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Abstract: Poly(methyl vinyl ether-alt-maleic anhydride) (PMVEMA) of 119 and 139 molecular
weights (P119 and P139, respectively) were electrospun to evaluate the resulting fibers as a top-
ical delivery vehicle for (L-)menthol. Thus, electrospinning parameters were optimized for the
production of uniform bead-free fibers from 12% w/w PMVEMA (£2.3% w/w menthol) solutions,
and their morphology and size were characterized by field emission scanning electron microscopy
(FESEM). The fibers of P119 (F;19s) and P139 (F;39s) showed average diameter sizes of approximately
534 and 664 nm, respectively, when unloaded, and 837 and 1369 nm when loaded with menthol.
The morphology of all types of fibers was cylindrical except for Fisgs, which mostly displayed a
double-ribbon-like shape. Gas chromatography-mass spectrometry (GC-MS) analysis determined
that not only was the menthol encapsulation efficiency higher in F139s (92% versus 68% in Fy19s) but
also that its stability over time was higher, given that in contrast with Fy19s, no significant losses
in encapsulated menthol were detected in the Fy39s after 10 days post-production. Finally, in vitro
biological assays showed no significant induction of cytotoxicity for any of the experimental fibers or
in the full functionality of the encapsulated menthol, as it achieved equivalent free-menthol levels of
activation of its specific receptor, the (human) transient receptor potential cation channel subfamily
M (melastatin) member 8 (TRPMS).

Keywords: PMVEMA; electrospinning; nanofibers; microfibers; menthol; viability; TRPMS8

1. Introduction

The efficacy of any topical treatment depends on the ability of the pharmaceutical
formulation to deliver the required drug to the specific target location and thus to penetrate
the different skin layers. Many studies describe the difficulty of crossing these barriers
by diffusion, which usually reduces the final bioavailability of the drug [1-3]. Different
carriers have been tested to overcome this limitation, as well as to stabilize compounds of
hydrophobic and/or thermolabile nature that may volatilize or degrade by isomerization or
oxidation, such as terpenes. In the particular case of this family of compounds, their topical
administration for localized skin disorders also pursues avoidance of their unnecessary, and
sometimes problematic, systemic distribution resulting from other administration routes.
For all of these reasons, several topical delivery systems of terpenes for skin healthcare
applications based on nanosystems have been tested, such as nanocapsules, nanoemulsions,
nanogels, nanofibers, and liposomes, most of time complexed with cyclodextrins (CD) [4].

The cyclic monoterpene alcohol L-menthol (hereinafter referred to as menthol) is
the major constituent of the essential oils of peppermint and corn mint, and it is well
known for its beneficial health properties among other characteristics [5,6]. As a result,
menthol can be found in a wide range of commercial products, such as pharmaceuticals,
cosmetics, pesticides, and oral hygiene products and as a flavoring agent [7,8]. Additionally,
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as for medicinal purposes, menthol is present in both prescribed and over-the-counter
(OTC) medications for the common cold and respiratory conditions, musculoskeletal pain,
gastrointestinal disorders, etc. [8]. One of the major effects of menthol is the sensation of
coolness produced when it is inhaled, chewed, consumed, or applied to the skin since it
is an agonist of the transient receptor potential cation channel subfamily M (melastatin)
member 8 (TRPMS) [9-12].

TRPMS is a non-selective tetrameric cation channel with high permeability to calcium
(Ca%*) and sodium (Na*) involved in the transmission and modulation of cold sensation
when triggered by different physical and chemical stimuli, such as cold temperatures
(10-28 °C) [12,13], cooling agents (menthol and ilicin) [14], membrane depolarization [15],
and different synthetic molecules [16,17]. This receptor is mainly found in the thermore-
ceptor sensory neurons of the peripheral nervous system, although they have also been
described in other non-neuronal tissues, including skin cells [18]. Apart from TRPMS, men-
thol can bind other receptors distributed throughout the central nervous system, such as the
k-opioid receptor (KOR) [6] or the y-aminobutyric acid (GABA) A receptor (GABAAR) [19],
leading to analgesia and anti-inflammatory responses, respectively. Nonetheless, the over-
all final effect induced by menthol depends on its concentration since low doses (<1%)
depress sensory receptors, doses between 1.25% and 16% stimulate sensory receptors, and
high concentrations (>30%) can induce cold pain [20].

Menthol has shown other valuable biological activities, such as antifungal, antibacte-
rial, antipruritic, antitussive, antiseptic, anticancer, antiviral, and fumigant properties [21-23].
Moreover, menthol is considered as a penetration enhancer, i.e., it favors the epidermis
permeation of bioactive compounds with poor skin diffusion [8,24-27]. All of these facts,
together with its low potential for toxicity in humans [8], make menthol an ideal candidate
for topical biomedical applications. However, in order to preserve its beneficial properties,
menthol is usually complexed with other molecules, such as CDs. For instance, many
works describe the encapsulation of such complexes, instead of free menthol, into elec-
trospun fibers of different polymers, such as poly(vinyl alcohol) (PVA) [28], poly(L-lactic
acid) (PLLA) [29], polyethylene oxide (PEO) [30], polystyrene (PS) [31], and poly(methyl
methacrylate) (PMMA) [32], or in a coaxial structures based on gelatin and Balangu seed
gum [33] or poly(2-ethyl-2-oxazoline) (PEtOX) and silk fibroin [34] as respective core and
shell polymers. In this sense, a recent work of Yildiz et al. (2018) [35] stands out by directly
electrospinning CD-menthol complexes without using another polymer, enhancing the
water solubility and high temperature stability of menthol.

All of these examples of studies encapsulating menthol into electrospun micro/nanofibers
are because of their suitability for meeting all those requirements previously mentioned
concerning the topical delivery of terpenes [36,37]. Regarding the materials that can be
used for this purpose, copolymers of alternating methyl vinyl ether and maleic anhydride
allow the construction of different types of drug-loadable nanostructures that meet clinical
needs through relatively facile and short protocols [38,39]; however, they have not been
tested for this purpose so far. Based on our previous studies on electrospun nanofibers
made of polymers of this chemical family [40-42], in this work we used poly(methyl
vinyl ether-alt-maleic anhydride) (PMVEMA) of two molecular weights, 119 (P119) and
139 (P139), to produce fibers (F119s and Fy39s, respectively) loaded with menthol. With this
end, the electrospinning process was optimized in order to obtain homogenous, bead-free
fibers within the micro/nanoscale. Subsequent assays aimed at determining the menthol
encapsulation efficiency and the menthol content stability over time. Finally, after analyzing
their cytotoxic effect on two different cell lines, the ability to activate the TRPMS of the
menthol loaded into both types of experimental fibers was also tested.

2. Materials and Methods
2.1. Materials

Two copolymers of PMVEMA (CAS: 9011-16-9) of different molecular weights, P119
My 216; My: 80 kg-molfl) and P139 (M,,: 1080; My: 311 kg-mol’l), were supplied
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by Merck, Sigma-Aldrich (Saint Louise, MO, USA). Double recrystallized menthol (CAS:
2216-51-5) (>99%) was also purchased from Merck, Sigma-Aldrich. The solvents em-
ployed were high-performance-liquid-chromatography (HPLC) grade and consisted of
dichloromethane, acetone, ethanol (Merck KGaA, Darmstadt, Germany), and methanol
(VWR International, Radnor, PA, USA).

2.2. Instrumentation
2.2.1. Electrospinning

The preparation of nanofibers was performed by using the methodology previously
described by Mira et al. (2017) [40]. Briefly, the electrospinning process was carried out in a
horizontal set-up, including a 2 mL Discardit II syringe (Becton Dickinson, Franklin Lakes,
NJ, USA) from which the polymer solution was pumped through a blunt end stainless
steel hypodermic needle 316 of 20 gauge (Merck, Sigma-Aldrich) at a flow rate controlled
by a KDS 100 infusion pump (KD Scientific, Holliston, MA, USA). The needle and the
aluminum foil collector located at a settled distance were connected to a Series FC high
voltage source (Glassman High Voltage Inc., High Bridge, NJ, USA). After a refinement
process, an electrospinnable solution containing 12% of PMVEMA in acetone, together
with 2.3% w/w menthol for drug-loaded fibers, was selected. Subsequently, the rest of
operational parameters were optimized to achieve the most uniform and smallest fibers.
It is of note that hereinafter all concentration percentages are given in w/w.

2.2.2. Optical Microscopy

Samples were electrospun directly onto the aluminum foil collector on which a micro-
scope slide (Deltalab, Barcelona, Spain) was previously placed. The structure of the electro-
spun nanofibers was observed by using an optical microscope (Microsystems DMI3000B:
Leica, Bensheim, Germany) provided with a compact light supply (Leica EL6000), as well
as with a digital camera (Leica DFC 3000G). The 40 x objective was used to take the images
in phase contrast. As for imaging processing, it was performed manually by using the Leica
Application Suite AF6000 Module Systems software. By this methodology, preliminary
screening of the electrospun nanofibers was carried out.

2.2.3. Scanning Electronic Microscopy

After the optimization of the electrospinning parameters, samples of selected nanofibers
arranged onto a microscope slide covered with aluminum foil, were analyzed (US English)
in a Shottky type field emission scanning electron microscope (FESEM) Sigma 300 VP
model (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) at low kV without coating.
From the images obtained for each sample, 100 measurements of nanofiber diameters were
taken and analyzed by using Image] software (National Institutes of Health, NIH, Bethesda,
MD, USA).

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained by using a Bruker IFS66s spectrometer (Karlsruhe, Ger-
many). Samples were prepared as KBr pellets at room temperature. For each spectrum,
there were recorded 256 scans (sample and background) in the range of 4000400 cm !

and at a resolution of 2 cm™1.

2.2.5. Gas Chromatography and Mass Spectrometry (GC-MS)

The menthol content in the fibers was estimated with a gas chromatography-mass
spectrometer (GCMS-QP2010 SE) equipped with a quadrupole detector and an automatic
sample injector (AOC-20i/s; Shimadzu, Kyoto, Japan). The GC column employed for the
assays was an Agilent J&W capillary HP-5MS UI (30 m x 0.25 mm id, 5% diphenyl-95%
dimethylpolysiloxane, film thickness 0.25 pm) (Agilent Technologies Inc., Santa Clara,
CA, USA). The protocol employed for these analytical assays was based on a previous
work described in the literature [43]. In brief, a temperature of 250 °C and 210 °C was
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used for the injector and detector, respectively. The carrier gas used was helium at a flow
rate of 1.5 mL-min~!. As for the program, the initial temperature was 40 °C for 2 min.
Then, this temperature was increased up to 240 °C at a rate of 10 °C-min~!. Finally, the
temperature was raised at a rate of 5 °C-min~! and maintained for 5 min at 270 °C. Menthol
calibration curves were created for each batch of experiments, with a concentration range
of 50-800 pg-mL~!. All values corresponded to the area under the curve obtained for
each concentration of menthol. In this way, all the curves were preferably adjusted to a
quadratic equation correlating the area with concentration, and R? coefficients were greater
than 0.99 in all cases (Figure S1).

The analyzed samples (5-10 mg) corresponded to three independent production
batches of nanofibers loaded with menthol. Each sample was analyzed just after its
preparation and at 3- and 10-days post-production. They were stored uncovered, but
protected from light, at room temperature. Immediately prior to their analysis, samples
were dissolved in acetone, filtered with 0.2 pm nylon membranes (Millipore, Bedford, MA,
USA) and injected at a concentration between the quantifiable ranges of the corresponding
calibration curves. In order to check the concentration of each sample before performing
the electrospinning process, an aliquot of the initial solution was also analyzed.

2.3. Cell Culture

For the in vitro cell assays of this work, human embryonic kidney cells stably ex-
pressing hTRPMS8 (HEK293-hTRPMS) [44] and the well-known immortalized human ker-
atinocyte cell line HaCaT were used. Both cell lines were maintained in high glucose
(4.5 g-L~1) Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% v/v
fetal bovine serum (FBS), 100 U-mL~! penicillin-streptomycin, and 2 mM L-glutamine
(Gibco, Waltham, MA, USA). Cells were grown in 25 cm? flasks at 37 °C in a humidified
5% CO; air atmosphere.

2.4. Cytotoxicity Assay

The potential viability changes in HEK293-hTRPMS8 and HaCaT cells induced by
the electrospun nanofibers were determined by the Thiazolyl Blue Tetrazolium Bromide
(MTT) assay, similar to our previous study [40]. For this task, cells at 90-100% confluence,
seeded in 96-well plates 48 h before, were treated with different concentrations of each
type of nanofiber (i.e., menthol-loaded and unloaded Fy19s and Fy39s) in cell culture media
(100 pL per well). Previously, all the fiber samples were dissolved at 6.8% in acetone
(Merck, Sigma-Aldrich) to create 75X concentrated sample stocks, which were stored at
—80 °C until use. A 75 mM menthol stock solution in acetone was also included. Testing
samples consisted of 2-fold dilutions in cell culture media starting from 1x sample stocks.
Thus, the menthol calibration curve encompassed a concentration range spanning from
1000 to 7.8 uM, as for the samples of menthol-containing nanofibers, considering full
encapsulation efficiencies. There were also included solvent control samples consisting
of acetone concentrations equivalent to those in the corresponding sample dilutions. The
acetone-dissolved Fi39s partially precipitated in aqueous solvent, i.e., cell culture media,
and therefore their cytotoxic effects were only evaluated at the highest concentration of the
planned range.

After 24 h of incubation, treatments were replaced with 0.5 mg-mL~! of MTT (from
previously prepared 5 mg-mL~! stock solutions in phosphate-buffered saline (PBS) stored
at —20 °C) (Merck, Sigma-Aldrich) in fresh cell culture media (100 uL per well) for 2 h. Then,
the media was carefully removed, and the colored product formazan was, subsequently,
dissolved in an aliquot of 100 uL of dimethyl sulfoxide (DMSO). Absorbance measurements
were acquired at 570 nm in an absorbance microplate reader SPECTROstar® Omega (BMG
Labtech, Offenburg, Germany). The resulting values were correlated with cell concentration
and expressed in percentage relative to the untreated cells (control group). Experiments
were carried out in quadruplicate, and the results are expressed as means with standard
deviation (SD) of three independent experiments.
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2.5. TRPMS8 Channel Activity Assays

Functional assays were performed in HEK293-hTRPMS cells. TRPMS activity was
estimated by measuring the variation of intracellular Ca?" concentration elicited by men-
thol and by using the fluorescent Ca?* indicator Fluo4-NW (Molecular Probes, Invitrogen,
Milan, Italy), as described in Bonache et al. (2020) [45]. Briefly, two days before treatment,
cells were seeded in opaque 96-well plates with transparent bottom (Corning Incorporated,
Corning, NY, USA) at a density of 30,000 cells per well. Then, cells were washed with
Ca”*-free Hank’s balanced salt solution (HBSS) (in mM: 138.0 NaCl, 5.3 KCl, 1.3 CaCl,,
0.5 MgCl-6H,0, 0.4 MgSO4-7H,0, 4.0 NaHCO;3, 0.4 KH,POy, 0.3 NayHPO,) at pH 7.4 and
incubated for 1 h with 100 uL of the dye-loading solution, consisting of 6 tM Fluo4-NW
supplemented with 2.5 mM probenecid in HBSS. Subsequently, plates were placed into a
POLARStar (BMG Labtech) plate reader for fluorescence detection to record 16 measure-
ments (excitation at 494 nm and emission at 516 nm). After a 3-cycle baseline recording
prior to stimulation, the experimental samples (prepared as described before for the cyto-
toxicity assays to reach the desired concentrations by adding 1 puL per well) were inoculated
between the third and fourth cycle using a multichannel pipette. The fluorescence increase
induced by the treatments was quantified by subtracting the fluorescence value at the third
cycle to the maximum fluorescence value obtained after the addition of the experimen-
tal compounds. All data were normalized to the highest response elicited by 1000 mM
menthol. The specificity of the assay was assessed by blocking the TRPMS activity with
10 uM AMTB, a well-known TRPMS antagonist [46]. All experiments were performed in
triplicate, and results are shown as means with SD (n = 3).

2.6. Statistical Analysis and Graphics

Data were statistically analyzed by two-way ANOVA corrected with Tukey’s test for
multiple comparisons using Prism 7 (GraphPad software, San Diego, CA, USA). Prism 7
was also used for general data analysis and plotting.

3. Results
3.1. PMVEMA Fibers Encapsulating Menthol

Due to the low solubility in water and the high volatility of menthol [47], we first pro-
ceeded by confirming its solubilization in organic solvents, particularly, dichloromethane,
ethanol, and acetone. The menthol in these solutions was then identified and quantified by
GC-MS (Figure S1). Among the different PMVEMA-derived polymers to employ in electro-
spinning, due to our previous knowledge, our first attempts focused on the ester derivative,
which is soluble and commercially available in ethanol. In this way, menthol-loaded
nanofibers were obtained. However, their residual content in ethanol, as is shown in the
GC-MS chromatograms (Figure S2), could interact with the menthol receptor TRPMS [48]
and then interfere with the functional biological assays planned in this study. For this
reason, we finally opted for the anhydride PMVEMA of two different molecular weights
(P119 and P139), which are soluble in acetone. After testing several polymer concentrations,
both of these PMVEMA forms yielded uniform linear fibers at 12%—a percentage that
was subsequently selected for the further optimization of the electrospinning procedure.
Along this line, a concentration of 2.3% of menthol was also chosen in order to ideally reach
16% of this compound in the resulting solvent-free fibers, a moderately high bioactive
concentration with no harmful effects [20].

Thus, using the selected concentrations and after testing several experimental condi-
tions, the optimized parameters to produce reproducible uniform fibers without beads were
15.5 kV of voltage, 10 cm of distance between electrodes, and a flow rate of 0.25 mL-h~!
(Figure 1).
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Figure 1. Representative field emission scanning electron microscopy (FESEM) images (left) and frequency distribution
histograms of the diameter (right) of electrospinning-optimized F19s and Fy39s. Non-loaded fibers in main images and
menthol-loaded ones inside the green-circle insets (scale bars: 5 um). Each histogram was performed with the data obtained
from several images (at least seven) until reaching 100 measurements (white and green bars correspond to non-loaded and
menthol-loaded fibers, respectively). Best-fit adjustments to a Gaussian distribution are also correspondingly indicated with

a line.

Assuming cylindrical morphologies, the histogram of the diameter measurements
obtained by FESEFM for each type of fiber (100 measurements each) was best-adjusted to a
Gaussian distribution with the following parameters (average size £ SD in nm, amplitude,
and R?, respectively): 524 £ 189, 20.8, and 0.976 for (empty) Fq19s; 837 & 275, 14.4, and 0.765
for menthol-loaded Fy19s; 664 + 111, 36.4, and 0.977 for (empty) Fy39s; and 1369 + 339,
11.8 and 0.788 for menthol-loaded Fy39s. In general, it was observed that the presence of
menthol increased the diameter of the fibers, but a further analysis of these histograms
also revealed that the non-loaded fibers presented a typical monomodal distribution, while
the loaded ones were distributed in two populations. The most obvious explanation for
this observation is a heterogenous distribution of the loaded menthol, but in the case
of Fq3gs, the size of which was the most variable, the addition of menthol showed to
profoundly affect their morphology by shaping double ribbon-like structures with distinct
sizes depending on the observed dimension (Table S1).

Such an effect on the morphology of the loaded fibers may have been due to powerful
Van der Waals interactions, mainly hydrogen bonds between the hydroxide group of
menthol and the carbonyl groups of the anhydride. This effect appears to be reflected
in the FTIR spectrum of the loaded Fj3g9s (Figure 2), which shows a slight shift (5 cm™1)
of the two original anhydride bands (1851 and 1777 cm~1), as well as a correspondence
with the changes observed between 3300-2500 cm ™! (typical OH stretch). The presence
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of the encapsulated menthol was confirmed by new IR bands in the fingerprint region
(1000-500 cm~!) and in the saturated alkyl region (less than 3000 cm™1).

110

%T

| 1 | L | L
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4000

3000 2000 1000 400
Wavenumber [cm™]

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of menthol (red line), F139s (blue line), and menthol-loaded

F139s (green line) in KBr pellets. Evidence of the encapsulated menthol, including the new IR bands, is indicated in circles.

3.2. Determination of the Loaded Content and Its Stability over Time

For determining both the encapsulation efficiency and stability over time of the
menthol loaded into the experimental fibers, the integrating compounds were separated,
and the menthol was identified and quantified by GC-MS (see Figures S1 and S3 for further
details on the calibration data). Thus, the menthol content in both Fq19s and Fq39s was
analyzed right after their preparation 0, 3, and 10 days after that (Figure 3). The amount of
menthol in the polymeric solutions prior to their electrospinning was also quantified to
confirm its presence and as reference value (i.e., 100% of menthol content). By following
this procedure, the resulting encapsulation efficiencies were 68 + 2% and 92 + 2% for
Fi19s and Fj39s, respectively. Regarding the content stability over time, F119s showed a
significant menthol decrease of about 20% at 10 days post preparation. In contrast, the
menthol content in Fy39s remained stable throughout the testing period.

The loss of menthol appeared to be mostly related to the different molecular weights
of the polymers employed rather than to differences in the relative surface area of the
materials, which was notably higher in Fy39s (Figure 1). The containment stability of F139s
ribbons could also be due to the above-mentioned molecular interactions between menthol
and the maleic anhydride groups of P39 (Figure 2), which were more numerous than in
P119. In addition, the volatile nature of the encapsulated compound contributed negatively
to its retention if other forces did not intervene in the other way, as we already observed in
a previous work when encapsulating methyl salicylate [41].

3.3. Cytotoxicity Induced by Experimental Electrospun Nanofibers In Vitro

The potential toxicity induced in cells when treated with the electrospun fibers of
this work was also evaluated. For these assays, HEK293-hTRPMS8 and HaCaT cells were
incubated for 24 h with different concentrations of the experimental samples previously
dissolved in acetone. The concentrations used ranged from 7.8 to 1000 uM of menthol
(for its calibration curve and menthol-loaded F119 samples), testing equivalent amounts of
non-loaded Fy195 samples.
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1001
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B 3 days
10 days

Menthol content in fibers, %

0-

Fi1gs Fi308

Figure 3. Stability over time of the menthol content in loaded F119s and Fy39s. The amount of menthol in acetone-dissolved
fibers was analyzed by gas chromatography and mass spectrometry (GC-MS) at 0-, 3- and 10-days post fiber preparation.
The data are represented in percentages relative to the amount of menthol initially added. Results are shown as the mean
with standard deviation from three independent experiments performed in triplicate. Statistical analysis comprised two-way
ANOVA corrected with Tukey’s test. ***, p < 0.001.

As shown in Figure 4, the increase in sample concentration implied a decrease in
cell viability in both cell lines. However, no significant differences were found in any of
the cell lines between the treatments used, including the solvent control with acetone,
suggesting that the observed toxicity was primarily induced by the vehicle (two-way
ANOVA, p = 0.8763 and p = 0.9383 for HEK293-hTRPMS8 and HaCaT cells, respectively).
Such effect was more obvious in the HEK293-hTRPMS cell line, which exhibited the lowest
cell viability levels for all sample types at the highest dose used (1000 uM, 37.8-67.2%).
HaCaT cells were much less sensitive to the cytotoxic effect caused by the treatments, and
in none of the cases did the viability levels drop below ~80%. Regarding Fy39s, they were
only tested at the highest concentration of the range, displaying comparable results with
those of the Fy19s (data not shown).

150+ .
HEK293-hTRPM8 HaCaT
X
~ 100+ -
>
=
=
8
> -O- Acetone
T | - Menthol
o - Fyqgs
& Fq49s + Menthol
0 T T T T i k T T 1 T T T T i k T T 1
0 25 50 75 100 125 250 500 750 1000 0 25 50 75 100 125 250 500 750 1000

Menthol concentration (ng-mL"") or equivalent sample dilution

Figure 4. Viability of HEK293-hTRPMS8 and HaCaT cells treated with F;19s experimental samples. Treatments include a
gradient of menthol concentrations and equivalent dilutions of Fy19s, menthol-loaded Fy19s, and acetone. Cell viability
is calculated in percentage relative to non-treated control cells from the optical densities (570-620 nm) obtained at 24 h
post treatment by the Thiazolyl Blue Tetrazolium Bromide (MTT) method. Results are shown as the mean with standard
deviation from three independent experiments performed in quadruplicate. Statistical analysis comprised two-way ANOVA
corrected with Tukey’s test for multiple comparisons, but no significant differences were found between the treatment
groups at each concentration.
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3.4. Assessment of the Activation Capacity of TRPMS8 by the Encapsulated Menthol

The menthol encapsulated into the experimental fibers after being dissolved in acetone,
as for the cytotoxicity assays, induced intracellular Ca?* increases in a concentration-
dependent fashion in treated HEK293-hTRPMS cells (Figure 5). First, TRPMS activation
dynamics were determined for our experimental model using free menthol (Figure 5a,b),
describing a dose-response curve as in previous works [49].
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Figure 5. Activation of TRPMS by the menthol contained in electrospun Fj19s and Fy39s in HEK293-hTRPMS cells. All data
correspond to intracellular Ca?* measurements and are represented as mean percentages with standard deviation of the

maximum response observed for each treatment to that of 1000 uM menthol (1 = 3). (a) Representative dynamics of the

intracellular Ca2* in response to different menthol concentrations. (b) Dose-response curve to menthol. (c,d) Representative

dynamics of the intracellular Ca?* in response to different concentrations of menthol encapsulated in Fj19s and Figgs,

respectively. (e) Intracellular Ca?* increases recorded in response to 250, 83.3, and 25 uM of free and encapsulated menthol,
including as controls: samples without menthol and 0.05% acetone (Acet.), and the specific TRPMS8 blocker AMTB at 10 uM
against 83.3 uM menthol samples. Statistical analysis calculated from the datasets in (e) comprised two-way ANOVA

corrected with Tukey’s test for multiple comparisons, but no significant differences were found between the treatment

groups at each concentration.
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Follow-up studies showed that the menthol contained in both types of fibers was able
to activate TRPMS similarly, and also in a concentration-dependent manner (Figure 5¢,d
for F119s5 and Fy395 samples, respectively). The vehicle (0.05% acetone) did not induce Ca%*
internalization (Figure 5c—e), nor did the fiber samples without menthol (data not shown).
TRPMS activation was specific, as the observed Ca?* increase in cells was abolished with
the TRPMS8 blocker AMTB (Figure 5e). In Figure 5e, the representation of the highest Ca?*
internalization values induced by different concentrations of menthol shows equivalent
levels of TRPMS activation between the free and the encapsulated compound, indicating
no significant modifications in the loaded menthol after performing the electrospinning
process. The concentrations chosen for this assay were 250, 83.3, and 25 pM, which were
all comprised within the linear region of the dose-response menthol calibration curve.

4. Conclusions

In this work is described a procedure for obtaining uniform, beadless electrospun
nano/microfibers loadable with 16% of the bioactive model terpene menthol without using
CD, but with two PMVEMA derivates differing only in their molecular weights (F119s
and Fy39s). All the resulting non-loaded fibers showed uniform, beadles, and cylindrical
morphologies. However, when loaded with menthol, such difference in polymer molecular
weight affected the obtained fibers by shaping ribbon-like F;39s endowed with much higher
encapsulation efficiency and content stability over time than the cylindrical-loaded Fy1gs.
Regarding their interaction with cells, none of the two types of fibers showed significant
levels of toxicity in HaCaT and HEK293-hTRPMS cells treated for 24 h in the range of
concentrations used. Finally, the full functionality of the menthol encapsulated into both
types of fibers was also verified in vitro, as it achieved TRPMS activation levels equivalent
to those of the free (i.e., non-manipulated) menthol.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13111845/s1, Figure S1: Procedure to quantify menthol by GC-MS, Figure S2:
Representative GC-MS spectra of PMVEMA-ES 25% w/w and PMVEMA-ES 25% w/w with L-
menthol 16% w/w fibers, Figure S3: GC-MS chromatograms of the samples corresponding to
the stability experiment, Table S1: Data of histograms obtained for optimized fibers with and
without menthol.

Author Contributions: Conceptualization, A.F. and R.M.; methodology, AM.,, MR.-C,, D.A,, ER.-C,,
A.E-C. and A.F,; software, M.R.-C., D.A., ER.-C., A.F. and R.M,; validation, A.E-C., A.F. and RM.;
formal analysis, A.F-C., A.F. and R.M,; investigation, AM., M.R.-C., D.A., ER.-C. and A.F; resources,
AF-C, AF and RM,; data curation, D.A., A.F. and R.M.; writing—original draft preparation, RM.;
writing—review and editing, M.R.-C., D.A,, ER.-C., AF-C,, AF. and R.M,; visualization, D.A., A.F.
and R.M.; supervision, A.F. and R.M.; project administration, R.M.; funding acquisition, A.F. and
R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Economy and Competitiveness and
European ERDF Funds (MCIU/AEI/FEDER, EU) (RTI12018-097189-B-C21 to A.E.-C., RT12018-101969-
J-100 to A.F., and MAT-2017-86805-R to R.M.). E.R.-C. is a recipient of a PTA contract from the Spanish
Ministry of Science and Innovation (PTA2018-015394-I). The FESEM equipment used in this work was
funded by Generalitat Valenciana (Spain) and co-financed with ERDF funds (OP ERDF of Comunitat
Valenciana (Spain) GVA-IDIFEDER_2018/020 “Una forma de hacer Europa”).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Thomas Voets (KU Leuven) and Antonio Ferrer for kindly supplying
the HEK293-hTRPMS8 and HaCaT cell lines, respectively, and Elisa Pérez for her technical assistance.

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


https://www.mdpi.com/article/10.3390/pharmaceutics13111845/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13111845/s1

Pharmaceutics 2021, 13, 1845 11 of 12

References

1.  Nielsen, ].B.; Benfeldt, E.; Holmgaard, R. Penetration through the Skin Barrier. Ski. Barrier Funct. 2016, 49, 103-111. [CrossRef]

2. Guilherme, V.A,; Ribeiro, L.N.M.; Tofoli, G.R.; Franz-Montan, M.; de Paula, E.; de Jesus, M.B. Current Challenges and Future
of Lipid Nanoparticles Formulations for Topical Drug Application to Oral Mucosa, Skin, and Eye. Curr. Pharm. Des. 2017, 23,
6659-6675. [CrossRef]

3.  Elmowafy, M. Skin penetration/permeation success determinants of nanocarriers: Pursuit of a perfect formulation. Colloids Surf.
B Biointerfaces 2021, 203, 111748. [CrossRef]

4. De Matos, S.P; Teixeira, H.E; De Lima, A.A.N.; Veiga-Junior, V.E; Koester, L.S. Essential oils and isolated terpenes in nanosystems
designed for topical administration: A review. Biomolecules 2019, 9, 138. [CrossRef]

5. Eccles, R. Menthol and Related Cooling Compounds. |. Pharm. Pharmacol. 1994, 46, 618-630. [CrossRef]

6.  Galeotti, N.; Di Cesare Mannelli, L.; Mazzanti, G.; Bartolini, A.; Ghelardini, C. Menthol: A natural analgesic compound. Neurosci.
Lett. 2002, 322, 145-148. [CrossRef]

7. Croteau, R.B.; Davis, E.M.; Ringer, K.L.; Wildung, M.R. (—)-Menthol biosynthesis and molecular genetics. Naturwissenschaften
2005, 92, 562-577. [CrossRef]

8. Kamatou, G.P.P; Vermaak, I.; Viljoen, A.M.; Lawrence, B.M. Menthol: A simple monoterpene with remarkable biological
properties. Phytochemistry 2013, 96, 15-25. [CrossRef]

9. McKemy, D.D.; Neuhausser, WM.; Julius, D. Identification of a cold receptor reveals a general role for TRP channels in
thermosensation. Nature 2002, 416, 52-58. [CrossRef]

10. Peier, AM.; Mogrich, A.; Hergarden, A.C.; Reeve, A.].; Andersson, D.A.; Story, G.M.; Earley, T.].; Dragoni, I.; McIntyre, P.; Bevan,
S.; et al. A TRP channel that senses cold stimuli and menthol. Cell 2002, 108, 705-715. [CrossRef]

11. Xu, L; Han, Y.; Chen, X; Aierken, A.; Wen, H.; Zheng, W.; Wang, H.; Lu, X.; Zhao, Z.; Ma, C.; et al. Molecular mechanisms
underlying menthol binding and activation of TRPMS ion channel. Nat. Commun. 2020, 11, 1-13. [CrossRef]

12.  Yin, Y;; Wu, M.; Zubcevic, L.; Borschel, W.F.,; Lander, G.C.; Lee, S.Y. Structure of the cold- And menthol-sensing ion channel
TRPMBS. Science 2018, 359, 237-241. [CrossRef]

13. Babes, A.; Cristian Ciobanu, A.; Neacsu, C.; Babes, R.-M. TRPMS, a Sensor for Mild Cooling in Mammalian Sensory Nerve
Endings. Curr. Pharm. Biotechnol. 2010, 12, 78-88. [CrossRef]

14. Gonzalez-Muiiiz, R.; Bonache, M.A.; Martin-Escura, C.; Gémez-Monterrey, I. Recent progress in TRPM8 modulation: An update.
Int. ]. Mol. Sci. 2019, 20, 2618. [CrossRef]

15. Raddatz, N.; Castillo, ].P; Gonzalez, C.; Alvarez, O.; Latorre, R. Temperature and voltage coupling to channel opening in transient
receptor potential melastatin 8 (TRPMS). |. Biol. Chem. 2014, 289, 35438-35454. [CrossRef]

16. Mckemy, D.D. Therapeutic potential of TRPM8 modulators. Open Drug Discov. J. 2010, 2, 81-88. [CrossRef]

17.  Journigan, V.B.; Zaveri, N.T. TRPMS ion channel ligands for new therapeutic applications and as probes to study menthol
pharmacology. Life Sci. 2013, 92, 425-437. [CrossRef]

18. Dhaka, A.; Earley, T.].; Watson, J.; Patapoutian, A. Visualizing cold spots: TRPM8-expressing sensory neurons and their projections.
J. Neurosci. 2008, 28, 566-575. [CrossRef]

19. Lewis, D.A.; Cho, RY,; Carter, C.S.; Eklund, K.; Forster, S.; Kelly, M.A.; Montrose, D. Subunit-selective modulation of GABA type
A receptor neurotransmission and cognition in schizophrenia. Am. . Psychiatry 2008, 165, 1585-1593. [CrossRef]

20. Patel, T.; Ishiuji, Y.; Yosipovitch, G. Menthol: A refreshing look at this ancient compound. J. Am. Acad. Dermatol. 2007, 57, 873-878.
[CrossRef]

21. Tyagi, AK,; Gottardi, D.; Malik, A.; Guerzoni, M.E. Anti-yeast activity of mentha oil and vapours through in vitro and in vivo
(real fruit juices) assays. Food Chem. 2013, 137, 108-114. [CrossRef]

22. Raut,].S,; Shinde, R.B.; Chauhan, N.M.; Mohan Karuppayil, S. Terpenoids of plant origin inhibit morphogenesis, adhesion, and
biofilm formation by Candida albicans. Biofouling 2013, 29, 87-96. [CrossRef]

23. Pérez De Vega, M.].; Gémez-Monterrey, I.; Ferrer-Montiel, A.; Gonzalez-Muiiiz, R. Transient Receptor Potential Melastatin 8
Channel (TRPMS8) Modulation: Cool Entryway for Treating Pain and Cancer. . Med. Chem. 2016, 59, 10006-10029. [CrossRef]

24. Cal, K Janicki, S.; Sznitowska, M. In vitro studies on penetration of terpenes from matrix-type transdermal systems through
human skin. Int. J. Pharm. 2001, 224, 81-88. [CrossRef]

25.  Yener, G.; Goniilli, U.; Uner, M.; Degim, T.; Araman, A. Effect of vehicles and penetration enhancers on the in vitro percutaneous
absorption of celecoxib through human skin. Die Pharm. Int. J. Pharm. Sci. 2003, 58, 330-333.

26. Joshi, A.; Joshi, A ; Patel, H.; Ponnoth, D.; Stagni, G. Cutaneous Penetration-Enhancing Effect of Menthol: Calcium Involvement.
J. Pharm. Sci. 2017, 106, 1923-1932. [CrossRef]

27.  Williams, A.C.; Barry, B.W. Penetration enhancers. Adv. Drug Deliv. Rev. 2012, 64, 128-137. [CrossRef]

28. Wu, X,; Li, P; Cong, L.; Yu, H.; Zhang, D.; Yue, Y,; Xu, H.; Xu, K.; Zheng, X.; Wang, X. Electrospun poly(vinyl alcohol)
nanofiber films containing menthol/ 3-cyclodextrin inclusion complexes for smoke filtration and flavor retention. Colloids Surf. A
Physicochem. Eng. Asp. 2020, 605, 125378. [CrossRef]

29. Yang, D.Z.; Chen, A.Z.; Wang, S.B.; Li, Y,; Tang, X.L.; Wu, Y.J. Preparation of poly(L-lactic acid) nanofiber scaffolds with a rough
surface by phase inversion using supercritical carbon dioxide. Biomed. Mater. 2015, 10, 035015. [CrossRef]

30. Uyar, T.; Hacaloglu, J.; Besenbacher, F. Electrospun polyethylene oxide (PEO) nanofibers containing cyclodextrin inclusion

complex. J. Nanosci. Nanotechnol. 2011, 11, 3949-3958. [CrossRef]


http://doi.org/10.1159/000441549
http://doi.org/10.2174/1381612823666171122103849
http://doi.org/10.1016/j.colsurfb.2021.111748
http://doi.org/10.3390/biom9040138
http://doi.org/10.1111/j.2042-7158.1994.tb03871.x
http://doi.org/10.1016/S0304-3940(01)02527-7
http://doi.org/10.1007/s00114-005-0055-0
http://doi.org/10.1016/j.phytochem.2013.08.005
http://doi.org/10.1038/nature719
http://doi.org/10.1016/S0092-8674(02)00652-9
http://doi.org/10.1016/j.bpj.2019.11.2337
http://doi.org/10.1126/science.aan4325
http://doi.org/10.2174/138920111793937835
http://doi.org/10.3390/ijms20112618
http://doi.org/10.1074/jbc.M114.612713
http://doi.org/10.2174/1877381801002030081
http://doi.org/10.1016/j.lfs.2012.10.032
http://doi.org/10.1523/JNEUROSCI.3976-07.2008
http://doi.org/10.1176/appi.ajp.2008.08030395
http://doi.org/10.1016/j.jaad.2007.04.008
http://doi.org/10.1016/j.foodchem.2012.10.015
http://doi.org/10.1080/08927014.2012.749398
http://doi.org/10.1021/acs.jmedchem.6b00305
http://doi.org/10.1016/S0378-5173(01)00744-X
http://doi.org/10.1016/j.xphs.2017.03.041
http://doi.org/10.1016/j.addr.2012.09.032
http://doi.org/10.1016/j.colsurfa.2020.125378
http://doi.org/10.1088/1748-6041/10/3/035015
http://doi.org/10.1166/jnn.2011.3867

Pharmaceutics 2021, 13, 1845 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Uyar, T.; Hacaloglu, J.; Besenbacher, F. Electrospun polystyrene fibers containing high temperature stable volatile fragrance/flavor
facilitated by cyclodextrin inclusion complexes. React. Funct. Polym. 2009, 69, 145-150. [CrossRef]

Uyar, T.; Nur, Y.; Hacaloglu, J.; Besenbacher, F. Electrospinning of functional poly(methyl methacrylate) nanofibers containing
cyclodextrin-menthol inclusion complexes. Nanotechnology 2009, 20, 125703. [CrossRef]

Rezaei, B.; Lotfi-Forushani, H.; Ensafi, A.A. Modified Au nanoparticles-imprinted sol-gel, multiwall carbon nanotubes pencil
graphite electrode used as a sensor for ranitidine determination. Mater. Sci. Eng. C 2014, 37, 113-119. [CrossRef]

Ye, L.; Lv, Y,; Zhao, Y.; Zhou, Z.; Shen, Y,; Jiang, L. Encapsulation of fragrances in micron-size silk fibroin carriers via coaxial
electrohydrodynamic techniques. Mater. Chem. Phys. 2021, 260, 124167. [CrossRef]

Yildiz, Z.I1.; Celebioglu, A.; Kilic, M.E.; Durgun, E.; Uyar, T. Menthol/cyclodextrin inclusion complex nanofibers: Enhanced
water-solubility and high-temperature stability of menthol. J. Food Eng. 2018, 224, 27-36. [CrossRef]

Babitha, S.; Rachita, L.; Karthikeyan, K.; Shoba, E.; Janani, I.; Poornima, B.; Purna Sai, K. Electrospun protein nanofibers in
healthcare: A review. Int. J. Pharm. 2017, 523, 52-90. [CrossRef]

Chou, S.F,; Carson, D.; Woodrow, K.A. Current strategies for sustaining drug release from electrospun nanofibers. J. Control
Release 2015, 220, 584-591. [CrossRef]

Iglesias, T.; Lopez de Cerain, A ; Irache, ].M.; Martin-Arbella, N.; Wilcox, M.; Pearson, J.; Azqueta, A. Evaluation of the cytotoxicity,
genotoxicity and mucus permeation capacity of several surface modified poly(anhydride) nanoparticles designed for oral drug
delivery. Int. J. Pharm. 2017, 517, 67-79. [CrossRef]

Prieto, E.; Puente, B.; Uixera, A.; Garcia De Jalon, ].A.; Perez, S.; Pablo, L.; Irache, ].M.; Garcia, M.A; Bregante, M.A. Gantrez AN
nanoparticles for ocular delivery of memantine: In vitro release evaluation in albino rabbits. Ophthalmic Res. 2012, 48, 109-117.
[CrossRef]

Mira, A.; Mateo, C.R.; Mallavia, R.; Falco, A. Poly(methyl vinyl ether-alt-maleic acid) and ethyl monoester as building polymers
for drug-loadable electrospun nanofibers. Sci. Rep. 2017, 7, 17205. [CrossRef]

Martinez-Ortega, L.; Mira, A.; Fernandez-Carvajal, A.; Reyes Mateo, C.; Mallavia, R.; Falco, A. Development of a new delivery
system based on drug-loadable electrospun nanofibers for psoriasis treatment. Pharmaceutics 2019, 11, 14. [CrossRef]

Mira, A.; Sainz-Urruela, C.; Codina, H.; Jenkins, S.I.; Rodriguez-Diaz, J.C.; Mallavia, R.; Falco, A. Physico-chemically distinct
nanomaterials synthesized from derivates of a poly(Anhydride) diversify the spectrum of loadable antibiotics. Nanomaterials
2020, 10, 486. [CrossRef]

Gonzalez-Pefias, E.; Lopez-Alvarez, M.; Martinez De Narvajas, F.; Urstia, A. Simultaneous GC determination of turpentine,
camphor, menthol and methyl salicylate in a topical analgesic formulation (Dologex®). Chromatographia 2000, 52, 245-248.
[CrossRef]

Journigan, V.B.; Feng, Z.; Rahman, S.; Wang, Y.; Amin, A.RM.R,; Heffner, C.E.; Bachtel, N.; Wang, S.; Gonzalez-Rodriguez, S.;
Fernandez-Carvajal, A.; et al. Structure-Based Design of Novel Biphenyl Amide Antagonists of Human Transient Receptor
Potential Cation Channel Subfamily M Member 8 Channels with Potential Implications in the Treatment of Sensory Neuropathies.
ACS Chem. Neurosci. 2020, 11, 268-290. [CrossRef]

Bonache, M.A.; Martin-Escura, C.; de la Torre Martinez, R.; Medina, A.; Gonzalez-Rodriguez, S.; Francesch, A.; Cuevas, C.;
Roa, A.M.; Fernandez-Ballester, G.; Ferrer-Montiel, A.; et al. Highly functionalized B-lactams and 2-ketopiperazines as TRPMS8
antagonists with antiallodynic activity. Sci. Rep. 2020, 10, 14154. [CrossRef]

Lashinger, E.S.R.; Steiginga, M.S.; Hieble, ].P,; Leon, L.A.; Gardner, S.D.; Nagilla, R.; Davenport, E.A.; Hoffman, B.E.; Laping, N.J.;
Su, X. AMTB, a TRPMS channel blocker: Evidence in rats for activity in overactive bladder and painful bladder syndrome. Am. J.
Physiol.-Ren. Physiol. 2008, 295, F803-F810. [CrossRef]

Karaffa, L.S. The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals; RSC Publishing: London, UK, 2013.

Benedikt, J.; Teisinger, J.; Vyklicky, L.; Vlachova, V. Ethanol inhibits cold-menthol receptor TRPMS8 by modulating its interaction
with membrane phosphatidylinositol 4,5-bisphosphate. J. Neurochem. 2007, 100, 211-224. [CrossRef]

Journigan, V.B.; Alarcén-Alarcon, D.; Feng, Z.; Wang, Y.; Liang, T.; Dawley, D.C.; Amin, A.R.M.R.; Montano, C.; Van Horn, W.D,;
Xie, X.Q.; et al. Structural and In Vitro Functional Characterization of a Menthyl TRPM8 Antagonist Indicates Species-Dependent
Regulation. ACS Med. Chem. Lett. 2021, 12, 758-767. [CrossRef]


http://doi.org/10.1016/j.reactfunctpolym.2008.12.012
http://doi.org/10.1088/0957-4484/20/12/125703
http://doi.org/10.1016/j.msec.2013.12.036
http://doi.org/10.1016/j.matchemphys.2020.124167
http://doi.org/10.1016/j.jfoodeng.2017.12.020
http://doi.org/10.1016/j.ijpharm.2017.03.013
http://doi.org/10.1016/j.jconrel.2015.09.008
http://doi.org/10.1016/j.ijpharm.2016.11.059
http://doi.org/10.1159/000337136
http://doi.org/10.1038/s41598-017-17542-4
http://doi.org/10.3390/pharmaceutics11010014
http://doi.org/10.3390/nano10030486
http://doi.org/10.1007/BF02490466
http://doi.org/10.1021/acschemneuro.9b00404
http://doi.org/10.1038/s41598-020-70691-x
http://doi.org/10.1152/ajprenal.90269.2008
http://doi.org/10.1111/j.1471-4159.2006.04192.x
http://doi.org/10.1021/acsmedchemlett.1c00001

	Introduction 
	Materials and Methods 
	Materials 
	Instrumentation 
	Electrospinning 
	Optical Microscopy 
	Scanning Electronic Microscopy 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Gas Chromatography and Mass Spectrometry (GC-MS) 

	Cell Culture 
	Cytotoxicity Assay 
	TRPM8 Channel Activity Assays 
	Statistical Analysis and Graphics 

	Results 
	PMVEMA Fibers Encapsulating Menthol 
	Determination of the Loaded Content and Its Stability over Time 
	Cytotoxicity Induced by Experimental Electrospun Nanofibers In Vitro 
	Assessment of the Activation Capacity of TRPM8 by the Encapsulated Menthol 

	Conclusions 
	References

