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Topical and transdermal delivery has historically offered an attractive and non-
invasive route for administration of medicines. However, human skin is known
to be a remarkably good barrier to the permeation of substances. The majority
of dermatological drug products have been reported to only deliver a portion of
the total dose applied, often resulting in low drug bio-availability at the site of
action inside the skin. This insufficient formulation performance, coupled with
the fact that percutaneous delivery is heavily influenced by the innate
physicochemical properties of the active, pose limitations on effective
treatment and prevention of diseases by using solely topical formulations.
Generally, it is known that the rate and the extent of drug delivery to and
through the skin is highly dependent on the formulation components. This work
highlights the importance of the vehicle for the design of efficacious skin
products, discusses current limitations in dermal delivery and explores
recent advances for overcoming these challenges. Novel materials with
penetration enhancing properties and innovative formulation strategies are
also explored, together with future perspectives and outlooks. The emphasis
here is on studies focused on passive skin transport because of clinical
limitations associated with disrupting the skin barrier by physical methods.
This information is believed to aid in the design and optimization of
dermatological drug products for topical and transdermal delivery of actives.

KEYWORDS

transdermal, chemical penetration enhancer, formulation design, skin, topical, film-
forming systems, deep eutectic systems, ionic liquids

1 Introduction

The therapeutic efficacy of dermatological drug products is characterized by the rate
and extent that the active reaches the desired site of action. For topical formulations, this
may be located in specific areas inside the viable epidermis and/or the dermis.
Additionally, intra-follicular drug disposition is of special significance for the targeted
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treatment of conditions related to skin appendages, such as hair
growth disorders or sebaceous gland-associated disorders. In
contrast, for transdermal delivery systems, the active must
permeate across the tissue and reach the blood circulation for
systemic effects (Lane et al., 2011; Patzelt and Lademann, 2020).

Topical and transdermal drug delivery systems have been
approved for clinical use for many years. The last decades have
seen a considerable growth of skin formulation development,
with the global dermatological drug market projected to reach
approximately USD 40 billion by 2030. Yet, to date, only a limited
number of drugs are considered as suitable for administration via
the percutaneous route, mainly owing to the selective
permeability of the skin barrier. Drugs of non-optimal
(e.g.
molecules) remain excluded from conventional dermatological

physicochemical properties and potency macro-
drug development, thereby limiting the medical applications of
the field (Prausnitz et al., 2004).

Recent technological advances in drug delivery systems have
shown promising results in terms of addressing the deficiencies and
limitations of conventional means for dermatological drug
administration. This review focuses on the utility of film-forming
systems (FES) and ionic liquid (IL) -based systems, as innovative
passive permeation enhancement strategies for targeted delivery into
and through the skin, and highlights the importance of appropriate
excipient selection for the design of efficacious skin products. The
selection of studies was based on permeation data using porcine or
human skin, since results from these membranes are known to
correlate with human in vivo data (Barbero and Frasch, 2009; Huong
etal, 2009; Hopf et al,, 2020). The use of nano-delivery systems, such
as nano-emulsions, nano-fibers and nano-carriers, also included in
the passive enhancement category, has been discussed elsewhere in
the literature (Prow et al., 2011; Cui et al., 2020; Almeida et al., 2022;
Tapfumaneyi et al,, 2022) and was not be the focus of the current
work. Physical enhancement involves a wide range of invasive
methods to disrupt the skin barrier, including the use of
microneedles or application of electrical energy. Detailed reviews
on novel methods of such delivery have been produced elsewhere
(Cross and Roberts, 2004; Larraneta et al., 2016; Benson et al., 2019).

2 Skin barrier and percutaneous
absorption

The human skin is a large and complex multilayered
structure. It comprises approximately 10% of the total body
mass of an average person and covers a surface area of
1.5-2m’. It is the interface between the body and the external
environment, and its primary role is to act as a protective barrier
against the ingress of toxins and microbes, as well as the egress of
endogenous water. This barrier function is determined by the
thin (10-20 um) outermost layer of the skin, namely the stratum
corneum (SC), which also represents the non-viable part of the
tissue (Hadgraft, 2001, 2004; Hadgraft and Lane, 2011). The SC

Frontiers in Drug Delivery

02

10.3389/fddev.2022.1049848

consists of tightly connected terminally differentiated protein-
enriched cells (keratinocytes) embedded in an inter-cellular
densely packed lipid lamellae, in a structural arrangement
analogous to a ‘brick and mortar wall’, where the bricks
correspond to the corneocytes and the mortar to the lipid
matrix (Michaels et al., 1975). The molecular architecture of
the SC, including the composition and organization of the lipid
domain as well as metabolic responses and cellular signalling
underlying barrier repair and homeostasis have been thoroughly
discussed in the literature (Proksch et al., 2008; Elias, 2012;
Menon et al., 2012; Boncheva, 2014; van Smeden et al., 2014;
Schmitt and Neubert, 2018, 2020; Starr et al., 2022). This pattern
of SC organization defines the barrier properties and determines
the penetration pathways for a molecule to cross the membrane.
Transport across the SC occurs via passive diffusion through
three routes of permeation: the inter-cellular (i.e., via the lipid
lamellae), intra-cellular (ie., in a straight line through both
corneocytes and lipid matrix) and/or via skin appendages
(trans-appendageal) (Figure 1).The inter-cellular route via the
the
predominant permeation pathway. This represents a tortuous

continuous lipid domain is generally accepted as
route of diffusion that has been estimated to be ~ 500 um,
i.e., more than 20 times longer than just the simple thickness
of the SC (Hadgraft, 2004). The inter-cellular diffusion of
molecules has been confirmed in many visualization studies
over the years (Elias and Friend, 1975; Bodde” et al.,, 1989
Bodde” et al., 1991; Neelissen et al., 2000; Talreja et al., 2001).
Additionally, the trans-appendageal route, via shunt pathways
formed by hair follicles and sweat glands, is known to play an
important role in percutaneous absorption (Feschuk et al., 2022).
Scheuplein (1967) proposed that shunt diffusion is predominant
in the early stages shortly after topical application of
formulations, and it is eventually overtaken at longer times
before steady-state absorption is established by general
partition and diffusion through the intact SC. Over the years,
several studies have investigated the distribution of topically
the
considerable contribution of this pathway (Grams et al.,, 2004;
Frum et al., 2007; Otberg et al., 2008; Farah et al., 2020; Mangion
etal., 2022). The intra-cellular pathway requires the permeant to

applied chemicals in hair follicles, demonstrating

travel perpendicular to the skin surface, passing into and out of
the protein-rich corneocytes and the inter-cellular lipids
sequentially. The corneocytes are filled with water and
microfibrillar keratin, surrounded by a cornified envelope
comprised of a densely crosslinked layer of proteins (van
Smeden et al., 2014). The partitioning of molecules into these
regions is generally assumed to be hindered, and the contribution
of this route has been largely discounted. It is worth noting,
however, that diffusion through corneocytes has been reported
by various experimental studies using human skin ex vivo,
demonstrating that the trans-cellular route may have a
significant contribution for the absorption of several actives
(Yu et al., 2003; Kushner et al., 2007; Barbero and Frasch, 2017).
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Skin permeation pathways. Reprinted from Rahma and Lane (2022), according to the terms and conditions of the Creative Commons

Attribution 4.0 International License (CC BY 4.0).

The process of topical and transdermal delivery begins with
the partitioning of the active from the vehicle to the SC. After
penetrating to the SC, the drug must diffuse through the
membrane until it reaches the end of the SC, where it must
partition to the water-rich viable epidermis. The hydrophilic
nature of this region can be a rate limiting barrier for the
permeation of highly lipophilic drugs in deeper layers
(Hadgraft and Lane, 2011; Lane et al., 2011). Naturally, these
processes are determined by the innate physicochemical
properties of the solute, i.e., moderate lipophilicity will enable
partitioning/solubility to the various layers of the skin (optimal
range of logP (o/w) between 1 and 3); relatively low molecular
mass (<500 Da) and low melting point will promote diffusivity
through the permeation pathways. The degree of ionization, and
the presence of hydrogen bonding groups on the permeant are
additional important parameters that may affect the actives’
ability to move in lipophilic or hydrophilic environments
(Barry, 2001; Hadgraft, 2004). Clearly, the number of
compounds that possess these characteristics is limited, and
therefore innovative formulation strategies are required to
extend the range of compounds that can be used for
percutaneous absorption.

3 Strategies to enhance percutaneous
drug delivery

3.1 Thermodynamic activity and
supersaturation

The chemical potential gradient is known to be the driving
force for diffusion, and the manipulation of the thermodynamic
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activity of the drug in the vehicle has been used as a strategy to
increase drug penetration to the skin for many years. The
thermodynamic activity of a solute is defined by its degree of
saturation i.e., the concentration of the solute in the vehicle as a
fraction of the maximum solubility in that same vehicle.
Typically, maximum thermodynamic activity, equal to one,
will be reached when the drug saturates the formulation.
Greater thermodynamic activity values can be achieved by
abrupt changes of drug concentration in the vehicle that force
the solute to exceed its saturation solubility and reach a
supersaturated state. A major problem with this strategy is
that supersaturated
thermodynamically unstable due to eventual recrystallization.

solutions are inherently
Ideally, the supersaturated states should be achieved in situ upon
application, for example following the depletion of volatile
formulation components. This can be accomplished by the
use of appropriate combinations of volatile and non- or less
volatile solvent systems. In this scenario, a large part of the
applied formulation will be rapidly lost by evaporation, thereby
leading to increased drug concentrations in the residual phase on
the skin. This approach was initially reported many decades ago,
by Coldman et al. (1969), who examined the in vitro
percutaneous absorption of fluocinolide and fluocinolone
acetonide from binary solvent systems consisting of the
volatile isopropanol and either propylene glycol or isopropyl
myristate at various ratios. Maximum drug permeation was
found from formulations with high amounts of volatile
solvent in the system, and this effect was attributed to the
high thermodynamic potential of the drug at supersaturated
state in the remaining solvent.

A relatively recent application of this strategy involved the
development of polymeric film-forming systems (FES) as

frontiersin.org
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TABLE 1 IL-based formulation strategies for the development of topical and transdermal formulations.

Formulation
strategy

Main findings

10.3389/fddev.2022.1049848

References

Acyclovir API-IL

(Acy)

Acy anion: [Acy]: [Ch], [Ny 1,16l
[Naa4l [Pyl Acy cation: [HrAcy]
[Docusate]

Sulfasalazine API-IL

(Sulfa)

[Sulfa][Ch]

Up to 400-fold greater solubility of acyclovir-IL
in water compared to acyclovir.

All of the newly synthesized acyclovir ILs
exhibited increased aqueous solubilities by at
least 2 orders of magnitude when compared to
that of neutral acyclovir.

The solubility of Sulfa-IL in saline was 4000-fold
higher compared to that of the free drug.

Shamshina et al. (2017)

Shadid et al. (2015)

Etodolac (Eto) [Eto][Lidocaine] API-IL

Ibuprofen API-IL

(IBU)

[IBUJ: [L-valine alkyl (R)-ester] R:
ethyl-, propyl-, isopropyl-, butyl-,
pentyl-, hexyl- group

Acyclovir [Cimim] [(MeO),PO,] IL/0 micro-emulsion

[Ch][formate], [Ch][lactate], [Ch]
[propionate]

Acyclovir IL/o micro-emulsion

Insulin [Ch][sterate], [Ch][oleate], [Ch]

[linoleate]

SAILs

IL formation resulted in a significant increase of
drug solubility in water and organic solvents
(propylene glycol, diethyl sebacate, octanol)
compared to neutral etodolac.

Incorporation of IL in a patch resulted in a 9.3-
fold increase of etodolac permeation across the
skin compared to a control patch, containing
etodolac alone.

Enhanced the water solubility at least 42 times
compared to free IBU.

All API-ILs resulted in greater percentages of
applied ibuprofen that permeated across the skin,
ranging from 7.3% to 13.6%, compared with
ibuprofen free acid (6.1%).

Incorporation of IL in the micro- emulsion
resulted in greater drug solubility in the system
compared with a control w/o micro-emulsion.

Significant drug permeation enhancement when
IL was used as an excipient compared with a
commercial acyclovir-containing cream in vitro.

When used as excipients, all ILs resulted in a
significantly increased penetration of acyclovir
compared to either w/o micro-emulsions or neat
formulation components across Yucatan minipig
skin ex vivo.

The incorporation of unsaturated SAILs resulted
in stable micro- emulsion systems over 3 months,
as well as in a significantly increased in vitro
porcine skin penetration of insulin compared to
all other formulations examined.

Miwa et al. (2016)

Janus et al. (2020)

(Moniruzzaman et al.,
2010b,Moniruzzaman et al.,
2010a)

Islam et al. (2020)

Islam et al. (2021)

[HTMG] [octanoate], [HTMG]
[tetradecanoate]

Imiquimod SAILs

The combination of SAILs enabled the formation
of self-assembling micelles with a pH-dependent
drug release mechanism for targeted delivery in
an acidic micro-environment.

Tampucci et al. (2020)

Ch, Cholinium; SAIL, Surface-active ionic liquid; HTMG, tetramethylguanidinium cation.

innovative formulations to achieve enhanced and sustained
percutaneous delivery (Reid et al, 2009). Generally, FFS
contain volatile solvent(s) that, upon application to the skin,
evaporate leaving the drug in a residual film of excipients on the
skin surface. A major challenge for an efficient FFS is to sustain
the delivery of actives after the initial transient release of the
compound. After the evaporation of the volatile solvent, the
residual phase composition should contain sufficient drug in a

Frontiers in Drug Delivery

molecularly dispersed state within the residual film to ensure the

capability of the drug for sustained diffusion (Frederiksen et al.,

2016). Appropriate polymer selection is critical for preventing

crystallization of the active from a supersaturated state, as well as

for achieving optimal rate of delivery, as demonstrated in a recent

study by Edwards et al. (2017). These researchers investigated the

impact of two different polymethacrylate copolymers, Eudragit
RS and Eudragit E, on the flux of both methylphenidate and
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methylphenidate hydrochloride, across a silicone membrane
in vitro. Overall, drug delivery was reported to be linearly
proportional to the degree of drug saturation in the polymeric
film formulation, estimated by the drug solubility in the polymer.
Additionally, drug delivery was dependent on the degree of anti-
nucleant action of the selected polymer. One of the first FFS to be
approved for the treatment of skin disease was the anti-fungal
single dose Lamisil® Once (Kienzler et al, 2007). This
formulation consisted of ethanol as the volatile solvent,
the
ingredient, and acrylates/octylacrylamide copolymer as the

terbinafine hydrochloride as active pharmaceutical
preparation’s polymeric backbone. Upon application on the
skin, the rapid evaporation of the solvent resulted in the
formation of a drug-containing residual film that promoted
prolonged delivery of the active to the SC. In vivo human
dermatopharmacokinetic studies showed that the FFS system
had a greater residence time on the skin and promoted greater
drug penetration to the SC compared to a cream vehicle of the
same drug concentration (1%) when applied as a single dose.
Later experimental studies investigated the impact of additional
excipients into the FFS on the duration and the extent of drug
delivery to the skin ex vivo. Garvie-Cook et al. (2015) examined
the skin distribution of a lipophilic drug, betamethasone 17-
valerate, from various FFS to porcine skin ex vivo by the tape-
stripping technique. Higher drug uptake was reported from
hydrophobic FFS than from those containing a more
hydrophilic polymer. Drug was observed to be rapidly
taken up into the SC from which it subsequently diffused
into the lower, viable skin layers over a sustained period. The
authors proposed that hydrogen bond interactions between
the drug and the hydrophobic acrylate polymers may allow for
the formation of drug ‘reservoirs’ in both the residual
polymeric film on the skin surface, as well as within the
SC, from which sustained delivery can be maintained. In
the presence of a lipophilic excipient (medium-chain
triglyceride) into the hydrophobic FFS, the films were
reported to adopt a two-phase film structure (soft lipid-
enriched inclusions within a solid polymeric surrounding),
leading to a higher drug diffusivity. More recently, Kapoor
et al. (2022) conducted ex vivo penetration experiments in pig
ear skin to examine the skin delivery of Tazarotene from novel
FFS at various drug concentrations. The total amounts of drug
permeated for the FFS containing 0.1% Tazarotene were
those
available Tazorac® cream (0.1%). The FFS consisted of a

subsequently compared with for commercially
lipophilic polyamide-3 polymer and ethanol, and 50 pL of
formulation were applied to an area of 0.5 cm® (diameter
8 mm) over 24 h. Horizontal sections (10 pm thickness) of the
epidermis and dermis were sliced and the amounts of drug
that penetrated to these sections were determined according
to a previously reported model (Herbig et al., 2015). Overall,
the FFS was found to promote ten times greater amounts of

drug to the upper dermis compared to the cream formulation.
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The corresponding amounts of drug that penetrated to the
epidermis were not reported by the authors; however, the
superior performance of FFS with regards to the rate and
extent of drug delivery was evident.

Drug loaded FFS have shown great potential for enhanced
and sustained drug delivery into the skin. The increased
residence time on the skin coupled with high mechanical
resistance may contribute to the replacement of multiple daily
applications of conventional semi-solid topical products with a
single administration, thereby promoting improved patient
compliance. In addition to enhanced drug delivery, the good
wipe-off resistance and cosmetic attractiveness are features that
may play a role in dose consistency for dermal drug
administration. Although research on FFS has been going on
for several years, only a handful of drugs are currently formulated
in such delivery systems and are available for clinical use (Piinnel
and Lunter, 2021). Clearly, the applications and capabilities of
polymeric FES are far from being exhausted.

3.2 lonic liquids and deep eutectic solvent
systems as penetration enhancers

3.2.1 Vehicle selection

The use of ionic liquids (ILs) and deep eutectic solvent
systems (DESs) as excipients in dermatological drug delivery
systems for permeation enhancement has received exceptional
interest in recent years, especially with regard to transdermal
transport of macro-molecules (Berton and Shamshina, 2021; Liu
et al,, 2022). ILs are defined as molten salts with low melting
points, typically below 100°C, with many ILs being liquid at
ambient temperature (room-temperature ILs (RT-ILs)) (Hayes
et al., 2015). ILs are comprised solely by ions, namely a relatively
large and asymmetric organic cation and an organic or inorganic
anion, normally mixed in a 1:1 molar ratio. DESs are eutectic
mixtures of two or more distinct components, hydrogen bond
donors and acceptors, which when combined at a certain ratio
experience deep melting point depression, typically below room
temperature, due to strong hydrogen-bonding. DESs are often
regarded as a class of ILs because they share many of the same
genera characteristics, such as high thermal stability, low
volatility and low vapor pressure (Wolbert et al, 2019;
Hansen et al, 2020). Most importantly, the structure of ILs
and DESs the of
pharmaceutical tunability, ie., their physicochemical and

gives them remarkable advantage
biological properties, including hydrophobicity and hydrogen-
bonding ability, can be modified or chosen a priori by precise
selection of the system constituents and their stoichiometric
ratios (Tanner et al., 2019).

In an 2010b,

Moniruzzaman et al., 2010c examined the topical delivery of

early study, Moniruzzaman et al,
acyclovir, a drug with low solubility in water, and commonly used

organic solvents from various systems, including a novel IL-
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based microemulsion. Microemulsions are thermodynamically
stable isotropic mixtures of at least three components, i.e., two
immiscible solvents and a surfactant (Heuschkel et al., 2008). The
presence of an imidazolium-based IL [Clmim][(MeO)2PO2]
dimethyl the
formulation was reported to significantly increase drug

(dimethylimidazolium phosphate),  in
delivery to and through porcine skin ex vivo for the IL-in-oil
(IL/0) micro-emulsions, compared with conventional water-in-
oil (w/o) micro-emulsions of similar composition. The IL or
water phase accounted for 4% (w/w), for both the IL/o and w/o
preparations respectively. The IL/o micro-emulsion was
additionally found to outperform a commercial acyclovir
cream of the same drug concentration (5 mg/mL), in terms of
promoting drug permeation across the skin. In a similar work,
Islam et al. (2020) used choline-based ILs (choline formate,
choline lactate, or choline propionate) to prepare various
acyclovir-containing IL/o micro-emulsions. Additionally, IL/o
formulations contained choline oleate, an IL with long
hydrophobic tail (C18) with surfactant-like activity. This type
of solvents are known as surface active ionic liquids (SAILs), and
they have been reported to be able to enhance drug penetration
through the skin (Ali et al,, 2021, Ali et al., 2022). Overall, IL-
based micro-emulsions were reported to result in a significantly
increased penetration of acyclovir compared to either w/o micro-
emulsions or neat formulation components across Yucatan
minipig skin ex vivo. In a later study, the same research group
used a similar experimental methodology to investigate the
impact of different SAILs on transdermal delivery of insulin.
In this study, Islam et al. (2021) prepared a series of insulin-
containing IL/o micro-emulsions (1 mg/mL), coprised of choline
propionate IL as a non-aqueous polar internal phase and
isopropyl myristate (IPM) as a continuous oil phase. Different
SAILs were added as surfactants, either choline stearate, choline
oleate, or choline linoleate ([Chl][C18:0] [Chl][C18:1], and [Chl]
[C18:2], respectively) at 7.5 (w/w). Transdermal penetration of
insulin at 48 h for the formulations containing the SAIL [Chl]
[C18:2] was found to be significantly higher than that of all other
formulations examined. These researchers proposed that SAILs
had a fluidization effect on the SC lipid bilayers, and they
highlighted the significant role of these excipients on topical
and transdermal delivery.

The penetration enhancing properties reported for several
ILs and DESs were investigated in a mechanistic study by Qi et al.
(2020). These researchers utilized attenuated-total-reflectance
Fourier transform infrared (ATR-FTIR) technique to examine
the influence of 31 neat ammonium-based ILs and DESs on the
structure of isolated porcine SC after 24 h of incubation. The
effects of these materials on the barrier were compared with those
from 44 commonly used chemical penetration enhancers (CPEs).
The impact of the tested solvents on SC lipids were assessed by
the area change of -CH, symmetric stretching peak (2,850 cm™),
while influences on the keratin secondary structure were
determined by the peak area change of the a helix peak
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(-C=05 1,650 cm™). The degree of changes estimated in the
lipids and protein structures were used to assess penetration
enhancement efficacy and irritation potential, respectively. All
solvents were subsequently ranked by an ‘enhancement
performance score’, calculated based on their potency and
safety. Most ILs/DESs were found to exert a disordering effect
on the skin barrier, by both lipid fluidization and extraction,
while a protein stabilization effect, indicating potential reduced
irritation, was also reported. Overall, the ILs/DESs were reported
to have a higher Performance Score (1.1) than the conventional
chemical penetration enhancers (0.4). In the same work, the
Hansen solubility parameter values of solvents were estimated
and served as a measure of the affinity of the tested compounds
with the skin membrane. Generally, a linear correlation between
the saturation solubility and the solubility parameter values has
been demonstrated in a variety of experimental studies for
various compounds in neat or multiple-component vehicles
(Lane et al., 2012; Iliopoulos et al., 2019, Iliopoulos et al.,
2020a). A higher percentage of the total ILs/DDEs examined
(26%) compared to the CPEs (4%) were found to have solubility
parameter values similar to those of the skin, thereby indicating
increased solubility and partitioning inside the membrane for
these materials.

One of the top performers identified among the ILs/DESs was
the choline and geranic acid (CAGE)-based system (Performance
Score 2.6) (Qi et al., 2020). This material has recently attracted
significant interest due to its reported extraordinary potential to
promote transdermal delivery of large hydrophilic molecules,
such as dextrans of various molecular weights up to 150 kDa,
across pig skin ex vivo (Qi and Mitragotri, 2019). From a
physicochemical point of view, the structure of this solvent
has caused discussion among the research community in
terms of its correct classification and nomenclature, since it
contains characteristics to be both IL and DES: it comprises
ionic species, cholinium and geranate, as well as neutral species of
geranic acid (Banerjee et al., 2018; Rogers and Gurau, 2018). In
an interesting study, Banerjee et al. (2017) reported that CAGE
promoted percutaneous transport of insulin in pig skin ex vivo
under infinite dose conditions (300 uL). These researchers
utilized confocal microscopy to visualize the fluorescein
isothiocyanate (FITC)-insulin distribution across the skin 24 h
post-application of various vehicles. The vehicles used were
CAGE 1:2, pure phosphate buffered saline (PBS), 50:50 (v/v)
PBS:diethylene glycol monoethyl ether (DGME), and 50:50 (v/v)
PBS:ethanol. The concentration of insulin in the solutions was
that FITC-insulin
penetration into the dermis layer was evident for the CAGE

1 mg/mL. Confocal images showed
samples, but not for the other vehicles. Subsequent permeation
studies showed FITC-insulin penetration into porcine skin ex
vivo, with significant permeation into the dermis at 24 h (5.5 pg/
cm?) and 48 h (17.2 pg/cm?). Transdermal insulin penetration
was additionally confirmed in vivo, where topical CAGE-insulin

treatment in rats was found to result in 40% drop of blood
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glucose levels at 4 h, which remained relatively sustained for 12 h.
A later study of the same research group examined FITC-insulin
permeation under similar experimental conditions, using a wider
range of vehicles: four different ratios of CAGE constituents of,
ie, 1:1, 1:2, 1:4 and 2:1, as well as neat geranic acid, choline
bicarbonate and PBS. Overall, the CAGE 1:2 vehicle was able to
deliver insulin across porcine skin, while the CAGE 1:4 was also
found to promote insulin penetration to a lesser extent (Tanner
etal, 2018). Clearly, further experimental work is required before
these systems can be used clinically, especially from a toxicity
point of view. To date, little is known about possible safety
considerations associated with topically applied ILs (Monti et al.,
2017; Hwang et al., 2018; Navti et al., 2022). A comprehensive
investigation on potential IL-induced dermal irritation, with a
particular focus on diseased skin is essential; however, the ability
of ILs and DESs excipients to promote delivery of macro-
molecules by passive diffusion can revolutionize the field of
skin delivery by creating a great array of new applications and
medicinal treatments.

3.2.2 Manipulation of the active

Modification of the physicochemical properties of drug
molecules as a strategy to favor their ability to partition and
diffuse through the membranes is not a new concept. However,
such modification typically comes at the cost of drug structure
alterations (e.g., prodrug formations), which may involve multi-
step synthesis and additional considerations associated with
safety evaluation and efficacy testing (Ettmayer et al., 2004). A
simple way to increase the aqueous solubility of active
pharmaceutical ingredients (APIs) while maintaining the drug
structure is by conversion to salts. When the salt contains both an
organic cation and anion, the structure could possess a residual
degree of hydrophobicity. Salts of this type have been proposed to
behave as ion pairs and they can be transported through
hydrophobic membranes (Valenta et al, 2000). In the last
decades, ion-pairing has been examined as a strategy to
modify the properties of an active, especially in respect to its
solubility, and as a result enhance skin uptake. Over the years,
several drugs paired with various counter ions have been
reported to demonstrate enhanced skin permeability
compared to the corresponding non-charged molecules
Cristofoli et al., 2021, Cristofoli et al., 2022.

A more recent approach based on the ionic pairing strategy
involves the conversion of a drug to IL (Active Pharmaceutical
Ingredient (API)-IL system), by pairing an ionizable drug
molecule with an appropriate room temperature (RT)-IL-
forming counterion (Moshikur and Goto, 2021). The inherent
tunability of API-IL systems enables the customization of
hydrophilicity or hydrophobicity of drug molecules compared
to their solid or crystalline forms, for optimal skin permeability.
For example, poorly soluble drugs, such as acyclovir and
sulfasalazine, have been shown to exhibit a 450- and 4,000-
fold increase in aqueous solubility, respectively, when converted
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to a cholinium-based IL (Shadid et al., 2015; Shamshina et al.,
2017). An example of API-IL formation that is more applicable to
skin delivery was reported by Miwa et al. (2016). These
researchers prepared an API-IL by mixing etodolac with
lidocaine (1:1, mol/mol) and this transformation resulted in
significant increases of the saturation solubility in water as
well as in organic solvents (propylene glycol, diethyl sebacate
and octanol) for both compounds. Additionally, the permeation
of the API-IL across porcine skin ex vivo was investigated in
comparison with the individual drug molecules. Transdermal
patches containing either API-IL (4.4%), etodolac (2.4%) or
lidocaine (2%) were prepared and applied to the skin for 24 h.
Opverall, the API-IL was reported to result in a 9.3-fold increase of
etodolac permeation across the skin compared with the
conventional etodolac patch. Interestingly, a decrease of
lidocaine permeation was found for the API-IL patch,
underlying the significance of the IL constituents for targeted
penetration enhancement. More recently, Janus et al. (2020)
prepared various ibuprofen ILs with L-valine alkyl esters
(ValOR), where R ranged in the alkyl-chain length from an
ethyl to a hexyl group, and examined their ability to cross porcine
skin ex vivo. Franz-type diffusion studies were conducted, where
the donor chamber was filled with the solution of a tested
compound in ethanol 70% (v/v) at equal concentrations,
0.01 g/mL. The skin absorption of each derivative was
compared with the permeation of ibuprofen free acid. Overall,
all API-ILs resulted in greater percentages of applied ibuprofen
that permeated across the skin, ranging from 7.3% to 13.6%,
compared with ibuprofen free acid (6.1%). The L-valine propyl
([ValOPr][IBU]) was found to have the best performance among
the API-IL systems. The significant potential of API-ILs in drug
delivery has been proposed in the recent years (Shamshina et al.,
2013, Shamshina et al., 2015; Moshikur and Goto, 2021). A
rational design of API-ILs enables precise selection of drug
physicochemical and biomedical properties for enhanced and
targeted delivery. Additionally, the unique characteristics of API-
IL systems can address the solubility and polymorphism
challenges associated with solid or crystalline forms of drugs.
Although thorough pharmacokinetic and pharmacodynamic
investigations of API-ILs are still to be conducted, it is evident
that this class of materials has a lot to offer in dermatological drug
delivery in the future. Table 1 shows examples of various
applications of IL-assisted dermatological drug formulation
strategies.

4 Conclusions

The present review has highlighted the great potential for
innovative uses of commonly used excipients, as well as the
development of novel materials for efficient and sustained
delivery of actives. Exciting research advances in the field
promise new opportunities for dermatological drug product
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development. These advances in formulations will likely also be
accompanied by increased use of more advanced chemical
analysis techniques, including spectroscopy and microscopy
methods, to evaluate both their compositional dynamics as
with
especially FFS-, IL-and DES-based systems, not only undergo

well as interactions skin. Complex formulations,
complex changes over time, but also impart major micro- and
macro-structural changes within skin. These simultaneous
dynamics must be adequately captured and studied to
visualize and understand the behavior of these formulations to
make future breakthroughs in topical drug delivery. Infrared
(IR), Raman, coherent Raman, and atomic force microscopy
(AFM) methods have the potential to play large roles in
upcoming ex vivo and in vivo studies (Gre’goire et al., 2020;
Pena et al., 2020). We envisage that in this incessant domain of
pharmaceutical development, more emphasis will be given to the
use of pharmaceutical excipients that originate from sustainable,
eco-friendly and renewable sources. The continuous scientific
progress allied to patient/customer needs will dictate how we
foresee the development of new skin formulations which will not
only enhance human dermatopharmacokinetics, but also comply
with future green-manufacturing guidelines. Although some of
the aforementioned new formulation approaches partly aim at
tackling the current, and upcoming, world shortages, preliminary
development which mainly focus on continual and viable
resources will take uppermost importance in future research.
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