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Abstract Transdermal administration is of high interest for drug delivery due to
its non-invasiveness and easy dosing. However, this route of drug delivery faces
the challenges of low drug permeability across the skin. This chapter reviews the
role of ionic liquids (ILs) for transdermal delivery of active pharmaceutical ingredi-
ents (APIs). In particular, it focuses on the case of the Choline Geranate (CAGE),
including its synthesis, structural features, physical properties, and enhanced perme-
ation across epithelial barriers as a transdermal drug carrier. Its scale-up and medical
applications are also discussed. This system has potential to become a powerful
excipient to improve the pharmacokinetic profiles of many pharmaceutical products
in transdermal applications.

3.1 Introduction

Tonic liquids (ILs, loosely defined as salts with melting points below 100 °C (Welton
1999)) have attracted considerable attention in the field of pharmaceutical research
due to their intrinsic tunable properties. In 1997, Chemical & Engineering News
published their piece about ILs as “Designer Solvents” (Freemantle 1998) and effec-
tively launched a renaissance in scientific and engineering interest in the field. In
2007, the concept of Active Pharmaceutical Ingredients ILs (API-ILs) was introduced
(Hough et al. 2007), and soon thereafter IL-based systems have been proposed as
solubilizers of poorly water-soluble active pharmaceutical ingredients (Jaitely et al.
2008; Mizuuchi et al. 2008), skin penetration enhancers (Sidat et al. 2019), and
stabilizers for large molecules (Harada et al. 2018; Reslan and Kayser 2018).
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Transdermal drug delivery is a non-parenteral administration technique that elim-
inates drug exposure to the gastrointestinal (GI) tract and first-pass metabolism.
Instead, it delivers drugs locally to the skin to achieve systemic drug distribution
and ensures the sustained and controlled release of drugs (Kalluri and Banga 2011).
Although transdermal delivery offers advantages such as non-invasiveness and easy
applicability, the properties of the skin barrier allow the permeation of only small
(<500 Da) lipophilic molecules under normal conditions (Prausnitz and Langer 2008;
Yang et al. 2017).

The rate-limiting barrier of the epidermis resides in the stratum corneum (SC).
In other words, for the percutaneous absorption to occur, i.e., the penetration of
substances into various layers of skin and permeation across the skin into the systemic
circulation (Prausnitz et al. 2017; Brisson 1974) to take place, the drug must pene-
trate through the SC, the most superficial layer of the epidermis (Fig. 3.1). In general,
once drug molecules cross the stratum corneal barrier, passage into deeper dermal
layers and systemic uptake occurs relatively quickly and easily (Mehta 2004). Thus,
permeability constant of water for SCis 1.1 x 1077 cm/sec, while for dermisis 1.0 x
10~* cm/sec, a 1000-fold faster (Brisson 1974). The SC has a thickness of 10-20 pum,
composed of dead keratinocytes that are connected by glycoprotein, and produce the
protein keratin which, together with the ceramide lipid component, form a dense
structure (Prausnitz et al. 2017). Therefore, effective delivery of macromolecules
across the skin, especially biologics which are becoming the major focus of phar-
maceutical research, requires the use of perturbation methods to reduce skin barrier
function.
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Fig. 3.1 Detailed representation of the epidermis layers of human skin. Reprinted with permission
from Ramadon et al. Drug Delivery Transl Research, 2021 (Ramadon et al. 2021)
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Several formulation-based approaches, comprising primarily of chemical perme-
ation enhancers (CPEs) have also been developed (Karande et al. 2005,2004; Karande
and Mitragotri 2009; Chen et al. 2014; Kim et al. 2008). The most common trans-
dermal enhancers are ethanol, dimethylsulfoxide, Azone, terpenoids, and menthol
ester derivatives. However, few of them are used clinically owing to their acute
skin toxicity or irritation, as well as other safety issues that have not been clarified.
Recently, ILs and deep eutectic solvents (DESs) have been introduced as a novel class
of formulation-based approaches to enhance transdermal drug delivery for a wide
range of molecules. The high tunability of these types of compounds allows achieving
the desired physical, chemical, and biological properties of the CPE systems. This
has generated immense research interests since the conventional CPEs have reached
a plateau in terms of their discovery and efficacy.

The tunability of either ILs and/or DESs allows exploring different strategies,
including their use as carriers (i.e., as solvents) solubilizing both hydrophilic and
hydrophobic APIs of diverse classes, directly dissolving the API or in combination
with oil, forming ionic liquid-in-oil microemulsion (Shamshina et al. 2018). A third
option is the incorporation of the API into the IL composition, thus, changing the
properties of the API itself (Shamshina et al. 2018). In this book chapter, we will
review the latest attempts and strategies to use these systems as transdermal carriers,
i.e., as potential replacements of CPEs.

3.2 Are These Systems ILs or DESs?

Here, we will not focus on ILs as a drug carrier vs. API-ILs, but the penetration of
these systems through the skin. Usually, for APIs in the form of ILs (API-ILs), as
well as for the IL as a drug carrier used in transdermal penetration, melting points
below body temperature are targeted (Shamshina et al. 2018). The proper design with
appropriate choice of counterions allows targeting the specific (<37 °C) melting point,
and other targeted properties; here, we are interested mainly in dissolution capacity,
permeability, and stability.

At the molecular level, the continuum of proton transfer vs. hydrogen bonding
exists, and led to design rules for the “liquefaction” of higher melting salt forms,
particularly through modulating ionicity of the ILs. As a result, liquefaction is
achieved due to either complete proton transfer (classic IL systems) or due to the
appearance of hydrogen bonding between two actives (“liquid co-crystals” or deep
eutectics, classic DES systems) (Rebelo et al. 2007; Fei et al. 2006). One more
strategy that results in liquefaction is an intentional change in the stoichiometry or
complexity of the ions and/or complexes. Thus, ILs are defined as salts which melt
below 100 °C, and DESs are eutectic mixtures of two or more distinct components
which typically interact via strong hydrogen bonding, exist as mixtures of charged
and neutral species, either in equimolar or non-stoichiometric ratios, and have a much
lower melting point than the individual components (Zakrewsky et al. 2014a).
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The first transdermally delivered IL was, indeed, one of the first API-ILs reported.
It was reported by Rogers and coworkers (Hough et al. 2007) in 2007, and obtained by
pairing lidocaine with sodium docusate, resulting in lidocaine docusate ([Lid][Doc])
IL, which was liquid at room temperature. The antinociceptive effect of this IL was
superior to that of lidocaine as was evidenced by the improved and more extended
therapeutic impact in a mouse model. Considering that fully ionized salts (e.g., metal
salts, with each ion being solvated individually) normally diffuse poorly through lipid
membranes, the result of the antinociceptive test was quite surprising. The next set
of studies was reported by MacFarlane et al. (Stoimenovski and MacFarlane 2011).
The study reported another example of transport of the pharmaceutically active ILs
(protic ammonium salicylates) through a silicone membrane.

After a thorough spectroscopic investigation, it was found that even though it was
initially suggested that API-ILs were composed entirely of dissociated ions, there is a
wide range in the degree of ionicity in these liquid forms. ILs prepared by MacFarlane
were even more permeable than corresponding inorganic salts, due to the formation
of an ion-pair complex, and not separate solvated ions. Wang et al. expanded this
approach showing that dual-active deep eutectics can form strong hydrogen-bonded
complexes (i.e., DESs) without formal charges (Wang et al. 2014) in Lid-Ibu DES.
When Lid-Ibu was dissolved in ethanol, the two actives were held together via strong
hydrogen bond interactions, and simultaneously transported through a model silicone
membrane, with almost identical transport rates of both. Park et al. hypothesized that
such strongly hydrogen-bonded complexes might facilitate the transport of drugs
through the skin, compared to commercial analogs (Park and Prauznitz 2010). These
initial studies followed by extensive research and various degrees of ionicity were
shown to exist in these systems, including deep eutectics, oligomeric ILs, etc., alto-
gether termed liquid cocrystals (Bica and Rogers 2010; Kelley et al. 2013; Bica et al.
2011).

Indeed, it has been previously shown that by adding an excess of the neutral
parent acid or base, it is possible to form materials that were termed “confused ionic
liquids” (Bica and Rogers 2010). This included tetrabutylphosphonium salicylate
([P4444][Sal])/salicylic acid (HSal) salts [P4444][Hx(Sal);4+x] with no melting point,
lidocainium salicylate salts ((HLid][Hx(Sal);.x]), etc. With all these findings, Rogers
has recently raised concern about the definition of the transdermally penetrating
compound, CAGE (Choline And GEranate), that was presented in the literature as
both an ionic liquid (IL) and deep eutectic solvent (DES), in a single phrase as
“ionic liquid deep eutectic,” and pointed out the inappropriateness of the use of both
mutually exclusive definitions simultaneously (Rogers and Gurau 2018). In reply
to Rogers’ concern, the developers of CAGE, noted that the current definitions of
either ILs or DESs are based on extreme behaviors and the reality is somewhere in
the middle, and stated that “Our choline and geranate (CAGE) compound fits the
definition of an IL since it comprises largely ionic species, cholinium and geranate,
and has a melting point below 100 °C. At the same time, CAGE is not a classical IL
since it also contains neutral geranic acid (Banerjee et al. 2018a).”
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In our opinion, GAGE represents such an example of the formation of neither
purely ionic nor neutral hydrogen-bonded oligomeric ions of parent acid and conju-
gate base, where the excess of geranic acid becomes tightly bound into the complex
between choline and geranate, and the compound is still retaining the favorable prop-
erties of an IL; and suggest its proper structural formula would be [Cho][H(Ger),]
rather than commonly used [Cho][Ger],, but we will use the ratio of the starting
components to indicate the composition of the systems, to not confuse a reader even
more.

The discussion of the nature of the components in solution is complex and some-
times not easy to elucidate. Itis not limited to a discussion about proper nomenclature,
but a critical and needed characterization, since it will determine the chemical and
physical properties of the system and their potential applications (Kelley et al. 2013).
As an example, the triethylammonium acetate system, although could be seen as a
simple, protic ionic liquid, required extensive experimental studies to be classified
as a complex system with oligomeric ions (Berton et al. 2018).

In the next sections, we will only focus on the effect of systems reported as
transdermal carriers for active pharmaceutical ingredients, irrespective of the names
assigned to the systems by the authors. For those systems still under discussion, such
as CAGE, we will use the structural formula to avoid incorrect terminologies.

3.3 Using ILs as Transdermal Carriers

Recently, ILs and DESs (the definitions and differences between ILs and DESs were
given and discussed above, but henceforth we will use structural formula or ratio
in “tricky” cases) have demonstrated an excellent ability to enhance the permeation
of macromolecules, acting as both enhancers and solvents in transdermal transport.
An example of that is the study of Qi et al. who compared the performance of the
31 ammonium-based ILs with 44 conventional CPE systems for transdermal drug
delivery, through examining the Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) spectra of skin SC exposed to both types of systems (Qi et al.
2020). Indeed, the ATR-FTIR allows to measure heterogeneity of SC and identi-
fying lipid-rich and lipid-poor regions. The technique also allows determining the
permeation and distribution of a drug (as well as solvents) into the SC.

When this analysis was conducted, a clear distinction was noted in the ATR-
FTIR spectra after ILs and CPEs treatment, despite variations among each class: The
former systems induced greater reductions in lipid peak areas but smaller reductions
in the peaks of a-helixes of proteins (Qi et al. 2020). Karande et al. indicated that
these two types of peaks have clear implications for transdermal drug delivery using
CPEs, namely, that the extent of lipid extraction and fluidization was related to the
potency of permeation enhancement, and the reduction in stable protein secondary
structure correlated with the irritation potential (Karande et al. 2005). Based on the
design principles that an ideal topical formulation should have strong permeation
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enhancement but low irritation potential, ILs exhibited a better performance than
conventional CPEs.

Not only ammonium but choline ([Cho])-based systems were extensively
studied. These systems were synthesized and tested to enhance skin penetra-
tion using mannitol as a model drug, chosen because of its hydrophobicity
and thus low permeability into the skin (Zakrewsky et al. 2014b). The systems
that were tested included choline urea (1:2 choline:urea ratio, Cho:Urea (1:2)),
choline hexanoate (1:2 choline:hexanoic acid ratio, Cho:Hexanoic acid (1:2)),
choline oleate (1:2 choline:oleic acid, Cho:Oleic acid (1:2)), choline geranate
(1:2 choline:geranic acid, Cho:Geranic Acid (1:2), also abbreviated as CAGE),
trihexyltetradecylphosphonium oleate ([Pggg14][Oleate]), trihexyltetradecylphospho-
nium hexanoate ([Pgss14][Hexanoate]), and trihexyltetradecylphosphonium geranate
([Psss141[Ger]).

The systems Cho:Urea (1:2) and Cho:Hexanoic Acid (1:2), reduced the perme-
ation of mannitol, in comparison to the saline control, while Cho:Oleic Acid
(1:2) and [Pegs14][Oleate] showed no enhancement in skin permeation comparing
with saline control. However, [Pgee14][Oleate] enhanced transport of mannitol into
deep skin as much as fivefold, indicating potential topic applications. The systems
[Psss141[Hexanoate], Cho:Geranic Acid (1:2), and [Pges14][Ger] showed a signif-
icant transdermal enhancement. The highest enhancement was observed using
Cho:Geranic Acid (1:2), with nearly fivefold enhancement of total delivery and more
than 10 times more drug penetrating deep tissue layers. These findings showed that
the depth of penetration could be controlled by the proper design of the systems:
[Psss14][Oleate] resulted in enhanced delivery to the superficial layer of the skin, while
[Psss141[Hexanoate] and Cho:Geranic Acid (1:2) exhibited delivery primarily in the
deep tissue layers, i.e., [Pges14][Hexanoate] showing a preference for the epidermis
and Cho:Geranic Acid (1:2) for the dermis.

The systems that showed enhancement of mannitol delivery were also tested for
transdermal delivery of a model antibiotic, cefadroxil. All the tested systems delivered
15-20% of the applied dose, which translates to approximately fivefold enhancement
of cefadroxil delivery into the skin. Again, Cho:Geranic Acid (1:2) led to the highest
enhancement of cefadoxil delivery into the dermis (~16-fold compared with the
aqueous solution), while other similar systems led to various degrees of enhanced
transport (Zakrewsky et al. 2014b).

Since this initial publication in 2014 about its exceptional properties as a trans-
dermal carrier (Zakrewsky et al. 2014b), Cho:Geranic Acid (1:2) arose as a leading
solubilizing agent, with optimal antibacterial, cytotoxic, and skin-permeating prop-
erties, and has recently been patented (Zakrewsky et al. 2019). It is such an interesting
case with huge potential that there is a company formed based on the platform this
drug provides—CAGE Bio Inc., that uses structural heterogeneity of cations and
anions to enhance membrane permeation (The ionic liquid platform 2020). It is
worth spending a bit more time discussing these systems.
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3.4 Choline:Geranic Acid Systems as Case Study

Synthesis

CAGE is typically synthesized by a salt metathesis reaction between choline bicar-
bonate and geranic acid (Fig. 3.2). The completion of the reaction is monitored
through the evolution of CO, gas. The CAGE is a clear, colorless to yellow colored
liquid, with a pH ~ 8.5, conductivity ~1.3 mS/cm, and a characteristic odor.

Toxicity

The starting components of Cho:Geranic Acid (1:2), i.e., choline and geranic acid,
belong to the Generally Recognized as Safe (GRAS) list (Choline chloride 2020;
Cohen et al. 2020). In vitro tests using normal human bronchial epithelial (NHBE)
cells as a model nonskin cell to assess potential toxicity in the event of systemic
absorption, showed no toxicity for Cho:Geranic Acid (1:2) (Zakrewsky et al. 2014b).
ATR-FTIR (i.e., changes to a-helix content in the SC) and reconstructed human
epidermal cultures (EpiDerm) were used to assess its irritation potential: It was
found that while geranic acid and choline showed significant irritation potential,
Cho:Geranic Acid (1:2) showed no significant changes with respect to the control
(Zakrewsky et al. 2014b).

GLP dermal toxicity of CAGE was also studied in minipigs (Ko et al. 2020a),
considered to be an excellent model to study the toxicity of topical skin formulations.
Studies were conducted using Gottingen minipigs, by applying the Cho:Geranic Acid
(1:2) as a 40 wt% gel formulated in common pharmaceutical excipients; 1 ml of this
gel was applied over 10% of the pig body area once a day for 91 consecutive days.
CAGE showed no signs of toxicity—clinical (ocular, electrocardiography, hema-
tology, coagulation, clinical chemistry, urine analysis, and organ weights parameters)
or non-clinical (body weight changes, food consumption).

Biological Activity

Besides mannitol and cefadroxil, Cho:Geranic Acid (1:2) has shown to induce
an excellent solubility (450 times, from 0.016 mg/mL in water to 7.2 mg/mL in
Cho:Geranic Acid (1:2)) of Nobiletin (NOB), a poorly water-soluble flavonoid of
low oral bioavailability (Hattori et al. 2019). In vitro transdermal tests showed that
Cho:Geranic Acid (1:2) was effective in enhancing transdermal absorption of NOB,
compared to other penetration enhancers, such as ethanol-phosphate buffered saline
(EtOH:PBS), and glycol monoethyl ether (DGME, Transcutol), following the order
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Fig. 3.2 Typical synthesis of Cho:Geranic Acid (1:2)
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Cho:Geranic Acid (1:2) > EtOH:PBS > PBS > DGME. Subsequent in vivo tests
were performed applying the NOB/Cho:Geranic Acid (1:2) to the shaved back of
Sprague-Dawley rats. The NOB/Cho:Geranic Acid (1:2) transdermal formulation
was 20-times more bioavailable than the oral solid form of NOB. Furthermore,
NOB/Cho:Geranic Acid (1:2) drug formulation showed significant drops of the blood
glucose level due to the hypoglycemic activity of NOB in the rats. These results indi-
cated that NOB/Cho:Geranic Acid (1:2) formulation was able to penetrate the SC
layer while PBS can only deliver NOB to the skin surface.

The use of Cho:Geranic Acid (1:2) was not limited to the solubilization of
hydrophobic molecules of small size but was extended to transdermal delivery
of macromolecules. An increase of permeation of dextran of different molecular
weights (Mw 4, 20, 40, 70, and 150 kDa) was reported using Cho:Geranic Acid
(1:2), with >40-fold increase observed for intermediate-size dextran (Mw 20 kDa)
over control (PBS) (Qi and Mitragotri 2019), opening the possibility of delivering
proteins, peptides, and even antibodies. Thus, without the use of any additional phys-
ical/chemical penetration enhancement techniques, Cho:Geranic Acid (1:2) was able
to deliver proteins such as bovine serum albumin (BSA, Mw ~66 kDa), ovalbumin
(OVA,Mw ~45kDa), and insulin (Mw ~5.8 kDa) across porcine skin and significantly
reduce blood glucose levels in rats when insulin-CAGE was topically administered
(Banerjee et al. 2017).

The penetration of BSA, OVA, and insulin from Cho:Geranic Acid (1:2) was
also compared with the commonly used CPEs such as DGME and ethanol. In all
cases, penetration of BSA, OVA, and insulin was significantly higher in the pres-
ence of Cho:Geranic Acid (1:2) than in the presence of common CPEs. A signifi-
cant 40% drop in blood glucose levels was observed 4 h after insulin—-Cho:Geranic
Acid (1:2) was administered to rat skin, compared to other formulation controls.
The pharmacokinetic performance of the delivered insulin was studied, and interest-
ingly, unlike efficacy of injected insulin that drops over time, the efficacy of insulin
Cho:Geranic Acid (1:2) formulation indicated a sustained profile as serum insulin
levels plateaued, suggesting that Cho:Geranic Acid (1:2) can be used to achieve
long-term glycemic control, thereby eliminating the need for frequent insulin injec-
tions, and notably improving compliance among diabetic patients. The safety and
efficacy of the system using insulin as a model drug hold significant promise as
a platform technology to deliver injectables through the buccal route. In addition,
insulin dispersed in Cho:Geranic Acid (1:2) was also tested for oral delivery, and
was efficiently absorbed by the gastrointestinal tract after being orally administered
as capsules to rats, indicating that Cho:Geranic Acid (1:2) was applicable as an oral
delivery vehicle of insulin as well (Banerjee et al. 2018b).

Little is known about the exact role of the system components in the transdermal
transport of drugs. Existing studies have been limited, only reporting changes in the
SC lipid content using FTIR, and led to the hypothesis that Cho:Geranic Acid (1:2)
acts as a lipid extractor of SC components, improving the permeability of drugs
across the skin (Qi and Mitragotri 2019; Banerjee et al. 2017).

Influence of Water
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Considering transdermal delivery applications, the water present in the epidermis and
the dermis might interact with Cho:Geranic Acid (1:2) and influence its structure.
Assuming that the SC depth is 20 pwm, the epidermis depth is 200 pwm, and the water
content is 70% by mass (Bielfeldt et al. 2009; Warner et al. 1988), then the amount
of water was calculated as 1.1 vol% water in the SC and 10.2 vol% water in the
epidermis, in the case of the application of 500 pL of Cho:Geranic Acid (1:2) to
4 cm? skin (Takeda et al. 2021). Using Small-angle X-ray scattering (SAXS) and
Nuclear Magnetic Resonance (NMR) analyses, it was shown that the addition of
water up to 17% did not disturb the nanostructure of the CAGE substantially, that
is, the structure of Cho:Geranic Acid (1:2) would be maintained within the skin
when transdermally administered. When the amount of water exceeded 25 vol%,
the viscosity of Cho:Geranic Acid (1:2) increased, and the IL exhibited low fluidity
and formed micelles with an excess of water. This indicated that, even if the skin
is highly hydrated, Cho:Geranic Acid (1:2) would form various structures such as
lamellar and micellar phases. However, in a recent report, the authors indicated that
with dilution, CAGE will gradually dissociate into its individual components (Ko
et al. 2020b).

Structural Information

The important question that arises relates to ionic interactions that brought about such
activity. To elucidate this, the ratio of Cho:Geranic Acid was explored by preparing
not only the 1:2 Cho:Geranic Acid ratio, but also 1:1, 1:4, and 2:1 (Tanner et al.
2018). The new formulations were characterized using ' H NMR spectroscopy, which
suggested that the degree of hydrogen bonding in these systems is increased with the
ratio of geranic acid to choline. The degree of hydrogen bonding influenced the phys-
ical and chemical properties of the system and its interactions with the skin and the
dissolved drug. Properties such as viscosity, conductivity, and water miscibility were
determined. Both the viscosity, conductivity, and miscibility in water decreased with
the concentration of geranic acid. The 1:1 variant did not follow the linear trend, with
the conductivity being lower and the viscosity being higher than expected, indicating
an ion-pairing between choline and geranate. As the hydrophobicity increases with
the geranic acid, those compositions with higher concentrations of this component
showed higher lipid removal from the SC and enabled the dissolution of hydrophobic
molecules, whilst a higher choline content increases the hydrophilicity of the IL,
dissolving more hydrophilic molecules.

The degree to which the ions in each variant interact with each other will also
influence their interactions with both drugs and skin. The 1:2 system was shown
to be composed of choline, geranic acid, and the geranate anion in a 1:1:1 ratio
([Cho][H(Ger)]) which has been described as oligomeric (or confused) IL. 'H NMR
spectra of CAGE indicated a chemical shift of the protons compared to the posi-
tion of these in starting materials, more so for the protons localized adjacent to the
quaternary nitrogen in choline (Ko et al. 2020a). Analysis of the FTIR spectrum
showed the carbonyl peak in the geranic acid to be located at 1645 cm™', while
in CAGE an additional peak at 1549 cm™' appears, not present in either precursor,
indicating the formation of geranate. Magic-angle spinning (MAS) NMR, polarizing
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optical microscopy, small-angle X-ray scattering (SAXS), and mass spectrometry
were used for the analysis of the closest analog of CAGE, GAGE-oct, where one
equivalent of geranic acid was replaced with octanoic acid (Mann et al. 2020). Mass
spectrometry and the '"H NMR chemical shift of CAGE-oct indicated a dynamic
system, with H-exchange occurring between hydrogen-bonded/ionic complexes in
[Cho][H(Ger)(Oct)], and this provides an insight into the [Cho][H(Ger);] structural
arrangement as well.

When the different systems were tested for in vitro delivery of insulin through
the skin, it was observed that the systems containing 1:2 or 1:4 were effective in
transporting the insulin through the SC, while neither the 2:1 nor the 1:1 samples—
nor the starting materials—were able to transport the insulin into the skin (Tanner
et al. 2018). These same systems were also tested for the transdermal delivery of
the lipophilic drug ruxolitinib and the hydrophilic drug acarbose. In both cases,
the delivery efficacy increased by approximately fourfold as the geranic acid content
increased from 2:1 to 1:2 ratio, after which it plateaued, confirming that Cho:Geranic
Acid (1:2) exhibited the highest delivery efficacy for hydrophilic as well as lipophilic
drugs (Tanner et al. 2019).

The same model drugs, i.e., ruxolitinib and acarbose were used to compare the
performance of Cho:Geranic Acid (1:2) with variants by replacing geranic acid
with other organic acids in a 1:2 Cho:Organic Acid ratio, including citronellic acid,
hexenoic acid, octanoic acid, octanoic acid, glutaric acid, decanoic acid, salicylic
acid, and glycolic acid. As expected, the amount of drug delivered was dependent
on the composition: In both cases, geranic acid outperformed other anions, followed
by its close analog citronellic acid. Interestingly, octanoic acid, which possesses the
same number of carbons as those in geranic acid backbone, performed well, ranked
behind geranic acid and citronellic acid. Decanoic acid, on the other hand, which
possesses an identical number of carbons as geranic acid, ranked very low and was
poorly effective for both drugs. Octenoic acid ranked just below octanoic acid, like
citronellic acid ranking below geranic acid, thus indicating that the enhancement is
not simply a function of lipophilicity and that a single unsaturated bond makes an
impact on delivery efficacy. Small anions including salicylic acid and glutaric acid
were on the lower end of the ranking spectrum (Tanner et al. 2019). This is consis-
tent with the expected mechanisms of action of ILs. Specifically, hydrophobic tails
of anions and/or cations play a key role in the fluidization of the SC lipids. Since
choline is highly hydrophilic and lacks long, aliphatic chains, the anions provide the
primary mode of lipid disruption. Systematic modifications of the anion revealed that
the ILs with the fewest interionic interactions were most successful at transdermal
transport. Modifications of cations to further reduce the interionic interactions also
improved delivery efficacy. The combination of the most effective cations and anions
led to the selection of (2-hydroxyethyl)tributylammonium:citronellic acid (1:2 ratio)
as the best delivery system, with 117.1 £ 12.7 wg cm~? ruxolitinib measured in the
dermis and acceptor after 24 h (Tanner et al. 2019).

Using the Cho:Geranic Acid (1:2) platform, similar ILs were synthesized at a
stoichiometric ratio of 1:2 (cation:anion), and investigated to simultaneously stabi-
lize small interfering RNAi (siRNA) and enhance its penetration into the skin
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following topical application (Mandal et al. 2020). The siRNA structure was found
to be altered in the presence of Cho:Geranic Acid (1:2), Cho:Dimethylacrylic Acid
(1:2), and Cho:Biphenyl-3-carboxylic Acid (1:2). On the other hand, Cho:Isovaleric
Acid (1:2) and Cho:Phenylpropanoic Acid (1:2) retained the secondary structure of
siRNA. The improved stability of siRNA in the presence of Cho:Phenylpropanoic
Acid (1:2) suggested the possibility of synergistic effects between the ILs prepared
from two structurally different anions. Consequently, the effect of IL mixtures
on siRNA stability was assessed, to determine whether the compatibility of
Cho:Phenylpropanoic Acid (1:2) with siRNA might offer additional protection
against the adverse effects of Cho:Geranic Acid (1:2) and Cho:Biphenyl-3-carboxylic
acid (1:2) on the siRNA structure. The combination of Cho:Geranic Acid (1:2) (25
vol%) and Cho:Phenylpropanoic Acid (1:2) (25 vol%) led to a prominent band indica-
tive of retention of siRNA structure and generated the highest epidermal accumu-
lation of siRNA, notably higher than any other individual ILs and/or combination.
This formulation was then used in an imiquimod-induced psoriasis-like skin inflam-
mation model that resembles plaque-type psoriasis in humans. Topical application
of IL-siRNA for 4 consecutive days generated a substantial reduction in the levels of
inflammatory cytokines and an array of psoriasis-related gene products (Mandal et al.
2020). Future work should focus on IL moiety optimization for improved cell inter-
nalization and biocompatibility, as well as applying this platform for the treatment
of other skin diseases such as psoriasis, atopic dermatitis, and melasma (Zakrewsky
and Mitragotri 2016).

Incorporating the Cho:Geranic Acid (1:2) Formulation to Solid Supports

These systems can also be used to dissolve drugs, and the mixture was incorporated
into transdermal patches or devices as delivery systems. For example, Cho:Geranic
Acid (with 1:1 or 1:2 molar ratio) were compared with Cho:Oleic Acid (with 1:1 or
1:2 molar ratio) to dissolve insulin, and the mixtures were incorporated into biofilms
composed of xanthan gum and bacterial nanocellulose (Jorge et al. 2020). The films
containing Cho:Geranic Acid (1:1) or (1:2) exhibited positive antimicrobial activity
against Escherichia coli and Staphylococcus aureus but did not affect Pseudomonas
aeruginosa. On the contrary, none of the Cho:Oleic Acid systems showed an effect
upon E. coli and only a mild antimicrobial activity against S. aureus. On P. aerugi-
nosa, only Cho:Oleic Acid (1:1) showed a positive mild antimicrobial activity. The
Cho:Geranic Acid (1:2) that performed best in terms of lack of cytotoxicity, genotox-
icity, and permeation enhancement was used to dissolve insulin and integrated into
the biofilm, allowing an average permeated protein per skin area of 1.05 g protein
mm~2 skin.

In a recent publication, Silva and coworkers isolated lytic bacteriophages for
Staphylococcus intermedius as a new antimicrobial treatment for pyoderma via cuta-
neous permeation of bacteriophage particles and used Cho:Geranic Acid (1:1) and
(1:2) as permeation enhancers (Silva et al. 2021). The isolated phage particles, iden-
tified as Caudovirales, most likely belonging to the family Myoviridae, had particle
sizes in the order of the nanometers (<100 nm). The phage particles were mixed
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with Cho:Geranic Acid (1:1) or (1:2), and the mixtures were integrated into hydrox-
yethyl cellulose (HEC) gel. When tested for transdermal delivery, the presence of
Cho:Geranic Acid (1:2) led to increased average of permeated phage particles, as
opposed to the permeation assays with Cho:Geranic Acid (1:1) or the absence of
either Cho:Geranic Acid (1:1) or (1:2) in the HEC matrix. Combining phage particles
and Cho:Geranic Acid (1:2) allowed the transdermal permeation of phage particles
and will potentially allow the treatment of pyodermal infection. The same research
group has developed a sodium alginate-based hydrogel integrating choline oleate
as a carrier for a cocktail of lytic phage particles aiming at the treatment of deep
skin infections in humans caused by Acinetobacter baumannii (Campos et al. 2020).
Combining phage particles with choline-based ILs as carriers may be an excellent
alternative to antibiotics to combat dermal infections.

Commercial Deployment

Scaling up the synthesis of CAGE and its medical applications are one of the greatest
challenges for the translation of this compound into practice. The first report scaling
up the synthesis of Cho:Geranic Acid (1:2), kg scale, was recently published in Ko
et al. 2020a, where 40 wt% Cho:Geranic Acid (1:2) was incorporated as a gel using
hydroxypropyl cellulose as a gelling agent; gel vehicle consisted of ~90% water
along with some propylene glycol (cosolvent), a fragrance, and a gelling agent.
This formulation, referred to as CGB400, was used for in vitro and in vivo tests.
The resulting gel showed promising results, usingthe antimicrobial properties of
Cho:Geranic Acid (1:2) for rosacea treatment. After proving for low toxicity and
high antimicrobial effects, a 12-week open-label cosmetic study for rosacea was
performed on humans. A marked improvement in symptoms was observed, with
~70% of the subjects reporting a greater reduction in lesions after treatment. Although
this study did not include a drug and only explored the properties of Cho:Geranic
Acid (1:2) previously shown in vitro and in mice as a broad-spectrum antimicrobial
agent (Zakrewsky et al. 2016), it sets a precedent for the scaling up and low toxicity
of the CAGE, now tested in humans.

Conclusions

Currently, CAGE Bio, Inc., a clinical-stage startup based in San Carlos, Calif. exploits
CAGE and similar systems, to develop novel pharmaceutical products for derma-
tology, inflammation, immunology, etc. The startup has recently secured $7.2M in
funding (CAGE Bio Inc 2021).

This is however not the first example of ILs and/or DESs with transdermal
properties proposed for commercialization. The Lidocaine—Etodolac Patch (DES,
containing the NSAID etodolac and the pain-reliever lidocaine) has shown to be
effective in the treatment of postherpetic neuropathic (PHN) pain in placebo- and
active-controlled comparisons and has been incorporated into a topical transdermal
delivery system, Etodolac—Lidocaine Topical Patch (RX-7EAT or “Etoreat”) (Clin-
icalTrials.gov 2018 ; Miwa et al. 2016). The etodolac products developed by a
research and development Japanese company, MedRx, exhibited increased trans-
dermal absorbability and improved efficacy of this IL. The new venture, IL Pharma
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Inc. (MEDRx, Kagawa, Japan), owned 51% by Kaneka and 49% by MedRx, took
over programs that MedRx was developing on its own. This patch was the first API-
IL that has reached clinical trials for the treatment of ankle sprains, low back pain,
and muscle soreness. MedRx Co. Ltd. has received approval to conduct human trials
in the US and completed Phase I trials for acute pain in the USA (NCT02695381).
Even though in vitro studies showed that this system significantly increased the skin
permeation of etodolac (9.3-fold) compared to “free” etodolac (Miwa et al. 2016),
due to the lack of statistically significant differences between Etoreat and placebo in
humans, its development has been suspended.

Another system includes GSK2838232, the HIV-1 maturation inhibitor (MI) that
is being developed for the treatment of HIV-1 infection in combination with other
antiretroviral therapy, derived from the triterpene betulin natural product (Shamshina
and Rogers 2020). It is currently in Phase Ila clinical studies, to evaluate its safety,
pharmacokinetics, and antiviral activity in participants with HIV-1 virus (DeJesus
et al. 2020).

Indeed, drug development is a long and expensive process, taking on average,
10-15 years, with ~14% of all drugs in clinical trials eventually getting approval
from the FDA (Hale 2018). Based on this situation, IL (or DES)-based technology of
producing transdermally active drugs, by selectively combining ionizable compounds
from GRAS-list into a single IL (or DES) form, could take a shorter time to market.
Owing to their easy tunability, ILs and DESs constitute a vast number of formulation
candidates. The number of combinations is almost endless, by modifying functional
groups, carbon-chain lengths, and ion ratios. However, ILs and DESs would require
further characterization, and way more additional testing that is available now, and
here, federal funding could play an important role by widening opportunities and
providing more incentives to those investors who are willing to take risks.
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