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Abstract: For topical treatment of skin cancer, the design of pH-responsive nanocarriers able to
selectively release the drug in the tumor acidic microenvironment represents a reliable option for
targeted delivery. In this context, a series of newly synthesized surface-active fatty acid-protic ionic
liquids (FA-PILs), based on tetramethylguanidinium cation and different natural hydrophobic fatty
acid carboxylates, have been investigated with the aim of developing a pH-sensitive nanostructured
drug delivery system for cutaneous administration in the skin cancer therapy. The capability of
FA-PILs to arrange in micelles when combined with each other and with the non-ionic surfactant
d-a-Tocopherol polyethylene glycol succinate (vitamin E TPGS) as well as their ability to solubilize
imiquimod, an immuno-stimulant drug used for the treatment of skin cancerous lesions, have been
demonstrated. The FA-PILs-TPGS mixed micelles showed pH-sensitivity, suggesting that the acidic
environment of cancer cells can trigger nanostructures’ swelling and collapse with consequent rapid
release of imiquimod and drug cytotoxic potential enhancement. The in vitro permeation/penetration
study showed that the micellar formulation produced effective imiquimod concentrations into the skin
exposed to acid environment, representing a potential efficacious and selective drug delivery system
able to trigger the drug release in the tumor tissues, at lower and less irritating drug concentrations.

Keywords: ionic liquids; nanostructures; imiquimod; skin cancer; topical drug delivery

1. Introduction

The incidence of skin cancer is on the rise worldwide and surgical removal or invasive procedures
represent the most widely used treatments. In recent years, numerous therapeutic strategies have been
introduced, such as immunotherapy, targeted therapy, photodynamic therapy, and gene therapy [1-4].
While non-melanoma skin cancer is rarely fatal, melanoma can metastasize and account for most of
the skin cancer deaths. The primary treatment for melanoma is surgical, but non-surgical treatments
are employed as adjuvant therapies and in those cases where excision is not feasible or prior
resections have been unsuccessful [2,5-8]. In particular, in case of unresectable melanoma, in-transit
metastatic melanoma, and lentigo maligna, non-surgical approaches can be pursued and include
systemic agents, local radiation, and intralesional and topical therapies [8,9]. Moreover, with advances
in nano-technology and drug delivery systems, skin cancer treatment has been diversified and

Pharmaceutics 2020, 12, 1078; doi:10.3390/pharmaceutics12111078 www.mdpi.com/journal/pharmaceutics


http://www.mdpi.com/journal/pharmaceutics
http://www.mdpi.com
https://orcid.org/0000-0002-8927-6083
https://orcid.org/0000-0003-4655-2946
https://orcid.org/0000-0002-0795-2886
https://orcid.org/0000-0002-4540-9948
https://orcid.org/0000-0002-2280-4013
https://orcid.org/0000-0001-7622-4367
http://dx.doi.org/10.3390/pharmaceutics12111078
http://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/1999-4923/12/11/1078?type=check_update&version=2

Pharmaceutics 2020, 12, 1078 2 of 22

nanostructure-based formulations represent promising options, especially for topical delivery [10-12].
The topical application of drugs represents one of the most preferable routes for drug administration
because of advantages as first pass metabolism bypass and increased patient compliance [13]. For the
last few decades, the nanotechnologies have been studied to enhance drug bioavailability following
topical application [10,14-17] and received increasing attention for the treatment of melanoma [2,7,18].
Still, the field is open for the development of more potent and biocompatible topical formulations.

The new strategies for drug development include the use of existing drugs in the formulation of
sustainable and biodegradable nanosystems for specific target delivery. This approach has the potential
for reducing time and costs of developing new drugs for clinical use. However, the controlled release
of the drug from the nanostructures represents a key point in the architecture of new drug delivery
systems, taking into account that drug release can be influenced by many factors [14,19]. In order to
design an efficient drug delivery system, polymeric structures able to respond to environmental stimuli
characteristic of the tumor tissue (temperature, pH, redox properties, enzyme activity) to activate drug
release, have been widely investigated [19]. Among these, pH-responsive nanosized carriers are able
to selectively release the drug in the tumor acidic microenvironment or under the acidic endo/lysosome
condition of cancer cells [20,21] by exploiting either the capability of some polymers with ionizable
groups to be protonated at acidic pH or the performance of polymers containing acid-labile linkages to
undergo cleavage of the bonds and consequent chain degradation [22]. In this context, prodrug hybrid
micelles [21], nanogels [20,23], and nanomicelles [19] have been proposed.

Ionic liquids (ILs) are organic salts with melting points below 100 °C which are endowed with
unique physico-chemical properties such as low flammability, negligible vapor pressure, high thermal
and chemical stability, and wide electrochemical window [24-28]. By careful selection of the constituting
ions, the features of interest of an IL can be tailored to a given application. The range of potential
applications of ILs span from alternative solvents for organic reactions [29] to dissolution media for
biopolymers [30], and from lubricants [31] to electrolyte for batteries [32], to mention a few. Undeniably,
in the last few years, the biomedical and pharmaceutical industry has turned increasing attention
towards ILs due to their yet unexplored potential as bioactive agents or to their ability to solubilize
and stabilize drugs [33-39]. Furthermore, the cation and/or anion amphiphilic nature can be finely
balanced to trigger the self-assembling behavior of ILs [40-44]. In this framework, fatty acids raised
remarkable interest as building blocks for ILs containing natural hydrophobic tails [45-50] and such
materials were investigated in pharmaceutical applications [42,51-54]. An intriguing subclass of ILs is
that of the so-called protic ionic liquids (PILs), which are easily prepared by reacting a Brensted acid
and a Brensted base [55,56].

The objective of the present work was to demonstrate the capability of a series of newly
synthesized fatty acid protic ionic liquids (FA-PILs, CnCO-HTMG; (Figure 1 and Scheme 1), based on
the tetramethylguanidinium cation (HTMG) and different natural hydrophobic fatty acid carboxylates
(FA, CnCO) to behave as surfactants and form micelles with dimensions in the nanometer range.
The ultimate aim was to develop a pH-sensitive nanostructured drug delivery system for cutaneous
administration of drugs against skin cancer. Moreover, the effect of FA-PILs on the physico-chemical
properties of a non-ionic aqueous surfactant, such as d-a-Tocopherol polyethylene glycol succinate
(vitamin E TPGS), has been evaluated. Indeed, it has been reported that surfactants are able to form
various molecular aggregates in ILs [57], similar to micellization or liquid crystals’ formation in
aqueous media.

In this context, mixtures of vitamin E TPGS and FA-PILs in water to investigate micelle formation
have also been studied in order to shed light on the formation of potentially novel micellar structures.
Vitamin E TPGS was chosen for its multiple properties as a potent solubilizer, drug permeation
enhancer, and for its ability to overcome multi-drug resistance (MDR) by inhibiting P-glycoprotein
(P-gp), thus resulting in an anticancer agent [21,58].

Besides, the new drug delivery systems should improve drug-selective tissue distribution in the
basal layer region, minimizing side effects and reducing the required dose.
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Figure 1. Carboxylate anions (FA, in green), obtained from the natural fatty acids, and tetramehyl
guanidinium cation (in blue) components of the prepared fatty acids protic ionic liquids (FA-PILs).

Therefore, they have been proposed for the delivery of imiquimod (IMQ), an immuno-stimulant
drug topically used for the treatment of skin and mucosal diseases [59,60]. Although not yet approved
for the treatment of melanoma, many off-label studies have suggested IMQ as a beneficial treatment for
this type of cancer [61-64], and the Italian Association of Medical Oncology (AIOM) guidelines (2019)
have confirmed its efficacy in lentigo maligna (a particular type of melanoma) therapy. The development
of formulations containing IMQ and its delivery to the skin is not easy due to its poor solubility both in
water and in many of the excipients used in the pharmaceutical field and to poor skin penetration
properties [16]. The use of nanotechnologies could improve drug solubility and contemporaneously
increase the drug concentration at the target site by overcoming the stratum corneum, i.e., the main
barrier to penetration [60]. In the present study, pH-sensitive self-assembling micelles, based either
on FA-PILs or FA-PILs/Vitamin E TPGS and containing IMQ, were tuned up. The self-assembling
behavior and pH-triggered drug release in response to acidic tumor environment, as well as the in vitro
cytotoxicity of the nanostructures on 501Mel melanoma cells, were investigated. Finally, the drug
penetration profile into the skin layers after cutaneous application of the prepared micelles was studied
through in vitro permeation/penetration experiments using porcine ear skin as a model.

2. Materials and Methods

2.1. Materials

The following materials were used: d-a-Tocopherol polyethylene glycol succinate (VitE-TPGS,
Kolliphor®TPGS, BASF, Ludwigshafen, Germany), and 1-(2-methylpropyl)-1H-imidazo[4,5-c]
quinolin-4-amine (Imiquimod, IMQ, Tocris Bioscience, Bristol, UK).

All other reagents were analytical grade. Ultra-pure water was prepared using Milli-Q® plus
apparatus (Millipore, Milan, Italy).

Tetradecanoic acid (98%) was obtained from Alfa Aesar. (Kandel, Germany),
1,1,3,3-tetramethylguanidine (99%), dodecanoic acid (>99%), decanoic acid (>99.5%), and octanoic
acid (>99%) were purchased from Sigma Aldrich (Darmstadt, Germany).

2.2. Preparation and Characterization of Fatty Acid-Protic lonic Liquids (FA-PILs)

2.2.1. Preparation of FA-PILs

An equimolar amount of fatty acid was added to 1,1,3,3-tetramethylguanidine at room temperature,
without any solvent addition. The reaction mixture was heated to 60 °C and stirred for 1 h. At the
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end of the reaction, the mixture was cooled to room temperature to obtain a white solid product.
The obtained product was analyzed by 'H NMR.
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Scheme 1. Synthesis of C,CO-HTMG.

Tetramethylguanidinium octanoate C;CO-HTMG. The preparation of C;CO-HTMG (99% yield,
white greasy solid) was performed according to the general procedure. 'H NMR (CDCl3) 8.80 (bs, 2H,
NH;%), 2.89 (s, 12H, 4 x N-CH3), 2.07 (t, 2H, CH,COO"™), 1.55-1.45 (m, 2H, CH,CH,COO"), 1.25-1.09
(m, 8H, 4 x CH; chain), 0.78 (t, 3H, CH3).

Tetramethylguanidinium decanoate C9CO-HTMG. The preparation of CoCO-HTMG (99% yield,
white solid) was performed according to the general procedure. 'H NMR (CDCl3) 8.35 (bs, 2H, NH,™),
2.95 (s, 12H, 4 x N-CH3), 2.16 (t, 2H, CH,COO™), 1.65-1.49 (m, 2H, CH,CH,COO™), 1.34-1.16 (m, 8H,
4 x CH,; chain), 0.86 (t, 3H, CH3).

Tetramethylguanidinium dodecanoate C1;CO-HTMG. The preparation of C;;CO-HTMG (99%
yield, white solid) was performed according to the general procedure. 'H NMR (CDCls) 8.83 (bs, 2H,
NH,"), 2.89 (s, 12H, 4 x N-CH3), 2.09 (t, 2H, CH,COO™), 1.58-1.44 (m, 2H, CH,CH,COO"), 1.28-1.09
(m, 8H, 4 x CH,; chain), 0.81 (t, 3H, CH3).

Tetramethylguanidinium tetradecanoate C;3CO-HTMG. The preparation of C13CO-HTMG (99%
yield, white solid) was performed according to the general procedure. 'H NMR (CDCls) 8.13 (bs, 2H,
NH,"), 2.94 (s, 12H, 4 x N-CH3), 2.15 (t, 2H, CH,COO™), 1.55-1.48 (m, 2H, CH,CH,COQO"), 1.36-1.11
(m, 8H, 4 x CH, chain), 0.86 (t, 3H, CH3).

2.2.2. NMR Analysis

'H and '*C NMR spectra were recorded with a Bruker Avance I operating at 400 MHz at 24 °C.
For the first-order proton chemical shifts CDCls (H 7.26, C 77.16), the chemical shifts are given in
5. The following abbreviations are used: s = singlet, m = multiplet, bs = broad singlet, t = triplet,
bt = broad triplet, q = quartet, qui = quintuplet, sext = sextet.

2.2.3. Differential Scanning Calorimetry (DSC)

The thermal behavior of the ionic liquids was analyzed by a differential scanning calorimeter
(TA DSC, Q250, New Castle, USA, Delaware, temperature accuracy + 0.05 °C, temperature precision
+ 0.008 °C, enthalpy precision + 0.08%) following the procedure reported in Mezzetta et al. [50].
After drying at 120 °C for 30 min, the phase behavior was explored under nitrogen atmosphere in the
temperature range of —90-200 °C with different heating rates (v, = 2-20 °C/min). DSC experiments
were carried out in duplicate.

2.2.4. Surface Tension Measurements

Surface tension measurements were carried out by the use of a Kriiss K12 tensiometer (Hamburg,
Germany). The surface tension was determined with the single-measurement method using deionized
water for instrument calibration (surface tension: 72.8 mN/m at 25.0 + 0.1 °C). The platinum plate
used in the measurements was cleaned with ultra-pure water (Millipore) followed by heating through
flame. The surface tension of each solution was measured by successive addition of different aliquots
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of a stock solution to ultra-pure water after careful mixing and equilibration. All measurements were
repeated at least two times.

In the case of FA-PILs/TPGS binary systems, stock solutions of the surfactants at the same molar
concentration (20 mM, 5 mM, 1 mM, and 0.728 mM for C;CO-HTMG, CoCO-HTMG, CoCO-HTMG,
and C;3CO-HTMG, respectively) were prepared and subsequently mixed in order to maintain a fixed
amount of FA-PIL with varying that of vitamin E TPGS.

The values of the critical micellar concentration (cmc) and the surface tension at the cmc (Yenc)
were determined from the intersection of the two straight lines obtained by surface tension curves in
low- and high-concentration regions (y-log C curves) using a linear regression analysis method.

Surface tension measurements were carried out under salt-free conditions.

2.3. Preparation and Physico-Chemical Characterization of Self-Assembling Micelles

Self-assembling micelles containing FA-PILs (C,PILs/Nano and C,,PILs-IMQ/Nano) were prepared
by introducing the selected FA-PIL (and IMQ, if any) in water, stirring overnight.

In the case of mixed self-assembling micelles (C,PILs-TPGS/Nano and C,PILs-TPGS-IMQ/Nano),
the selected FA-PIL and vitamin E TPGS were heated over the melting point of both surfactants (50 °C);
then, drug was added under continuous stirring to obtain a homogeneous blend. As a last step, water
at the same temperature as the blend was added and the mixture was stirred overnight.

In all cases, the final mixture containing IMQ was filtered through cellulose acetate filters
(0.22 m pore size, Minisart® NML Syringe filters, Sartorius, Florence, Italy) to remove unloaded drug,
aggregates, and foreign particulates.

The prepared micelles were characterized with respect to size, size distribution, and encapsulation
efficiency (drug loading and entrapment). Size and size distribution of the micelles were determined by
using a Dynamic Light Scattering (DLS) Beckman Coulter® N4 Plus (Beckman Coulter s.r.1, Milan, Italy)
following the procedure reported in Terreni et al. [14].

The average size for each formulation was determined on 6 runs of three different samples at two
angles (62.6° and 90°) and run time of 200 s at 20 °C.

The entrapment efficiency, defined as the percentage of drug loaded inside the micelles with
respect to the one formerly added to the formulation, was determined by high performance liquid
chromatography (HPLC). To ensure complete destruction of the micelles and release of the incorporated
drug, an aliquot of each formulation was diluted with methanol and the amount of drug was determined
by HPLC analysis.

The entrapment and loading efficiency of IMQ were calculated using the following equations:

Entrapment efficiency, EE% = (mass of drug in micelles) X 100/(mass of drug added 1)

in the formulation)

Loading efficacy, LE% = (mass of drug in micelles X 100)/(mass of drug added + mass
of surfactants in the formulation)

@

The pH sensitivity of the nanostructures was investigated by testing the distribution of the particle
size in both the simulated endo/lysosome conditions (pH = 5.5) and physiological pH (pH = 7.4) at
fixed time intervals (0 min, 30 min, 1, 4, and 24 h).

2.4. In Vitro Release of IMQ from Polymeric Micelles

In order to simulate the tumoral and endosomal environment, the in vitro release profiles of IMQ
from the prepared micelles has been examined at pH 7.4 (physiological pH) and pH 5.5 (endosomal
pH) using a dynamic dialysis method.

Briefly, the obtained micellar systems were dispersed in 1 mL of different buffer solution pH 7.4
(phosphate buffer saline, PBS) and pH 5.5 (sodium acetate buffer) and placed in a dialysis bag (MCWO
3500 Da, SpectraPore 3 Dialysis Membranes, Spectrum Labs, Breda, The Nederlands). The receptor
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medium consisted of 5 mL of buffer at the same pH maintained at 37 °C (body temperature) in a water
bath with gentle stirring (20 rpm). At predetermined time intervals, 1 mL aliquots were withdrawn and
replaced with an equal volume of fresh medium. All the experiments lasted 24 h and were performed
in triplicate. The amount of drug in the samples was determined by HPLC.

2.5. In Vitro Cytotoxicity Analysis

The cytotoxicity on 501Mel melanoma cells of IMQ alone and that of IMQ loaded on non-cytotoxic
concentrations of C;/C13CO-HTMG-TPGS/Nano were compared. 501Mel cells were kindly provided
by Dr. Poliseno (Oncogenomics Unit, Core Research Laboratory, Istituto Toscano Tumori ¢/o IFC-CNR,
Pisa, Italy).

IMQ was dissolved in DMSO and the C;/C13CO-HTMG-TPGS-IMQ/Nano alone and loaded with
IMQ were dissolved in water.

Culture conditions and cell viability assay (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)
-2-(4-sulfophenyl)-2H-tetrazolium; MTS) were performed in agreement with the ones reported in
Carpi et al. [65]. After overnight attachment, cells were incubated with IMQ and C/C13CO-HTMG-
TPGS-IMQ/Nano at two different concentrations for 24 h. At the end of the treatment, 20 uL of
MTS solution was added to each well and absorbance was read at 490 nm using the Infinite M200
NanoQuant instrument (Tecan, Salzburg, Austria). Optical density values from vehicle-treated
cells were considered as 100% cell viability. For each treatment, the corresponding vehicle-treated
cells were used as control, i.e., the treatment with DMSO alone at the corresponding concentration
of IMQ represents the control of IMQ and cell medium represents the control of Cy/Cy13CO-
HTMG-TPGS-IMQ/Nano.

2.6. In Vitro Cutaneous Permeation and Distribution Studies

Porcine ears skin, used as a model, was obtained from freshly sacrificed animals in a local
slaughterhouse as previously described in Tampucci et al. [17]. The pig hairs were abscised and
the skin (about 1.46 + 0.06 mm in thickness) was gently washed and placed in the Gummer-type
diffusion cells, as in Reference [66]. The donor phase consisted of 200 microliters of the nanostructured
formulation under study or Imunocare® commercial product (Difa Cooper S.p.A., Caronno Pertusella
(VA), Italy), cream containing 5% IMQ), used as a reference. The receiving phase consisted of either
PBS pH 7.4 added with 1% serum albumin to enhance drug solubility or sodium acetate buffer pH 5.5
(not physiological pH), maintained at 37 °C and stirred at 600 rpm. At predetermined time intervals,
the receiving phase (5 mL) was withdrawn for HPLC analysis and replaced with the same volume of
fresh fluid, and sink conditions were maintained throughout the entire study. All experiments lasted
24 h and were replicated four times.

At the end of the permeation experiments, the skin was collected and treated following the
procedure reported and validated in Monti et al. [66]. Briefly, in order to extract the drug, the minced
skin was treated with 2.0 mL of 2% sodium lauryl sulphate (SDS, Sigma-Aldrich, Milan Italy) for
24 h at 37 °C, followed by a treatment with a methanol:chloroform (2:1) solution (3 mL) for 1 h at
37 °C under stirring. Finally, the mixture was centrifuged at 4000 rpm for 15 min and two hundred
microliters of supernatant were dried in vacuo and subsequently dissolved in methanol for HPLC
analysis. The percentage of recovery was in the range 88-96%.

2.7. Storage Stability of IMQ-Loaded FA-PILs-TPGS Mixed Nanostructures

IMQ-Loaded FA-PILs-TPGS mixed nanostructures were subjected to the freeze-drying process and
the freeze-dried samples were stored in a desiccator for up to 30 days. The freeze-drying process was
carried out in a Virtis apparatus (VirTis Wizard 2.0, SP Scientific, Warminster, PA, USA) as previously
reported in Burgalassi et al. [67].

The freeze-dried samples, reconstituted with the original volume of water to restore the initial
formulation, were subjected over time (15 and 30 days) to dimensional and HPLC analysis, to highlight,
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respectively, any changes in particle size and in drug loading with respect to the same formulation
before freeze-drying. The experiments were performed in triplicate.

2.8. HPLC Analysis

A reverse-phase-HPLC method was used to determine the IMQ concentration in the samples with
the apparatus previously described in Tampucci et al. [68]. The injection valve was a Rheodyne with a
capacity of 20 pL. A reverse-phase C18 column (Kinetex C18 2.6 um, 100 A, 75 X 4.6 mm, Phenomenex,
Torrance, CA, USA) connected to a KJ0-4282 safe guard (Phenomenex®, Italy) was used. Isocratic
elution was performed using a mobile phase consisting of a mixture of CH;OH/CH3;CN/H,O/TEA
(180/270/530/20) filtered through a 0.45 um pore size membrane filter. The detection wavelength was
242 nm, the flux was 0.5 mL/min, and the retention time was 6 min.

The amount of IMQ in the samples was determined by comparison with appropriate external
standard curves obtained applying the least square linear regression analysis. For in vitro studies,
the calibration curves were obtained by dissolving the drug in methanol and then diluting with the
appropriate medium (buffer solutions at pH 5.5 or 7.4). In case of skin samples, the standard curves
were obtained by adding increasing amounts of the drug to a blank biological matrix, as previously
described [68].

2.9. Data Analysis

Data related to in vitro cytotoxicity analysis were reported as mean + standard deviation (SD) of
at least three independent experiments, each performed in triplicate. Statistical analysis was performed
using GraphPad Prism software, version 8.0 (GraphPad Software Inc., San Diego, CA, USA) using the
t-test. A p-value < 0.05 was considered statistically significant.

For the in vitro permeation/penetration study, linear regression analysis of pseudo steady-state
diffusion plots allowed calculation of the following parameters: steady-state flux (J), as Q/At, in which
Q is the amount of drug diffusing across the area A in the time t; lag time (tr), as the time needed by
the drug to saturate the membrane and to reach the receiving phase, estimated from the X-intercept of
the regression line, and drug cumulative amount permeated at end of the 24 h (Qp4p). Furthermore,
the drug content (Qgin) retained in the skin at the end of the experiment was calculated following
the extraction procedure. A retention factor (RF), calculated as Qgin/Cy, is reported to compare the
amount of drug retained in the skin after application of each formulation, taking into account the initial
concentration of the drug (Cy).

The significance of the differences between permeation parameters was assessed by GraphPad
Prism software. Group comparison was assessed by using the Student’s two-tailed unpaired t-test
(p < 0.05).

3. Results and Discussion

The aim of the present work was to demonstrate the ability of a new set of FA-PILs (Figure 1) to
behave as surfactants and originate micelles with nanometric dimensions. Ultimately, these materials
were intended to offer a distinct advantage to develop a nanostructured pH-triggered drug delivery
system for application in the skin cancer therapy. In addition, the effect of selected FA-PILs in the
formation of mixed micelles containing a nonionic surfactant, vitamin E TPGS, was evaluated, as mixed
micellar systems are known to improve thermodynamic stability (lower CMC) and kinetics, to favor
drug encapsulation and a more accurate control of dimensions [69].

3.1. Preparation and Characterization of Fatty Acid-Protic lonic Liquids (FA-PILs)

3.1.1. NMR Analysis

The FA-PILs structures were assessed by 'H and '*C-NMR analyses (Supplementary Figure
S1-S4). The high purity of FA-PILs was ascertained by integration of the peaks in the 'H-NMR
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spectra. In particular, the comparison of the integral values of the methyl groups attached to the
guanidinium nitrogen atoms (2.89-2.95 ppm) and of the methylene group adjacent to the carboxylate
group (2.07-2.16 ppm) confirmed the 1:1 ratio between cation and anion.

3.1.2. Differential Scanning Calorimetry (DSC)

The thermal behavior of FA-PILs was investigated by differential scanning calorimetry (DSC) at
different scanning rates (2, 5, and 10 °C/min) in the temperature range going from —90 to 100 °C under
a nitrogen flow. Three general thermal behaviors have been found for ILs and are classified as: type I
behavior for ILs which have little tendency to crystallize and show only glass transitions, type II for
those ILs which form crystals on cooling and display the related melting event during the heating, thus
acting as low melting salts, and type IIIl when cold crystallization and melting are both recorded during
the heating half cycle [70,71]. For FA-PILs, more complicated thermographs were observed which
could be attributable to the presence of polymorphs (Supplementary Figure S5-58). The presence
of several thermal events is quite common for fatty acids ILs, especially for those constituted by
long-chain fatty acid anions [41,72]. As expected, C;CO-HTMG, which features the shortest alkyl chain
of the series, exhibits a type I thermal behavior at 2 °C/min that shifts towards the type IIl behavior
at higher scanning rates (5 and 10 °C/min), without the presence of polymorphic events (Figure 2a).
CoCO-HTMG, C11CO-HTMG, and C13CO-HTMG showed a polymorphic behavior with two main
transitions both in heating and cooling ramps. Despite their polymorphic character, these ILs show
a type Il thermal behavior with the melting step in the heating ramp and the crystallization in the
cooling ramp (Figure 2b—d), with the exception of C13CO-HTMG, which displays a type III behavior at
10 °C/min. All the phase transitions found for FA-PILs are summarized in Table 1.

0.2+ 10
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Figure 2. Differential scanning calorimetry (DSC) of C;CO-HTMG (a), C9CO-HTMG (b), C;;CO-HTMG
(c), and C13CO-HTMG (d), at a scanning rate of 5 °C/min.
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Table 1. Glass transition (Tg), crystallization (T),
temperatures for FA-PILs with HTMG cation.

9 of 22

cold crystallization (Te.), and melting (Tm)

Temperature (°C)

Anion. Scanning Rate (°C/min)
Tg TC TCC Tm
2 -69.7 - - _
C,CO0 5 —65.5 - 10.7 31.7
10 -63.1 - 11.4 35.5
2 _ -6.1 _ 17.8
-12.8 39.6
5.8 12.9
CC00 > -8.1 46.7
7.6 11.6
10 -12.4 48.6
2 - 13.6 - 36.0
9.8
C11COO 5 49 36.5
8.4 33.2
10 2.6 36.9
2 _ 37.9 _ 47.6
32.9 59.7
38.4 46.7
C15C00 > 25.9 61.7
35.9 45.7
10 22.0 264 62.2

3.1.3. Surface Tension Measurements

The surface tension of FA-PILs was measured to evaluate their surface activity. Figure 3 shows
the surface tension (y) versus concentration (C) plot obtained for the aqueous solutions of the

surface-active FA-PILs.

801 v C,CO-HTMG
— # C,COHTMG
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Figure 3. Surface tension (y) isotherms as a function of FA-PILs concentration in aqueous solution at 25 °C.

It is apparent that the surface tension of each FA-PIL gradually decreases by increasing the
IL concentration, first, to reach a nearly constant value (y.1) represented by a plateau region in
the surface tension isotherms, followed by a second plateau (y.yc2) indicating a second cmc value.
The values of c¢mcy and cmc, for each FA-PILs are shown in Table 2. An effect of the length of the
hydrocarbon chain on the cmcs, which decrease as the alkyl chain increases, can be observed, confirming

previously reported data for similar structures [73].
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Table 2. Critical micelle concentrations (cmc) and surface tension at ciic (yemc) values of the FA-PILs under study.

C,CO-HTMG 9.72 30.88 56.30 45.18
CyCO-HTMG 0.48 7.18 63.77 37.26
C11CO-HTMG 0.08 0.56 55.74 37.73
C13CO-HTMG 0.05 1.80 49.99 25.75

The existence of two cmics is not surprising for micellar systems or for ionic liquids in aqueous
solution. Dimensional growth of the micelles is reported to take place in two well-defined stages.

Generally, the micelles have a spherical shape at surfactant concentrations higher than cmc. With a
further increase in concentration, the micelles tend to elongate to form rod-like micelles, which can
further grow to a relatively high surfactant concentration to form worm-like micelles. Therefore,
at surfactant concentrations higher than the first crmc (cmcy ), aggregation of the micelles in more complex
structures may occur. Each added surfactant molecule aggregates into small micelles, until the second
cmc (cmcey) is reached; after that, the further added amphiphiles begin to organize themselves into
larger non-surface-active linear micelles [74,75].

Finally, it is important to highlight the absence of a minimum in the breakpoint region that
generally occurs in presence of highly surface-active impurities. This is further pointed out by sharp
endothermic peaks obtained in the DSC experiments, which confirms the purity of the synthesized
FA-PILs [76,77].

Mixing of surfactants with ILs endowed with surfactant properties can considerably alter the
physico-chemical properties of the system [78]. In the present work, the effect of newly synthesized
FA-PILs on the micellar behavior of a nonionic surfactant such as vitamin E TPGS was investigated.
The plots related to the surface tension isotherms of the binary mixtures FA-PIL/TPGS are reported in
Figure 4. The measured cmc of vitamin E TPGS (0.23 mg/mL) was found in good agreement with the
literature value for the pure amphiphile (0.02% w/w).

It is known that micelles formation is governed both by electrostatic interactions of the polar
head of the surfactants and by the hydrophobic interactions of the hydrocarbon chains [78]. When the
vitamin E TPGS was mixed with FA-PILs based on short-chain fatty acids, namely caprylic and
capric acids, the cmc values for vitamin E TPGS in the binary mixtures (C;CO-HTMG/TPGS and
CyCO-HTMG/TPGS) were higher than that of the vitamin alone (0.58 and 0.45 mg/mL, respectively).
Conversely, when FA-PILs based on longer chain fatty acids, such as lauric and myristic acids
(C11CO-HTMG and C13CO-HTMG), were employed in the binary mixtures, the cmc of vitamin E TPGS
was lower than that of the single component (0.043 and 0.014 mg/mL), probably due to an increase
in hydrophobic interactions. Indeed, vitamin E TPGS-, the C12-, and the C14 fatty acids-based ionic
liquids all possess a distinct hydrophobic character, which can favor the micellization process.

3.2. Preparation and Characterization of Self-Assembling Nanostructures

All the synthesized FA-PILs were screened for their capability to originate micelles when dispersed
in water at a concentration above their cmc;. A pool of formulations was tuned up and the composition
of the mixtures along with their physico-chemical characterization in terms of hydrodynamic diameter
(Dn) at two different angles (62.6° and 90°) and polydispersity index (P.I.) is reported in Table 3.
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Figure 4. Surface tension isotherms of mixed systems (a) C;CO-HTMG/TPGS, (b) CoCO-HTMG/TPGS,
(c) C11CO-HTMG/TPGS, and (d) C13CO-HTMG/TPGS at different molar ratio.

Table 3. Composition of the mixtures used for the preparation of CnCOPILs/Nano and
CnCOPILs-TPGS/Nano along with the related physico-chemical parameters, hydrodynamic diameter
(Dy,) at two different angles, 62.6° and 90°, and polydispersity index (P.L); n.d.: not detectable.

e S
62.6° 90° 62.6°  90°
C,CO-HTMG/Nano C,CO-HIMG 45.50 nd. 2051+389 nd. 0709
CyCO-HTMG/Nano CyCO-HTMG 3.688 2535+17  2006+124 0233 0065
C1;CO-HTMG/Nano Cy;CO-HIMG 0.100 2369+35 201.9+199 0218 0273
C13CO-HTMG/Nano C13CO-HIMG 0.728 2647 +13  2264+931 0124  0.158

Formulation FA-PIL TPGS (1]1)1:1) PL

CnCOPILs-TPGS/Nano mM mM

62.6° 90° 62.6°  90°
C;CO-HTMG-TPGS/Nano 25.00 25.00 13.6 + 0.4 120+08 0331 0112
CoCO-HTMG-TPGS Nano 5.00 50.00 8.6+ 0.06 77403 0440  0.351
C4;CO-HTMG-TPGS Nano 0.40 400 424+150  203+07 1322 1163
C13CO-HTMG-TPGS/Nano 1.455 1.455 155+ 18 140+10 0377 0272
C7C13CO-HTMG-TPGS/Nano 25.0% 14558 25.00 10.1+0.1 10.3+ 0.7 0135  0.052

* related to C;CO-HTMG; § related to C;3CO-HTMG.

In the case of C9CO-HTMG, C11CO-HTMG, and C13CO-HTMG, micelles of dimensions around

200 nm and with a uniform size distribution at the two angles tested were obtained only when the
concentration of ionic liquid was between cmc; and cmcy. Conversely, in the case of C;CO-HTMG,
a population of nano-sized micelles was formed only above the cmic,, probably due to the IL’s shorter
alkyl chain. In any case, the dimensional distribution obtained with the formulation C;CO-HTMG/Nano
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showed a high polydispersity index (P.I. = 0.709) indicative of a not homogeneous size. Furthermore,
it was impossible to detect the formation of a colloidal structure at the 62.6° angle.

On the basis of the results obtained with both the preliminary formulation study and the surface
tension analysis, mixed systems containing FA-PILs and vitamin E TPGS were prepared with the aim
of decreasing the dimension of the micelles and exploiting the capacity of vitamin E TPGS to inhibit
the MDR. The prepared formulations are reported in Table 3 and it is evident that the mixture with the
nonionic surfactant vitamin E TPGS led to the formation of micelles with lower dimension (D, in the
range from 7.67 to 42.37 nm) with respect to the system containing only the FA-PIL. In particular, it is
interesting to highlight that it was possible to use the FA-PIL under its cmc, by mixing C;CO-HTMG
and vitamin E TPGS (C;CO-HTMG-TPGS/Nano). By adopting this strategy, micelles with a low Dy,
and a narrow dimensional distribution at the two angles tested could be obtained, which is indicative
of a spherical shape of the colloidal system. Conversely, when C;;CO-HTMG was used in the binary
system, a not homogeneous dispersion was obtained (PI. between 1.163 and 1.322), probably due
to both the FA-PIL concentration near the cmc, and the high molar ratio between the two ionic and
non-ionic surfactants (1:10 molar ratio).

Finally, a ternary system designed with our best results in mind has been formulated by mixing
C;CO-HTMG and C3CO-HTMG with vitamin E TPGS. C,/C13CO-HTMG-TPGS/Nano showed the
best characteristics in terms of both Dy, and PI. (10.31 nm and 0.052 respectively, at a 90° angle).
Regarding the structure of the above-mentioned micelles, a spherical shape could be hypothesized
(10.1 and 10.3 nm at 62.6° and 90° angles). Besides, as HTMG presents a positive charge and a
triangular shape, it can act as a hydrogen bond fitting using acidic hydrogen on NH, and CHj groups.
A reasonable hydrogen-bonded cluster is represented in Scheme 2. Therefore, HTMG could act as a
sort of crosslinker strengthening the micellar structure.

Scheme 2. Left: Scheme of the possible molecular interactions in C7-C13CO-HTMG-TPGS/Nano and
HTMG-IMQ/Nano (potential hydrogen bonds are highlighted in blue). Right: DFT optimized structure
of a 1:1:1 cluster of C;CO-HTMG-Model of TPGS. In the model, TPGS has been reduced to a dimethyl
succinic ester. This model contains all the functional gllroups needed for HTMG-TPGS interactions.
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From the geometry, the interactions of one carboxylic group with the HTMG methyl groups is evident.
The cluster presents a stability of 59.50 KJ/mol with respect to the constituents. More details and larger
scale picture are provided in the Supplementary Materials, Figure S9.

C;/C13CO-HTMG-TPGS/Nano have been selected as a delivery system of IMQ. The topical
delivery of IMQ is extremely challenging due to its very low aqueous solubility in water medium
(0.01 mM) and poor skin permeation capacity, despite its low molecular weight (MW 240.30 g/mol)
and a logP of 2.6 [79]. Therefore, IMQ can be considered a good candidate to be formulated in a
nanostructured drug delivery system with the aim of improving its penetration and cytotoxicity at a
well-tolerated dosage.

When IMQ was formulated in the micellar system based on C;3CO-HTMG, alone or in combination
with vitamin E TPGS (C13CO-HTMG-IMQ/Nano and C13CO-HTMG-TPGS-IMQ/Nano, respectively),
the obtained micelles presented a Dy, in the range 206-269 nm (Table 4).

Table 4. Technological characteristics: hydrodynamic diameter (Dy), polydispersity index (P.I.),
amount of IMQ solubilized (IMQg,)), and entrapment and loading efficiency (EE% and LE%).

Formulation 111:1413 (I]IDIII;) PI IHI\:II\?ISOI %];:UE}‘LU %]';Ew
62.6° 90° 62.6° 90°
C13CO-HTMG-IMQ/Nano 5.00 251.7 £5.6 206.5+16.9 0.245 0.270 0.036 0.72 0.60
C13CO-HTMG-TPGS-IMQ/Nano 5.00 2695+ 14 2187+ 1.0 0.250 0.683 0.83 16.60 5.10
C;C13CO-HTMG-TPGS -IMQ/Nano 5.00 13.6 £0.2 123 +0.3 0.364 0.229 0.18 3.60 0.25

It should be noticed that there were no differences in Dy, between empty and IMQ-loaded
micelles based only on Ci3CO-HTMG (264.7 and 226.4 nm vs. 251.7 and 206.5 nm respectively,
for C13CO-HTMG/Nano and C13CO-HTMG-IMQ/Nano); on the other hand, the hydrodynamic
diameter of the C13CO-HTMG-TPGS-IMQ/Nano markedly increased due to IMQ encapsulation (269.5
and 218.7 nm vs. 15.5 and 14.0 nm for loaded and empty micelles).

Conversely, when the ternary system containing IMQ was formulated (C;C13CO-HTMG-TPGS
-IMQ/Nano), only a slight increase in both the D}, and PI. was noticed with respect to the empty micelles,
maybe because of the lower entrapment efficiency (EE%) of C;C13CO-HTMG-TPGS-IMQ/Nano with
respect to C13CO-HTMG-TPGS-IMQ/Nano.

Regardless, it is worth highlighting that in all cases, notwithstanding the low EE%, the drug
solubility was enhanced from 3.6-fold to 83-fold (with C;C3CO-HTMG-TPGS-IMQ/Nano and
C13CO-HTMG-TPGS-IMQ/Nano, respectively) with respect to the value reported in the literature [79],
indicating the suitability of the proposed nanostructures as a drug delivery system for IMQ.

Regarding the structure of the proposed nanostructures, HTMG could form hydrogen bonds with
imiquimod, too, as represented in Scheme 2 for C;C13CO-HTMG-TPGS-IMQ/Nano. IMQ could be,
in this way, incorporated in the micellar structure.

3.3. pH-Dependent Release of IMQ from the Nanostructures

The release of IMQ from C,PILs-IMQ/Nano and C,PILs-TPGS-IMQ/Nano was performed at
37 °C for 24 h in different buffer solutions, pH 5.5 and pH 7.4, representing physiological pH and
endosomal pH, respectively. As shown in Figure 5, all the selected micelles exhibited pH-triggered
release behavior: the release of drug was inversely proportional to the pH value. Disappointingly,
C13CO-HTMG-IMQ/Nano and C13CO-HTMG-TPGS-IMQ/Nano were able to release only a small
amount of drug during the 24 h. On the other hand, no more than 50% of the total IMQ was released
from Cy;C13CO-HTMG-TPGS-IMQ/Nano after 24 h at pH 7.4, indicating that the micelles were stable
under physiological conditions and did not undergo specific drug release before reaching the tumor
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site. Furthermore, at pH 5.5, a faster release of IMQ from C,;C13CO-HTMG-TPGS-IMQ/Nano was
observed, reaching 94% after 24 h and suggesting pH-sensitive drug release. The results obtained
demonstrated that the proposed nanostructures possess a tunable, pH-dependent ability to affect the
IMQ release. A selective drug release at acidic pH would be desirable in the skin cancer therapy,
since the reported pH of healthy melanocytes is about 7.4, while the melanoma microenvironment
exhibits a 5.5-6.5 pH due to lactic acid accumulation [80]. The designed FA-PILs take advantage of this
phenomenon. As anticipated, the partial protonation of the fatty acid carboxylates of the FA-PILs in
the acidic environment likely leads to a loss of the electrostatic interactions with the HMTG cationic
headgroup and ultimately to the destabilization of the self-assembled systems. This effect becomes
especially evident when the shortest carboxylate (C;CO) is employed as part of the FA-PIL, possibly on
account of the weaker hydrophobic interactions, which in turn facilitate the collapse of the micelle.

100

I I pH55 pH7.4
{ { ® O C,,CO-HTMGIMQNano

° m O C,;CO-HTMG-TPGS-MQMNano
d A A C,CCOHTMGTPGS-IMONano
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e ° .
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@ @ @ @ o a
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Figure 5. In vitro pH-dependent release profiles of IMQ from the selected micelles at pH 5.5 and pH 7.4
(mean =+ standard deviation (SD), n = 3).

In support of the above assertions, the pH-sensitive behavior of C;C13CO-HTMG-TPGS-IMQ/Nano
was further investigated to demonstrate the structural changes of these hybrid micelles in an acidic
environment. The concerned micelles were incubated in a pH 5.5 buffer solution simulating the tumor
acidic/fendosomal environment and the Dy, and size distribution were determined at pre-determined
time intervals, comparing to those measured at physiological pH. At the zero time point, the micelles
were in a narrow size range with low P.I.; subsequently, after the exposure to acidic conditions, both the
particles’ size and the percentage of larger particles gradually increased (Figure 6a), while they remained
unaffected under normal physiological conditions (Figure 6b). These results confirm the pH-sensitivity
of the C;C;3CO-HTMG-TPGS-IMQ nanomicelles, suggesting that the acidic environment of cancer
tissues can trigger their swelling and collapse with consequent rapid release of IMQ), enhancing the
drug cytotoxic potential [20].

3.4. In Vitro Cell Viability

Imiquimod is an anticancer agent showing both immune-stimulation activity and a direct
cytotoxic/anti-proliferative action [65,81-83]. Therefore, in vitro melanoma cells have been used in the
present study as the simplest cancer model to verify the usefulness of the proposed nanostructured
system. A cell viability assay was performed on 501Mel melanoma cells to determine the effectiveness
of the IMQ-containing micelles in inhibiting cell growth. A preliminary evaluation on the empty
micelles (C7/C13CO-HTMG-TPGS/Nano) showed that they did not induce a significant effect on cells’
viability after 24 h of incubation up to a concentration limit of each component related to their amount
in the formulation: C;CO-HTMG 86.6 g/mL, C;3CO-HTMG 3.33 g/mL, and vitamin E TPGS 504 g/mL.
The C;/C13CO-HTMG-TPGS-IMQ/Nano were tested in the same conditions and the IMQ concentration
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in the well was 200 ng/mL. The effect of this concentration and its 1/10 were compared to the one of the
IMQ alone.

As shown in Figure 7, a significant decrease of cell viability was evident with both the IMQ
concentrations evaluated (about 15% and 25% of decrease for 20 and 200 ng/mL of IMQ, respectively)
when formulated into the nanostructures, but not when tested alone. This latter evidence agrees with
previous reports where IMQ on the same cells [65] and in other cancer cells [83,84] was cytotoxic at
concentrations greater than 1 pug/mL. This suggests an improved efficacy of IMQ when formulated in
the nanomicellar system.

(a) C,C,5CO-HTMG-TPGS-IMQ/Nano
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Figure 6. Particle size distribution of C;C13CO-HTMG-TPGS-IMQ/Nano: (a) in deionized water, (b) in
the simulated endo/lysosome conditions (pH = 5.5, red line) vs. deionized water (blue line), and (c) at
physiological pH (pH = 7.4, red line) vs. deionized water (blue line) at predetermined time intervals.
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Figure 7. Cytotoxicity of free IMQ and C;/C13CO-HTMG-TPGS-IMQ/Nano on 501Mel cells. 501Mel
cells (4 x 103 cells) were seeded in 96-well plates and, after overnight attachment, treated with different
concentrations of IMQ or IMQ-loaded C;/C13CO-HTMG-TPGS/Nano for a further 24 h. Cell viability
was determined by the MTS assay. Data are presented as means + SD of three independent experiments,
each performed in triplicate. ** p < 0.01; *** p < 0.001.

3.5. In Vitro Cutaneous Permeation and Distribution Studies of the Selected Formulation

The behavior of the formulation C;C13CO-HTMG-TPGS-IMQ/Nano was further investigated in a
set of in vitro permeation studies using pig ear skin as a model. These experiments were carried out to
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evaluate the ability of the micellar formulation to deliver the drug selectively into the skin, where the
target site for the topical treatment of melanoma is located, while reducing systemic absorption to
a minimum.

The results of the in vitro experiments are summarized in Table 5, where the relevant permeation
parameters (flux, lag time, amount of drug permeated and retained in the skin after 24 h) are reported.
The commercial product Imunocare® was taken as a term of comparison.

Table 5. Permeation parameters: flux (J), lag time (t ), and amount of drug permeated through (Qy4p,)
and retained into (Qgyin) the skin at the end of the experiment (24 h) from the formulations under study
(mean + standard error SE, n = 3).

; pH ] tL Qo4n Qsiin
Formulation Receiving Phase ng/cm?-h h g/cm? g/em?
7.4 797 £2.53 424 +0.10 0.16 + 0.05 73.70 + 22.81
Imunocare®
5.5 86.64 +8.21* 4.03 +0.36 1.68 £0.13 * 43.56 +2.94
C,C13CO-HTMG-TPGS-IMQ/Nano 7.4 7.86 £ 0.19 472 £1.95 0.15+0.01 2.75+0.19
55 107'40,? 16.32 447 +0.40 211+0.36* 593 +£0.64*

* significantly different from the same parameter at pH 7.4.

It is possible to observe that both tested formulations produced a transcutaneous permeation
of drug dependent on the pH of the receiving phase; in particular, Imunocare® and
C;C13CO-HTMG-TPGS-IMQ/Nano tended to produce a significantly greater permeation at pH 5.5
with respect to physiological pH. Any significant difference in the permeation parameters was found
between the two formulations tested at each pH. The pH-sensitive behavior of the self-assembling
mixed micelles could be responsible for the higher amount of drug permeated in acidic conditions,
as well as the dimensions of the nanostructure having a Dy, 20 nm could favor the permeation of
IMQ through intact skin, confirming data in Reference [60]. On the other hand, the commercial
formulation contained a high amount of surfactants and isostearic acid with a solubilizing role,
facilitating imiquimod permeation as demonstrated by Telo et al. [16].

One of the greatest challenges in topical application of anticancer drugs is to obtain a drug amount
in the skin sufficient to give a therapeutical effect. Nanocarriers could improve drug targeting due to
their ability of addressing the tumor cells, contemporaneously markedly reducing the amount of drug
applied on the skin, and avoiding the direct contact of the drug with the cutaneous surface [10].

An important issue for a possible application on tumor tissue is that the micellar formulation
C;C13CO-HTMG-TPGS-IMQ/Nano produced a significantly higher amount of IMQ retained in the
skin at the acidic tumor pH with respect to that obtained at physiological pH, while for the commercial
formulation, any difference in the behavior at the two pHs was detected. The commercial formulation
produced a 26.8-fold (pH 7.4) and 7.3-fold (pH 5.5) higher amount of drug retained in the skin with
respect to C;C13CO-HTMG-TPGS-IMQ/Nano. However, it is worth mentioning that when the micellar
formulation was applied on the skin, the amount of IMQ administrated was about 1300-fold lower
with respect to Imunocare® (7.6 g vs. 10,000 g, respectively), suggesting that the nanostructured
formulation was able to improve drug partitioning through the skin, as evident from the histograms in
Figure 8, where the retention factor (RF) is reported to compare the amount of drug retained in the
skin after application of each formulation, taking into account the initial concentration of the drug.

Besides, it should be noted that the commercial formulation is a semisolid formulation,
while C7C13CO-HTMG-TPGS-IMQ/Nano is a colloidal dispersion in liquid form, which in the future
will need to be formulated with a rheological agent in order to be applied on the skin surface favoring
an intimate contact of the drug with the skin. Anyway, the amount of IMQ (5.93 + 0.64 g/mL) retained
in the skin at pH 5.5 with the micellar formulation was definitely higher than both the 200 ng/mL
found to be effective in the in vitro cell viability assay performed on 501Mel melanoma cells (paragraph
3.6) and the ICsj value reported in literature (2 M) [85]. Moreover, the lower amount of drug that
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comes into contact with the skin could reduce irritation phenomena common in long-term skin cancer
topical therapy.

Imunocare® C,C;3CO-HTMG-TPGS-IMQ/Nano

Figure 8. Retention factor (RF) calculated as the amount of drug retained in the skin after application
of each formulation with respect to the initial concentration of the drug.

3.6. Storage Stability of the IMQ-Loaded FA-PILs-TPGS Mixed Nanostructures Selected

The freeze-drying process has been extensively investigated to stabilize a variety of nanocarriers,
but only a few reports deal with lyophilization of micellar systems [86]. The C;C13CO-HTMG-
TPGS-IMQ/Nano formulation was subjected to the lyophilization process in order to stabilize the
nanostructured system during storage for subsequent redispersion in water at the time of use.
The freeze-dried sample obtained showed a soft appearance and was readily redispersible with
deionized water to form a clear and colorless solution. The results of the dimensional analysis on
reconstituted lyophilizates are shown in Table 6. After redispersion with water of the freshly prepared
lyophilizate, it was possible to obtain micelles with dimensions comparable to the original ones and
with uniform distribution. The dimensional analysis after 15 and 30 days of storage of the samples,
reconstituted immediately before analysis and filtered through 0.22 pm filters, did not show an increase
in either the particle size or the P.I., indicating the absence of aggregation phenomena during storage.
Moreover, the amount of IMQ entrapped into the micelles remained stable during the observation
period (95.30% and 97.99% of the initial amount after 15 and 30 days, respectively). The observed
change from the initial content of drug remained lower than 5%, meeting the regulatory acceptance
criteria for a finished pharmaceutical product, as described in the Annex 2 of the World Health
Organization (WHO) Technical Report Series, No. 953: Stability testing of active pharmaceutical
ingredients and finished pharmaceutical products (2009). Therefore, the freeze-drying method could
represent a successful way to preserve the nano-dispersed system from instability phenomena.

Table 6. Stability evaluation of C;C;3CO-HTMG-TPGS-IMQ/Nano before and after freeze-drying at
different times of storage.

Dy

Pl
Time (nm) IMOQ
mM
62.6° 90° 62.6° 90°
Before freeze-drying 13.1+0.22 12.0 £ 0.24 0.47 +0.01 0.19 +£ 0.04 0.149 + 0.021
0 11.8 + 0.08 12.0 £ 0.59 0.14 £ 0.01 0.08 +0.31 0.145 = 0.020
15 days 10.2 £ 0.11 10.4 £ 0.80 0.13 £ 0.03 0.21 £0.31 0.142 £ 0.024

30 days 122 +0.14 12.2 +1.00 0.19 £ 0.03 0.03 £ 0.59 0.146 + 0.022
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4. Conclusions

The design of new biodegradable, nontoxic, and pH-sensitive polymeric materials, suitable to
be used as drug delivery systems, is a great challenge for the pharmaceutical community. Moreover,
one of the objectives in the above-mentioned field is to improve the effectiveness in tumor targeting,
by selectively addressing cancer tissues and sparing healthy ones. The combination of newly
synthesized fatty acid-protic ionic liquids (FA-PILs) and vitamin E TPGS led to the formation of
self-assembling micelles of nanometric size, able to encapsulate the anticancer drug IMQ and to release
it in cancer tissues with a pH-triggered mechanism; besides, the proposed nanosystem is capable
of producing effective drug amounts at the action site (i.e., the skin) following topical application,
thus representing a potential drug delivery system for skin cancer treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/11/1078/s1,
Figure S1: TH NMR of C;CO-HTMG, Figure S2: 'H NMR of CoCO-HTMG, Figure S3: 'H NMR of C1;CO-HTMG,

Figure S4: 'H NMR of C;3CO-HTMG, Figure S5: Differential scanning calorimetry (DSC) of compound
C;CO-HTMG at different scanning rates, Figure S6: Differential scanning calorimetry (DSC) of compound
CyCO-HTMG at different scanning rates, Figure S7: Differential scanning calorimetry (DSC) of compound
C11CO-HTMG at different scanning rates, Figure S8: Differential scanning calorimetry (DSC) of compound
C130-HTMG at different scanning rates.

Author Contributions: Conceptualization: S.T. and L.G.; methodology: S.T., S.B., D.M., L.G., and A.M.; validation:
PC., CS.P, and D.M.; formal analysis: S.T., L.G., S.B., and S.C.; investigation: L.G. and A.M. designed and
executed the novel compound syntheses; S.C., B.P,, and P.N. designed and executed the biological assays; S.T.,
D.M,, and E.T. designed and executed micelles preparation and characterization and skin permeation/penetration
evaluation; resources: P.C., C.S.P,, and P.N.; writing—original draft preparation: S.T.; writing—review and editing:
D.M. and L.G.; supervision: P.C. and L.G.; project administration: S.T. All authors have read and agreed to the
published version of the manuscript.

Funding: The research project was supported by Progetti di ricerca di Ateneo PRA 2018 (cod PRA_2018_18).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhao, B.; He, Y.-Y. Recent advances in the prevention and treatment of skin cancer using photodynamic
therapy. Expert Rev. Anticancer Ther. 2010, 10, 1797-1809. [CrossRef] [PubMed]

2. Fleury, S.; Vianna Lopez, R.F. Topical administration of anticancer drugs for skin cancer treatment. In Skin
Cancers—Risk Factors, Prevention and Therapy; La Porta, C., Ed.; InTech: London, UK, 2011.

3. Lee, C.-H.; Lai, P-S.; Lu, Y.-P.; Chen, H.-Y,; Chai, C.-Y,; Tsai, R.-K; Fang, K.-T.; Tsai, M.-H.; Hsu, C.-Y,;
Hung, C.-C,; et al. Real-time vascular imaging and photodynamic therapy efficacy with micelle-nanocarrier
delivery of chlorin e6 to the microenvironment of melanoma. J. Dermatol. Sci. 2015, 80, 124-132. [CrossRef]
[PubMed]

4. Naidoo, C.; Kruger, C.A.; Abrahamse, H. Photodynamic Therapy for Metastatic Melanoma Treatment:
A Review. Technol. Cancer Res. Treat. 2018, 17. [CrossRef]

5. Singh, S.; Zafar, A.; Khan, S.; Naseem, I. Towards therapeutic advances in melanoma management:
An overview. Life Sci. 2017, 174, 50-58. [CrossRef] [PubMed]

6. Najem, A.; Krayem, M.; Perdrix, A.; Kerger, J.; Awada, A.; Journe, F.; Ghanem, G.E. New Drug Combination
Strategies in Melanoma: Current Status and Future DirectionsNew Drug Combination Strategies in Melanoma:
Current Status and Future Directions. Anticancer Res. 2017, 37, 5941-5953. [CrossRef]

7. Pinho, ].O.; Matias, M.; Gaspar, M. Emergent Nanotechnological Strategies for Systemic Chemotherapy
against Melanoma. Nanomaterials 2019, 9, 1455. [CrossRef] [PubMed]

8. NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) for Cutaneous Melanoma (Version 4.2020).
Available online: http://www.nccn.org (accessed on 30 October 2020).

9. Gabriel, E.; Skitzki, ].J. The Role of Regional Therapies for in-Transit Melanoma in the Era of Improved
Systemic Options. Cancers 2015, 7, 1154-1177. [CrossRef]

10. Dianzani, C.; Zara, G.P; Maina, G.; Pettazzoni, P.; Pizzimenti, S.; Rossi, F.; Gigliotti, C.L.; Ciamporcero, E.S.;
Daga, M.; Barrera, G. Drug Delivery Nanoparticles in Skin Cancers. BioMed Res. Int. 2014, 2014, 895986.
[CrossRef]


http://www.mdpi.com/1999-4923/12/11/1078/s1
http://dx.doi.org/10.1586/era.10.154
http://www.ncbi.nlm.nih.gov/pubmed/21080805
http://dx.doi.org/10.1016/j.jdermsci.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26360010
http://dx.doi.org/10.1177/1533033818791795
http://dx.doi.org/10.1016/j.lfs.2017.02.011
http://www.ncbi.nlm.nih.gov/pubmed/28238718
http://dx.doi.org/10.21873/anticanres.12041
http://dx.doi.org/10.3390/nano9101455
http://www.ncbi.nlm.nih.gov/pubmed/31614947
http://www.nccn.org
http://dx.doi.org/10.3390/cancers7030830
http://dx.doi.org/10.1155/2014/895986

Pharmaceutics 2020, 12, 1078 19 of 22

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Naves, L.B.; Dhand, C.; Venugopal, J.R.; Rajamani, L.; Ramakrishna, S.; Almeida, L. Nanotechnology for the
treatment of melanoma skin cancer. Prog. Biomater. 2017, 6, 13-26. [CrossRef]

Fernandes, A.R.; Santos, A.C.; Sanchez-Lopez, E.; Kovacevié¢, A.B.; Espina, M.; Calpena, A.C.; Veiga, FJ.;
Garcia, M.L.; Souto, E.B. Neoplastic Multifocal Skin Lesions: Biology, Etiology, and Targeted Therapies for
Nonmelanoma Skin Cancers. Ski. Pharmacol. Physiol. 2017, 31, 59-73. [CrossRef]

Haque, T.; Rahman, K.M.; Thurston, D.E.; Hadgraft, J.; Lane, M.E. Topical therapies for skin cancer and
actinic keratosis. Eur. J. Pharm. Sci. 2015, 77, 279-289. [CrossRef] [PubMed]

Terreni, E.; Chetoni, P.; Tampucci, S.; Burgalassi, S.; Al-Kinani, A.A.; Alany, R.G.; Monti, D. Assembling
Surfactants-Mucoadhesive Polymer Nanomicelles (ASMP-Nano) for Ocular Delivery of Cyclosporine-A.
Pharmaceutics 2020, 12, 253. [CrossRef] [PubMed]

Dwivedi, A.; Mazumder, A ; Fox, L.T.; Briimmer, A.; Gerber, M.; Du Preez, ].L.; Haynes, R.K.; Du Plessis, J.
In vitro skin permeation of artemisone and its nano-vesicular formulations. Int. J. Pharm. 2016, 503, 1-7.
[CrossRef] [PubMed]

Telo, I.; Del Favero, E.; Cantu, L.; Frattini, N.; Pescina, S.; Padula, C.; Santi, P.; Sonvico, E.; Nicoli, S. Gel-like
TPGS-Based Microemulsions for Imiquimod Dermal Delivery: Role of Mesostructure on the Uptake and
Distribution into the Skin. Mol. Pharm. 2017, 14, 3281-3289. [CrossRef] [PubMed]

Tampucci, S.; Carpi, S.; Digiacomo, M.; Polini, B.; Fogli, S.; Burgalassi, S.; Macchia, M.; Nieri, P.; Manera, C.;
Monti, D. Diclofenac-Derived Hybrids for Treatment of Actinic Keratosis and Squamous Cell Carcinoma.
Molecules 2019, 24, 1793. [CrossRef]

Vogt, A.; Wischke, C.; Neffe, A.T.; Ma, N.; Alexiev, U.; Lendlein, A. Nanocarriers for drug delivery into and
through the skin—Do existing technologies match clinical challenges? J. Control. Release 2016, 242, 3-15.
[CrossRef]

Wang, Z.; Deng, X.; Ding, J.; Zhou, W.; Zheng, X.; Tang, G. Mechanisms of drug release in pH-sensitive
micelles for tumour targeted drug delivery system: A review. Int. J. Pharm. 2018, 535, 253-260. [CrossRef]
Sahu, P; Kashaw, S.K; Sau, S,; Jain, S.; Jain, S.; Agrawal, RK,; Iyer, A.K. pH triggered and charge attracted
nanogel for simultaneous evaluation of penetration and toxicity against skin cancer: In-vitro and ex-vivo
study. Int. J. Biol. Macromol. 2019, 128, 740-751. [CrossRef]

Bao, Y,; Yin, M.; Hu, X,; Zhuang, X.; Sun, Y.; Guo, Y.; Tan, S.; Zhang, Z. A safe, simple and efficient doxorubicin
prodrug hybrid micelle for overcoming tumor multidrug resistance and targeting delivery. |. Control. Release
2016, 235, 182-194. [CrossRef]

Tang, H.; Zhao, W.; Yu, J.; Li, M.; Zhao, C. Recent Development of pH-Responsive Polymers for Cancer
Nanomedicine. Molecules 2018, 24, 4. [CrossRef]

Sahu, P,; Kashaw, SK.; Sau, S.; Kushwah, V.; Jain, S.; Agrawal, R.K.; Iyer, A K. pH Responsive 5-Fluorouracil
Loaded Biocompatible Nanogels For Topical Chemotherapy of Aggressive Melanoma. Colloids Surf. B Biointerfaces
2019, 174, 232-245. [CrossRef]

Ingrosso, E; Ruiz-Lépez, M.E. Modeling Solvation in Supercritical CO,. ChemPhysChem 2017, 18, 2560-2572.
[CrossRef] [PubMed]

Rocco, D.; Chiarotto, I.; D’Anna, F.; Mattiello, L.; Pandolfi, F.; Rizzo, C.; Feroci, M. Cathodic Behaviour of
Dicationic Imidazolium Bromides: The Role of the Spacer. ChemElectroChem 2019, 6, 4275-4283. [CrossRef]
Mezzetta, A.; Pomelli, C.S.; Koutsoumpos, S.; Papamichael, M.; Giannios, P.; Moutzouris, K. Temperature
effects on the viscosity and the wavelength-dependent refractive index of imidazolium-based ionic liquids
with a phosphorus-containing anion. Phys. Chem. Chem. Phys. 2017, 19, 8201-8209. [CrossRef]

Sernaglia, M.; Blanco, D.; Battez, A.H.; Viesca, ].; Gonzalez, R.; Bartolomé, M. Two fatty acid anion-based
ionic liquids—Part I: Physicochemical properties and tribological behavior as neat lubricants. J. Mol. Lig.
2020, 305, 112827. [CrossRef]

Asim, AM.; Uroos, M.; Naz, S.; Sultan, M.; Griffin, G.; Muhammad, N.; Khan, A.S. Acidic ionic liquids:
Promising and cost-effective solvents for processing of lignocellulosic biomass. J. Mol. Liq. 2019, 287, 110943.
[CrossRef]

Keaveney, S.T.; Haines, R.S.; Harper, J.B. Ionic liquid solvents: The importance of microscopic interactions in
predicting organic reaction outcomes. Pure Appl. Chem. 2017, 89, 745-757. [CrossRef]

Morais, E.S.; Lopes, AM.D.C.; Freire, M.G.; Freire, C.S.R.; Coutinho, J.A.P; Silvestre, A.J.D. Use of Ionic
Liquids and Deep Eutectic Solvents in Polysaccharides Dissolution and Extraction Processes towards
Sustainable Biomass Valorization. Molecules 2020, 25, 3652. [CrossRef]


http://dx.doi.org/10.1007/s40204-017-0064-z
http://dx.doi.org/10.1159/000479529
http://dx.doi.org/10.1016/j.ejps.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26091570
http://dx.doi.org/10.3390/pharmaceutics12030253
http://www.ncbi.nlm.nih.gov/pubmed/32168973
http://dx.doi.org/10.1016/j.ijpharm.2016.02.041
http://www.ncbi.nlm.nih.gov/pubmed/26930566
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00348
http://www.ncbi.nlm.nih.gov/pubmed/28825487
http://dx.doi.org/10.3390/molecules24091793
http://dx.doi.org/10.1016/j.jconrel.2016.07.027
http://dx.doi.org/10.1016/j.ijpharm.2017.11.003
http://dx.doi.org/10.1016/j.ijbiomac.2019.01.147
http://dx.doi.org/10.1016/j.jconrel.2016.06.003
http://dx.doi.org/10.3390/molecules24010004
http://dx.doi.org/10.1016/j.colsurfb.2018.11.018
http://dx.doi.org/10.1002/cphc.201700434
http://www.ncbi.nlm.nih.gov/pubmed/28719104
http://dx.doi.org/10.1002/celc.201900099
http://dx.doi.org/10.1039/c6cp08910k
http://dx.doi.org/10.1016/j.molliq.2020.112827
http://dx.doi.org/10.1016/j.molliq.2019.110943
http://dx.doi.org/10.1515/pac-2016-1008
http://dx.doi.org/10.3390/molecules25163652

Pharmaceutics 2020, 12, 1078 20 of 22

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Amiril, S.; Rahim, E.; Syahrullail, S. A review on ionic liquids as sustainable lubricants in manufacturing and
engineering: Recent research, performance, and applications. J. Clean. Prod. 2017, 168, 1571-1589. [CrossRef]
Francis, C.E].; Kyratzis, L.L.; Best, A.S. Lithium-Ion Battery Separators for Ionic-Liquid Electrolytes: A Review.
Adv. Mater. 2020, 32, €1904205. [CrossRef]

Egorova, K.S.; Gordeev, E.G.; Valentine, P.A. Biological Activity of Ionic Liquids and Their Application in
Pharmaceutics and Medicine. Chem. Rev. 2017, 117, 7132-7189. [CrossRef] [PubMed]

Niemczak, M.; Rzemieniecki, T.; Sobiech, L.; Skrzypczak, G.; Praczyk, T.; Pernak, J. Influence of the alkyl chain
length on the physicochemical properties and biological activity in a homologous series of dichlorprop-based
herbicidal ionic liquids. J. Mol. Lig. 2019, 276, 431-440. [CrossRef]

Teixeira, S.; Santos, M.M.; Ferraz, R.; Prudéncio, C.; Fernandes, M.H.; Costa-Rodrigues, J.; Branco, L.C. A Novel
Approach for Bisphosphonates: Ionic Liquids and Organic Salts from Zoledronic Acid. ChemMedChem 2019,
14,1767-1770. [CrossRef] [PubMed]

Teixeira, S.; Santos, M.M.; Fernandes, M.H.; Costa-Rodrigues, J.; Branco, L.C. Alendronic Acid as Ionic
Liquid: New Perspective on Osteosarcoma. Pharmaceutics 2020, 12, 293. [CrossRef]

Florindo, C.; Costa, A.; Matos, C.; Nunes, S.L.; Matias, A.; Duarte, C.M.; Rebelo, L.P.N.; Branco, L.C.;
Marrucho, LM. Novel organic salts based on fluoroquinolone drugs: Synthesis, bioavailability and
toxicological profiles. Int. |. Pharm. 2014, 469, 179-189. [CrossRef]

Abednejad, A.; Ghaee, A.; Morais, E.S.; Sharma, M.; Neves, B.M.; Freire, M.G.; Nourmohammadi, J.;
Mehrizi, A.A. Polyvinylidene fluoride-Hyaluronic acid wound dressing comprised of ionic liquids for
controlled drug delivery and dual therapeutic behavior. Acta Biomater. 2019, 100, 142-157. [CrossRef]
Chantereau, G.; Sharma, M.; Abednejad, A.; Vilela, C.; Costa, E.; Veiga, M.; Antunes, E,; Pintado, M.; Seébe, G.;
Coma, V,; et al. Bacterial nanocellulose membranes loaded with vitamin B-based ionic liquids for dermal
care applications. J. Mol. Lig. 2020, 302, 112547. [CrossRef]

Szepinski, E.; Smolarek, P.; Milewska, M.].; Luczak, ]. Application of surface active amino acid ionic liquids
as phase-transfer catalyst. J. Mol. Lig. 2020, 303, 112607. [CrossRef]

Ali, K.; Moshikur, R.M.; Wakabayashi, R.; Tahara, Y.; Moniruzzaman, M.; Kamiya, N.; Goto, M. Synthesis
and characterization of choline—fatty-acid-based ionic liquids: A new biocompatible surfactant. J. Colloid
Interface Sci. 2019, 551, 72-80. [CrossRef]

Ali, K.; Moshikur, R.M.; Wakabayashi, R.; Moniruzzaman, M.; Kamiya, N.; Goto, M. Biocompatible Ionic
Liquid Surfactant-Based Microemulsion as a Potential Carrier for Sparingly Soluble Drugs. ACS Sustain.
Chem. Eng. 2020, 8, 6263-6272. [CrossRef]

Keshapolla, D.; Srinivasarao, K.; Gardas, R.L. Influence of temperature and alkyl chain length on
physicochemical properties of trihexyl- and trioctylammonium based protic ionic liquids. J. Chem. Thermodyn.
2019, 133, 170-180. [CrossRef]

Yang, Q.; Ke, Y.; Liu, X,; Yang, Q.; Bao, Z.; Su, B.; Ren, Q.; Yang, Y.; Xing, H. Enhanced self-assembly for the
solubilization of cholesterol in molecular solvent/ionic liquid mixtures. Phys. Chem. Chem. Phys. 2017, 19,
10835-10842. [CrossRef]

Oulego, P; Faes, J.; Gonzalez, R.; Viesca, ].; Blanco, D.; Battez, A.H. Relationships between the physical
properties and biodegradability and bacteria toxicity of fatty acid-based ionic liquids. J. Mol. Lig. 2019, 292,
111451. [CrossRef]

Carrion, F; Avilés, M.; Nakano, K.; Tadokoro, C.; Nagamine, T.; Bermtudez, M. Diprotic ammonium palmitate
ionic liquid crystal and nanodiamonds in aqueous lubrication. Film thickness and influence of sliding speed.
Wear 2019, 241-252. [CrossRef]

Gusain, R.; Khan, A.; Khatri, O.P. Fatty acid-derived ionic liquids as renewable lubricant additives: Effect of
chain length and unsaturation. J. Mol. Lig. 2020, 301, 112322. [CrossRef]

De Faria, E.L.P; Ferreira, A.M.; Claudio, A.EM.; Coutinho, J.A.P,; Silvestre, A.].D.; Freire, M.G. Recovery of
Syringic Acid from Industrial Food Waste with Aqueous Solutions of Ionic Liquids. ACS Sustain. Chem. Eng.
2019, 7, 14143-14152. [CrossRef]

Mezzetta, A.; Guazzelli, L.; Seggiani, M.; Pomelli, C.S.; Puccini, M.; Chiappe, C. A general environmentally
friendly access to long chain fatty acid ionic liquids (LCFA-ILs). Green Chem. 2017, 19, 3103-3111. [CrossRef]
Mezzetta, A.; Perillo, V.; Guazzelli, L.; Chiappe, C. Thermal behavior analysis as a valuable tool for comparing
ionic liquids of different classes. . Therm. Anal. Calorim. 2019, 138, 3335-3345. [CrossRef]


http://dx.doi.org/10.1016/j.jclepro.2017.03.197
http://dx.doi.org/10.1002/adma.201904205
http://dx.doi.org/10.1021/acs.chemrev.6b00562
http://www.ncbi.nlm.nih.gov/pubmed/28125212
http://dx.doi.org/10.1016/j.molliq.2018.12.013
http://dx.doi.org/10.1002/cmdc.201900397
http://www.ncbi.nlm.nih.gov/pubmed/31603287
http://dx.doi.org/10.3390/pharmaceutics12030293
http://dx.doi.org/10.1016/j.ijpharm.2014.04.034
http://dx.doi.org/10.1016/j.actbio.2019.10.007
http://dx.doi.org/10.1016/j.molliq.2020.112547
http://dx.doi.org/10.1016/j.molliq.2020.112607
http://dx.doi.org/10.1016/j.jcis.2019.04.095
http://dx.doi.org/10.1021/acssuschemeng.9b07773
http://dx.doi.org/10.1016/j.jct.2019.02.015
http://dx.doi.org/10.1039/c7cp01098b
http://dx.doi.org/10.1016/j.molliq.2019.111451
http://dx.doi.org/10.1016/j.wear.2018.12.011
http://dx.doi.org/10.1016/j.molliq.2019.112322
http://dx.doi.org/10.1021/acssuschemeng.9b02808
http://dx.doi.org/10.1039/C7GC00830A
http://dx.doi.org/10.1007/s10973-019-08951-w

Pharmaceutics 2020, 12, 1078 21 of 22

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sahbaz, Y.; Williams, H.D.; Nguyen, T.-H.; Saunders, ].; Ford, L.; Charman, S.A.; Scammells, PJ.; Porter, C.J.
Transformation of Poorly Water-Soluble Drugs into Lipophilic Ionic Liquids Enhances Oral Drug Exposure
from Lipid Based Formulations. Mol. Pharm. 2015, 12, 1980-1991. [CrossRef]

Jin, W;; Yang, Q.; Zhang, Z.; Bao, Z.; Ren, Q.; Xing, H. Self-assembly induced solubilization of drug-like
molecules in nanostructured ionic liquids. Chem. Commun. 2015, 51, 13170-13173. [CrossRef]

Panda, S.; Kundu, K; Basaiahgari, A.; Singh, A.P.; Senapati, S.; Gardas, R.L. Aggregation behaviour of
biocompatible choline carboxylate ionic liquids and their interactions with biomolecules through experimental
and theoretical investigations. New J. Chem. 2018, 42, 7105-7118. [CrossRef]

Williams, H.D.; Ford, L.; Lim, S.; Han, S.; Baumann, J.; Sullivan, H.; Vodak, D.; Igonin, A.; Benameur, H.;
Pouton, C.W,; et al. Transformation of Biopharmaceutical Classification System Class I and III Drugs Into
Ionic Liquids and Lipophilic Salts for Enhanced Developability Using Lipid Formulations. J. Pharm. Sci.
2018, 107, 203-216. [CrossRef] [PubMed]

Greaves, T.L.; Drummond, C.J. Protic Ionic Liquids: Evolving Structure-Property Relationships and
Expanding Applications. Chem. Rev. 2015, 115, 11379-11448. [CrossRef] [PubMed]

Becherini, S.; Mezzetta, A.; Chiappe, C.; Guazzelli, L. Levulinate amidinium protic ionic liquids (PILs) as
suitable media for the dissolution and levulination of cellulose. New J. Chem. 2019, 43, 4554-4561. [CrossRef]
Shen, X.; Chen, Q.; Zhang, J.; Fu, P. Supramolecular Structures in the Presence of Ionic Liquids. In Ionic
Liquids: Theory, Properties, New Approaches; Kokorin, A., Ed.; InTech: Rijeka, Croatia, 2011; pp. 427—-482.
[CrossRef]

Yang, C.; Wu, T.; Qi, Y,; Zhang, Z. Recent Advances in the Application of Vitamin E TPGS for Drug Delivery.
Theranostics 2018, 8, 464-485. [CrossRef]

Micali, G.; Lacarrubba, F.; Nasca, M.R.; Schwartz, R.A. Topical pharmacotherapy for skin cancer: Part I.
Pharmacology. J. Am. Acad. Dermatol. 2014, 70, 965.e1-12. [CrossRef]

Lapteva, M.; Mignot, M.; Mondon, K.; Méller, M.; Gurny, R.; Kalia, Y.N. Self-assembled mPEG-hexPLA
polymeric nanocarriers for the targeted cutaneous delivery of imiquimod. Eur. J. Pharm. Biopharm. 2019, 142,
553-562. [CrossRef]

Bong, A.B.; Bonnekoh, B.; Franke, I.; Schon, M.P; Ulrich, J.; Gollnick, H. Imiquimod, a topical immune
response modifier, in the treatment of cutaneous metastases of malignant melanoma. Dermatology 2002, 205,
135-138. [CrossRef]

Urosevic, M.; Dummer, R. Role of Imiquimod in Skin Cancer Treatment. Am. . Clin. Dermatol. 2004, 5,
453-458. [CrossRef]

Burns, C.A.; Brown, M.D. Imiquimod for the treatment of skin cancer. Dermatol. Clin. 2005, 23, 151-164.
[CrossRef]

Aspord, C.; Tramcourt, L.; Leloup, C.; Molens, J.-P,; Leccia, M.-T.; Charles, J.; Plumas, J. Imiquimod Inhibits
Melanoma Development by Promoting pDC Cytotoxic Functions and Impeding Tumor Vascularization.
J. Investig. Dermatol. 2014, 134, 2551-2561. [CrossRef] [PubMed]

Carpi, S.; Polini, B.; Manera, C.; Digiacomo, M.; Salsano, J.E.; Macchia, M.; Scoditti, E.; Nieri, P. MiRNA
modulation and antitumor activity by the extra-virgin olive oil polyphenol oleacein in human melanoma
cells. Front. Pharmacol. 2020, 11, 574317. [CrossRef] [PubMed]

Monti, D.; Chetoni, P,; Burgalassi, S.; Tampucci, S.; Centini, M.; Anselmi, C. 4-Methylbenzylidene camphor
microspheres: Reconstituted epidermis (Skinethic®) permeation and distribution. Int. J. Cosmet. Sci. 2015,
37,298-305. [CrossRef]

Burgalassi, S.; Monti, D.; Nicosia, N.; Tampucci, S.; Terreni, E.; Vento, A.; Chetoni, P. Freeze-dried
matrices for ocular administration of bevacizumab: A comparison between subconjunctival and intravitreal
administration in rabbits. Drug Deliv. Transl. Res. 2018, 8, 461-472. [CrossRef]

Tampucci, S.; Terreni, E.; Burgalassi, S.; Chetoni, P.; Monti, D. Development and Validation of an HPLC-UV
Method to Quantify Tavaborole During in Vitro Transungual Permeation Studies. . AOAC Int. 2018, 101,
437-443. [CrossRef]

Ahmad, Z.; Shah, A.; Siddiq, M.; Kraatz, H.-B. Polymeric micelles as drug delivery vehicles. RSC Adv. 2014,
4,17028-17038. [CrossRef]

Gomez, E.; Calvar, N.; Dominguez, A.; Macedo, E.A. Thermal behavior and heat capacities of
pyrrolidinium-based ionic liquids by DSC. Fluid Phase Equilib. 2018, 470, 51-59. [CrossRef]


http://dx.doi.org/10.1021/mp500790t
http://dx.doi.org/10.1039/C5CC03463A
http://dx.doi.org/10.1039/C8NJ00336J
http://dx.doi.org/10.1016/j.xphs.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28549907
http://dx.doi.org/10.1021/acs.chemrev.5b00158
http://www.ncbi.nlm.nih.gov/pubmed/26426209
http://dx.doi.org/10.1039/C9NJ00191C
http://dx.doi.org/10.5772/15586
http://dx.doi.org/10.7150/thno.22711
http://dx.doi.org/10.1016/j.jaad.2013.12.037
http://dx.doi.org/10.1016/j.ejpb.2019.01.008
http://dx.doi.org/10.1159/000063904
http://dx.doi.org/10.2165/00128071-200405060-00010
http://dx.doi.org/10.1016/j.det.2004.08.007
http://dx.doi.org/10.1038/jid.2014.194
http://www.ncbi.nlm.nih.gov/pubmed/24751730
http://dx.doi.org/10.3389/fphar.2020.574317
http://www.ncbi.nlm.nih.gov/pubmed/33071785
http://dx.doi.org/10.1111/ics.12199
http://dx.doi.org/10.1007/s13346-018-0520-x
http://dx.doi.org/10.5740/jaoacint.17-0039
http://dx.doi.org/10.1039/C3RA47370H
http://dx.doi.org/10.1016/j.fluid.2018.04.003

Pharmaceutics 2020, 12, 1078 22 of 22

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Gomez, E.; Requejo, P.F,; Dominguez, A.; Macedo, E.A. Influence of the alkyl chain cation position on
thermal behaviour: (1,2) and (1,4) pyridinium Bis(trifluoromethylsulfonyl)imide—Based ionic liquids.
Fluid Phase Equilib. 2020, 519, 112658. [CrossRef]

Rantamadki, A.-H.; Ruokonen, S.-K.; Sklavounos, E.; Kyllénen, L.; King, A.; Wiedmer, S.K. Impact of
Surface-Active Guanidinium-, Tetramethylguanidinium-, and Cholinium-Based Ionic Liquids on Vibrio
Fischeri Cells and Dipalmitoylphosphatidylcholine Liposomes. Sci. Rep. 2017, 7, srep46673. [CrossRef]
Mezzetta, A.; Luczak, J.; Woch, J.; Chiappe, C.; Nowicki, J.; Guazzelli, L. Surface active fatty acid ILs:
Influence of the hydrophobic tail and/or the imidazolium hydroxyl functionalization on aggregates formation.
J. Mol. Lig. 2019, 289, 111155. [CrossRef]

May, S.; Ben-Shaul, A. Molecular Theory of the Sphere-to-Rod Transition and the Second CMC in Aqueous
Micellar Solutions. J. Phys. Chem. B 2001, 105, 630-640. [CrossRef]

Zhao, M.; Yan, Z.; Dai, C.; Du, M,; Li, H.; Zhao, Y.; Wang, K.; Ding, Q. Formation and rheological properties of
wormlike micelles by N-hexadecyl-N-methylpiperidinium bromide and sodium salicylate. Colloid Polym. Sci.
2015, 293, 1073-1082. [CrossRef]

Dong, B.; Li, N.; Zheng, L.; Yu, L.; Inoue, T. Surface Adsorption and Micelle Formation of Surface Active
Ionic Liquids in Aqueous Solution. Langmuir 2007, 23, 4178-4182. [CrossRef]

Sharma, R.; Mahajan, S.; Mahajan, R K. Surface adsorption and mixed micelle formation of surface active ionic
liquid in cationic surfactants: Conductivity, surface tension, fluorescence and NMR studies. Colloids Surf. A
Physicochem. Eng. Asp. 2013, 427, 62-75. [CrossRef]

Chabba, S.; Kumar, S.; Aswal, VK,; Kang, T.S.; Mahajan, R.K. Interfacial and aggregation behavior
of aqueous mixtures of imidazolium based surface active ionic liquids and anionic surfactant sodium
dodecylbenzenesulfonate. Colloids Surf. A Physicochem. Eng. Asp. 2015, 472, 9-20. [CrossRef]

Argenziano, M.; Haimhoffer, A.; Bastiancich, C.; Jicsinszky, L.; Caldera, F; Trotta, F.; Scutera, S.; Alotto, D.;
Fumagalli, M.; Musso, T.; et al. In Vitro Enhanced Skin Permeation and Retention of Imiquimod Loaded in
-Cyclodextrin Nanosponge Hydrogel. Pharmaceutics 2019, 11, 138. [CrossRef]

Castelli, D.D.; Ferrauto, G.; Cutrin, J.C.; Terreno, E.; Aime, S. In vivo maps of extracellular pH in murine
melanoma by CEST-MRI. Magn. Reson. Med. 2014, 71, 326-332. [CrossRef]

Rocco, R.; Alegre, N.; Pozner, R.; Wainstok, R.; Gazzaniga, S. Selective hemangioma cell dysfunction and
apoptosis triggered by in vitro treatment with imiquimod. Toxicol. Lett. 2018, 288, 82-88. [CrossRef]

Gazzi, R P; Frank, L.A.; Onzi, G.; Pohlmann, A.R.; Guterres, S.S. New pectin-based hydrogel containing
imiquimod-loaded polymeric nanocapsules for melanoma treatment. Drug Deliv. Transl. Res. 2020, 1-12.
[CrossRef]

Courbet, A.; Bec, N.; Constant, C.; Larroque, C.; Pugniére, M.; El Messaoudi, S.; Zghaib, Z.; Khier, S.;
Deleuze-Masquefa, C.; Gattacceca, F. Imidazoquinoxaline anticancer derivatives and imiquimod interact with
tubulin: Characterization of molecular microtubule inhibiting mechanisms in correlation with cytotoxicity.
PLoS ONE 2017, 12, €0182022. [CrossRef]

Frank, L.A.; Gazzi, R.; Mello, PD.A.; Buffon, A.; Pohlmann, A.R.; Guterres, S.S. Imiquimod-loaded nanocapsules
improve cytotoxicity in cervical cancer cell line. Eur. |. Pharm. Biopharm. 2019, 136, 9-17. [CrossRef]

Zagon, L.S.; Donahue, R.N.; Rogosnitzky, M.; McLaughlin, PJ. Imiquimod Upregulates the Opioid Growth
Factor Receptor to Inhibit Cell Proliferation Independent of Immune Function. Exp. Biol. Med. 2008, 233,
968-979. [CrossRef]

Moretton, M.A.; Chiappetta, D.A.; Sosnik, A. Cryoprotection-lyophilization and physical stabilization of
rifampicin-loaded flower-like polymeric micelles. J. R. Soc. Interface 2011, 9, 487-502. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.fluid.2020.112658
http://dx.doi.org/10.1038/srep46673
http://dx.doi.org/10.1016/j.molliq.2019.111155
http://dx.doi.org/10.1021/jp003021o
http://dx.doi.org/10.1007/s00396-014-3495-2
http://dx.doi.org/10.1021/la0633029
http://dx.doi.org/10.1016/j.colsurfa.2013.03.023
http://dx.doi.org/10.1016/j.colsurfa.2015.02.032
http://dx.doi.org/10.3390/pharmaceutics11030138
http://dx.doi.org/10.1002/mrm.24664
http://dx.doi.org/10.1016/j.toxlet.2018.01.016
http://dx.doi.org/10.1007/s13346-020-00805-5
http://dx.doi.org/10.1371/journal.pone.0182022
http://dx.doi.org/10.1016/j.ejpb.2019.01.001
http://dx.doi.org/10.3181/0802-RM-58
http://dx.doi.org/10.1098/rsif.2011.0414
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation and Characterization of Fatty Acid-Protic Ionic Liquids (FA-PILs) 
	Preparation of FA-PILs 
	NMR Analysis 
	Differential Scanning Calorimetry (DSC) 
	Surface Tension Measurements 

	Preparation and Physico-Chemical Characterization of Self-Assembling Micelles 
	In Vitro Release of IMQ from Polymeric Micelles 
	In Vitro Cytotoxicity Analysis 
	In Vitro Cutaneous Permeation and Distribution Studies 
	Storage Stability of IMQ-Loaded FA-PILs-TPGS Mixed Nanostructures 
	HPLC Analysis 
	Data Analysis 

	Results and Discussion 
	Preparation and Characterization of Fatty Acid-Protic Ionic Liquids (FA-PILs) 
	NMR Analysis 
	Differential Scanning Calorimetry (DSC) 
	Surface Tension Measurements 

	Preparation and Characterization of Self-Assembling Nanostructures 
	pH-Dependent Release of IMQ from the Nanostructures 
	In Vitro Cell Viability 
	In Vitro Cutaneous Permeation and Distribution Studies of the Selected Formulation 
	Storage Stability of the IMQ-Loaded FA-PILs-TPGS Mixed Nanostructures Selected 

	Conclusions 
	References

