microemulsions
that contained a high eugenol concentration and Polyethylene Glycol
(PEG) were able to increase the loading capacity of indomethacin
as evidenced by a significant improvement in the solubility of the
drug in these formulations compared to its water solubility (logP of
indomethacin=4.46). In another study, ME was prepared with cineole
as a chemical enhancer, a combination that promoted a higher skin
permeation of zidovudine [67]. Zidovudine, a poorly bioavailable
drug with a short half-life of 0.53h, significantly permeated through
pig ear skin and snake skin from the cineole containing ME (by three-
fold) compared with the control. It is well known that permeation
enhancers may act on the skin through diverse mechanisms, such
as by disruption of the lipid bilayer of the SC, or by interaction with
skin proteins (e.g., denaturation, conformational modification).
Specifically, cineole disorganizes the lipid bilayers and decreases SC
property as a barrier.

Microemulsions can also act as skin permeation promoters
by their nanostructural virtue. In a series of studies performed at
Ben-Gurion University in Israel, the advantage of a microemulsion
system has been established with no need of penetration enhancers
or alcohols [8, 68-70]. The skin bioavailability of lidocaine was
improved by a microemulsion system composed of glyceryl oleate
and polyoxyl 40 fatty acids (as the surfactants), isopropyl palmitate
as the oil, and tetraglycol as the co-surfactant [68]. The in vitro
transdermal permeation of lidocaine was significantly increased
from the microemulsion compared to lidocaine permeation from a
macroemulsion, oil-free micellar system, and a surfactant mixture
only (water-free). Similarly, the transdermal administration of
diclofenac-containing microemulsion to rats resulted in 8-fold higher
plasma levels of the drug than those obtained after application of
Voltaren Emulgel® [8]. The diclofenac microemulsion contained the
same ingredients as in lidocaine formulation [68], i.e., glyceryl oleate
and polyoxyl 40 fatty acid, isopropyl palmitate tetraglycol. Caffeine
permeation across fresh skin excised from rat, rabbit, and pig was
highly enhanced when formulated in microemulsion composed of
Labrasol®, glyceryl oleate, isopropyl palmitate, propylene carbonate
and water [69]. The transdermal permeation rate of caffeine was
higher via microemulsion than the rates measured after caffeine
in Labrasol® solution, caffeine in an oil-free micellar system, and
caffeine in a surfactant-oil mixture. These findings indicate once more
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that the mechanism of drug permeation through the skin is based
on the microemulsion’s vesicular nature rather than on chemical
enhancement driven by its surfactant excipients. In another study
which was carried out by our group to evaluate transdermal curcumin
permeation [70], it has also been established that microemulsion
vehicle was advantageous over a micellar system and a surfactant-oil
mixture, composed of the same proportions of ingredients.

Polymeric Nanoparticles

The use of polymeric materials for entrapping drugs and active
substances in a solid envelope is an apparent approach selected to mask
the intrinsic physicochemical properties of active compounds that are
inapplicable for skin permeation. Polymeric nanoparticles, which are
defined as nanosystems with particle sizes of tens and hundreds of
nanometers in diameters, have frequently been given more descriptive
names, such as nanocapsules or nanospheres, depending on their
morphology. The presence of an inner core (aqueous or oily solution)
in nanocapsules leads to a vesicular structure while its absence in
nanospheres provides a matrix structure of the polymeric matter. The
drug can be entrapped in the core (nanocapsules) or the channels and
cavities of the matrix (nanospheres) as a dispersion (in a saturated
solution), as a solution, or as a complex with the polymer. Due to their
inherent complexity, nanoparticles made of polymers have shown to
be an excellent carrier for controlled and sustained delivery of drugs
[71, 72]. Their surface may also be modified in order to carry out an
active or passive drug delivery [73, 74].

The pharmaceutical properties of polymeric nanoparticles (PNPs)
(e.g., drug stability, release mechanism) depend essentially on the
type of the polymer. For example, instability has been encountered in
calcium alginate nanoparticles that led to fast and uncontrolled drug
release profiles after oral administration [75]. Similar results have
been shown in gliadin nanoparticles [76]. The proteinaceous nature
of gliadin makes its nanoparticles highly sensitive to pH changes
or ionic strength alterations, so they may dissolve or aggregate
depending on the environmental conditions in the alimentary canal
[76]. To improve PNPs’ stability, two approaches or strategies have
been adopted. One of the strategies takes advantage of the functional
groups present on the polymeric chains, which can be covalently cross-
linked with a compatible crosslinker. In many cases, crosslinking
is an essential step that affects the functionality of nanoparticles,
such as biodegradability and/or drug release [77, 78]. The second
strategy uses coating of PNP surface area (e.g., with polysaccharides,
polyethylene glycols) to avoid agreggation and precipitation [79, 80].
PNPs are among the most studied nanocarriers for drug delivery due
to their relatively high entrapment yield and their ability to effectively
deliver therapeutic doses while minimizing side effects. Masella et al.
[81] have developed an innovative polymeric patch for transdermal
delivery of melatonin, which was incorporated into polycaprolactone
(PCL) nanoparticles. Melatonin release from this patch was assessed
by a Franz diffusion cell system, shown a controlled behavior of
melatonin diffusion from the PCL nanoparticles. This drug has
been indicated as a good candidate for transdermal drug delivery
due to first-pass metabolism resulting in low oral bioavailability
and a weak sleep-promoting effect. Another drug loaded in PNPs
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that has also been studied for transdermal delivery was pirfenidone,
the first antifibrotic agent approved by the FDA to treat idiopathic
pulmonary fibrosis. Pirfenidone has a short half-life in the (2.4 h),
and clinical studies have shown that it undergoes hepatic first-pass
metabolism. Moreover, following oral administration, it may cause
side effects such as stomach pain, vomiting, diarrhea, burning or pain
in esophagus and throat. Transdermal delivery has been attested as
an effective pathway to overcome the undesired side effects, and to
provide patient compliance. The transdermal drug delivery system
was based on chitosan-sodium alginate nanogel, which presented a
sustained release pattern during 24 h and a significant enhancement
of skin penetration [82].

Lipid Nanoparticles (LN)

Solid lipid nanoparticles (SLNs) were introduced in 1990 as an
alternative carrier system for liposomes, O/W microemulsions, and
lipophilic polymeric nanoparticles. They are composed of a solid
hydrophobic core and a monolayer of surfactant coating and are
suspended in the aqueous environment. The solid core contains the
active compound dissolved or dispersed in a solid high melting fat
matrix. Due to their properties, SLNs have the potential to carry
lipophilic or hydrophilic molecules, depending on the method of their
preparation. Usually, SLNs are composed of approximately 0.1 - 30%
(w/w) solid fat, have an average size of 50-1000 nm in diameter and
a spherical morphology. Apart from decreasing SLNs’ particle size,
which increases their stability, tensoactives are also being used at
concentrations of about 0.5 to 5% to enhance stability. These include
phospholipids, steroids, poloxamers, and polysorbates. The type of
surfactants, lipid compounds, and their proportions can modulate
the particle size and drug loading. SLNs’ lipid components include
glyceryl esters, waxes, and fatty acids, which are required to be in a
solid, state at ambient and body temperature (36.5-37.5°C). SLNs
have several advantages: the manufacturing is cost-effective, easy to
scale-up the production, they are biodegradable, relatively stable and
nontoxic [83-851]. Other important characteristics include good
protection offered for the entrapped drugs and sustained drug release
from the lipidic matrix. For the purpose of transdermal application
and to avoid a potential systematical toxicity, Guo et al. [86] prepared
ivermectin-containing SLNs. The release study displayed a slow
and sustained release patterns for the drug-SLNs. Nevertheless,
variability was noted in the shape and particle size of the SLNs, as
well as drug expulsion from the lipid matrix [87]. However, one of
the most relevant limitations is the possible degradation of active
components during the production process [88, 89]. Labile molecules
such as peptides, proteins or nucleotides, may undergo degradation
as a consequence of stress and strain caused by the homogenization
process, or by the heat formation during melting. It should be aware,
therefore, that an appropriate selection of the production method
is indispensable. Gallarate et al. [90] prepared peptide-loaded SLNs
through coacervation technique, a solvent-free method, in which
leuprolide and insulin had been chosen as model polypeptides. The
researchers have demonstrated that the coacervation technique,
which included some mild heating steps, did not affect the chemical
stability of these peptides.



Aguirre CV, Sintov AC (2019) Microemulsions and Nanoparticles as Carriers for Dermal and Transdermal Drug Delivery

SLNs appear to be an attractive colloidal carrier system for the
delivery of drugs into the skin, mainly because of their soothing
effects on the skin. They have a moisturizing effect on the skin
through occlusion providing an incremental skin hydration [91].
SLN formulations were loaded with lornoxicam, an NSAID, and were
tested for drug permeation through full-thickness rat skin [88]. As
already mentioned, topical application of NSAIDs may represent
drug administration that avoids some gastrointestinal side effects
such as dyspepsia, ulceration, and bleeding, usually appearing after
oral lornoxicam. It was shown that lornoxicam SLNs increased skin
permeation rate compared with a lornoxicam gel control, implying
that the spontaneous occlusivity and skin hydration increase the
penetration into the skin [92]. Transdermal drug delivery using SLNs
has also been studied for rivastigmine, a drug used for the treatment
of mild to moderate Alzheimer’s and Parkinson’s diseases [93].
The results showed improvement of daily activities like cognition,
behavior, and global function, thus, transdermal drug delivery have
given an optimal advantage to such patients, by providing a controlled
drug release that maintains steady plasma levels. That makes the
treatment a user-friendly and convenient alternative to the traditional
dosage forms. The researchers also reported that SLNs were prepared
by the emulsification-diffusion method, and subsequently, the SLNs
were incorporated into transdermal films. Then, pharmacokinetics
studies were performed on rabbits, showing significant improvement
of C,_  and bioavailability of the drug compared to a control patch
[93].

SLNs can be modified by incorporation of liquid lipid into the
solid structure. This new form of SLNs, named nanostructured lipid
carriers (NLCs), encounters the limitations of SLNs such as limited
drug loading capacity and lipid crystallization [95]. The introduction
of liquid lipids causes a melting point depression in comparison with
a pure solid lipid, and impairs the crystal structure of the lipid thus
offering more space to drug inclusion. However, Teeranachaideekul
et al [96] have shown that lipid NPs display a deeper penetration
up to upper dermal layer when the content of liquid lipid is lower,
indicating that liquid lipid limits skin penetration. This phenomenon
has been explained by reduction in the occlusive effect (hydrophobic
film formation) of the lipid nanoparticles with the increase on liquid
content, which in turn caused more water evaporation and lesser skin
hydration [96].

MEs, PNP and LN as Nanocarriers for Transdermal
Drug Delivery of Various Therapeutic Agents

During the last decades, researchers have shown an increasing
interest in nanocarriers for transdermal application. Table 1
summarizes the latest studies related to transdermal nanocarriers. The
selection of the most appropriate carrier has been primarily dependent
on the physicochemical characteristics of the drug that has to be
loaded (e.g., pKa, hydrophilicity, lipophilicity), and factors related to
the carrier and its manufacturing process, such as the ability to entrap
the drug and to keep its stability. The nanocarriers could be prepared
from a diversity of materials such as lipids, proteins, polysaccharides,
natural or synthetic polymers. The lipophilic/hydrophilic nature
of the drug mainly dictates the development of most compatible
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transdermal dosage forms. It is commonly accepted that drugs with
a relatively high logP are more appropriate to be delivered through
the skin, while drugs with low logP are more difficult to penetrate
and need lipophilic carriers. Therefore, it is essential for a nanocarrier
not only to be able to adsorb and entrap a low logP drug but also
to penetrate and deliver it through the lipid bilayers of the stratum
corneum [97].

Microemulsions have gained much interest due to their
thermodynamic stability and ease of preparation. In vitro [113] and in
vivo [114] studies have demonstrated their potential in enhancing drug
delivery through dermal and transdermal routes of administration.
The main advantages of MEs for transdermal delivery of drugs
include (a) the high capacity and ability to solubilize quantitative
amounts of hydrophilic drugs, and (b) the permeation enhancing
effect due to individual components in the microemulsions or due
to the vesicular nature of the delivery system. El Maghraby et al. [98]
studied hydrocortisone as a model lipophilic drug and investigated
the effects of cosurfactants on the transdermal delivery. Ethyl alcohol,
isopropanol, and 1,2-propanediol (propylene glycol) were used as
cosurfactants in the microemulsion. The results showed a significantly
increased transdermal flux of hydrocortisone from MEs containing
these cosurfactants compared to a cosurfactant-free formulation.
Thus, the incorporation of cosurfactants not only modifies the
physical characteristics of the microemulsion but it also increases the
permeation efficacy, supporting the conception of the nanovesicle-
driven mechanism of skin penetration [8, 68-70]. Carvalho et al.
[97] compared a non-aqueous microemulsion (containing propylene
glycol) with an aqueous microemulsion (containing water), and
evaluated their ability to improve drug delivery into the skin. The
researchers studied the delivery of progesterone (MW=314.5 g/
mol, logP=3.87), a- tocopherol (MW=430.7 g/mol, logP=7.96), and
lycopene (MW=537, logP=9.16). The results of the skin penetration
studies have demonstrated that the penetration enhancement
promoted by the aqueous formulation was significant for progesterone
and tocopherol, but not for lycopene. These data suggest that skin
penetration of highly lipophilic drug is limited by aqueous MEs, and
its use by this system may be redundant. Other promising results have
been shown for repaglinide. This drug is a quick and short-acting
BCS class II drug, and due to its poor water solubility (logP=5.4), and
its short half- life (~1 h) (rapid first-pass metabolism), it represents
a good candidate for microemulsion systems. Ex vivo permeability
study across rat skin showed a 12.3-fold increase in flux with a
microemulsion formulation compared to repaglinide suspension in
water [1].

SLNSs, on the other hand, are entirely different nanocarriers. Their
main advantages include the protection of labile substances from
chemical degradation, controlled drug release due to the solid state
of the lipid matrix, and film formation on the skin that produces an
occlusion effect. The occlusion effect leads to a reduced water loss
and increased skin hydration, and produces a significant reduction
in the total Transepidermal Water Loss (TEWL) [109]. The occlusion
effect ability of SLNs (composed of glyceryl dibehenate) was studied
using porcine skin. Occlusion Factor (F) was calculated according
to Teeranachaideekul et al. [96], where F=0 means no occlusive
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effect while an F=100 means maximum occlusion. In this study, an
occlusion factor of 36% for SLNs was shown. Furthermore, TEWL
(recorded with a Tewameter®) showed a 34.3% reduction in TEWL.
The studies have confirmed that SLNs, by their affinity to the stratum
corneum, form an invisible and occlusive film over the skin that
reduces transepidermal water loss and improves skin hydration [96,
115-117]. One more characteristic of SLNs is its lipophilic nature that
combined with the high surface area allows longer contact duration
of the drug with the skin and results in an efficient drug delivery.
However, only thermostable drugs should be chosen for the SLN
system due to the high temperatures required to be applied during
production [89]. SLNs’ components are also relevant for transdermal
absorption as their properties are critical for getting optimal
transdermal permeation. Some interesting results have been published
by Gaur et al. [110], who studied SLNs loaded with curcumin and
obtained high drug permeation through human skin after 24h by
including ceramide- 2 in the formulation. The amounts and the
proportions of components may also influence the SLN properties
as shown by Wake et al. [111], who designed SLNs for transdermal
rasagiline mesylate to alleviate the symptoms of Parkinson’s disease.
This research has shown that increasing the concentration of stearic
acid in the SLNs led to a higher entrapment while increasing the
concentration of tween 80 led to a smaller particle size. Unlike
liquid oils and microemulsions, SLNs are able to release drugs by a
controlled manner, while the slow mobility of the drug molecules is
dictated by the diffusion out of the solid lipid. SLNs are usually made
of physiological lipids such as fatty acids, steroids, monoglycerides,
diglycerides and triglycerides [118], therefore they are considered
safe and the danger of acute and chronic toxicity is much lower.
However, its cytotoxicity will depend on the compounds that form
the lipid matrix. Weyenberg et al. [119] tested a series of positively
and negatively surface charged SLNs, demonstrating a cytotoxicity
caused by the influence of surfactant excipients. Moreover, significant
cytotoxicity was measured when SLNs were coated with the cationic
surfactant cetylpyridinium chloride, while formulations containing
Lipoid S75 reduced cell viability just slightly.

PNPs are different from MEs and SLNs by their rigidity, which
might be critical for transdermal drug delivery. Although polymeric
nanoparticles have a potential as transdermal drug carriers, the
penetration of nanoparticles into the skin may be significantly lower
due to this rigidity when comparing with soft nanoparticles (e.g.,
liposomes) [120]. It is, therefore, advisable to evaluate the specific
PNPs’ properties and to consider a surface modification in order to
obtain a significant skin penetration. Marimuthu et al. [121] prepared
poly (lactide-co-glycolide) (PLGA) nanoparticles containing
glucosamine and modified their outer surface, resulting in a more
flexible permeability through the skin lipid membranes compared
with uncoated glucosamine nanoparticles. Polymeric nanoparticles
are generally prepared by one of three techniques - emulsion/solvent
evaporation, nanoprecipitation, and salting out - all of them need
a volatile organic solvent in which a hydrophobic drug is dissolved.
Thus, PNPs are a useful reservoir for hydrophobic drugs designed
for delivering them through the stratum corneum and for releasing
these drugs by a controlled manner into the viable skin. Luengo et al.
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[100] used flufenamic acid as a lipophilic drug model and reported
accumulation of the drug in deeper layers of excised human skin
after more than 12 h. Transdermal hydrophilic drugs have also been
studied using PLGA nanoparticles. Procaine hydrochloride-loaded
PLGA nanoparticles, having an average diameter of 150-210 nm, were
reported to increase skin accumulation, following by elevated muscle
concentrations when using isopropyl myristate as a transdermal
enhancer [122].

Perspectives for Transdermal Dosage Forms

The advantages of the dermal and transdermal drug route of
administration are the best incentive to keep investing efforts and
spending time in its research. The benefits of this route are, just
to mention a few, the large surface area of the skin that provides a
vast accessible area for drugs, the patient-friendly application that
helps to improve the treatment adherence, the avoidance of the
gastrointestinal tract environment, the decrease of side effects, as
well as reducing multiple dosing frequencies. Due to the low number
of drug molecules that are capable of passively crossing the skin
barrier, development and application of nanocarriers such as MEs,
SLNs, and PNPs are needed to expand the scope of drug compounds
that would be quantitatively transported through the skin. More
innovative formulation work, pre-clinical experiments, and clinical
studies need to be done to establish the safety and eflicacy of these
nanosystems before introducing into the market. The current reports
have demonstrated the advantages of nanometric transdermal
formulations; however, solvent-free, safe and non-irritant excipients,
time-consuming and inexpensive manufacturing process should be
taken into consideration during product development. The number of
next- generation therapeutics is expected to increase with new types of
drug molecules, like proteins, peptides, and antibodies, even though
the future challenge of the pharmaceutical scientists would be tougher
and more difficult. The toughest obstacle of all might be the need to
hold an active macromolecule into a nanoparticle or a nanodroplet
while preserving its activity once it releases into the skin or in the
systemic circulation. Altogether, the nanosystems have become
successful dosage forms for a variety of dermally and transdermally
active principals by modulating drug transfer and serving as nontoxic
penetration enhancers.
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