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This work aimed to develop water-based formulations for onychomycosis topical treatment using micelles of
small pegylated surfactants associated with a-cyclodextrin (aCD) to deliver terbinafine to the nail. Kolliphor®
RH40 (RH40) and Gelucire® 48/16 (GEL) single and mixed micelles (RH40:GEL 1:1) were prepared. aCD was
added to the surfactants dispersions to form poly(pseudo)rotaxanes (PPR). Formulations were characterized in
terms of drug solubilization (3 to 34-fold increase), particle size (9-11 nm) and Z-potential (+0.3 — +1.96 mV),
blood compatibility (non-hemolytic), rheological behavior (solid-like viscoelastic properties after 5-10% aCD
addition), drug release and interaction with the nail plate. GEL micelles and surfactant-10% aCD PPRs notably
hydrated the nail plate. The high viscosity of PPR led to a slower drug release, except for RH40:GEL +10% aCD
that surprisingly released terbinafine faster. The RH40:GEL +10% aCD formulation delivered twice more amount
of terbinafine to deeper regions of nail plate compared to other formulations. The results evidenced the potential

of PPR formed by small pegylated surfactants as a water-based formulation for nail drug delivery.

1. Introduction

Onychomycosis, caused by dermatophyte fungi, is the most recurrent
disease in the nail plate. Its prevalence worldwide ranges from 2% to
50%, representing about 30% of superficial mycotic infections (Arenas
and Torres-Guerrero, 2019). They are cosmetically unpleasant, poten-
tially painful, and challenging to treat (Coleman et al., 2014; Elsayed,
2015; Repka et al., 2002). Oral antifungal therapies are most used for
treating onychomycosis; however, they have often been related to
important adverse effects. Therefore, topical application is preferable
and considered as an unmet clinical need (Arenas and Torres-Guerrero,
2019; Darkes et al., 2003; Uzqueda et al., 2010).

Onychomycosis topical treatment must overcome low nail plate
permeability. Nail drug permeation occurs by passive diffusion and is
restricted by its highly cross-linked structure, which has disulfide,
hydrogen, peptide, and polar bonds (Arenas and Torres-Guerrero, 2019;
Baswan et al., 2016; Nair et al., 2009b). Nail formulations should

overcome the restrictions imposed by nail plate structure and adhere to
the nail surface, with adequate viscosity to remain at the application
site. Currently, solvent-based nail lacquers are available in the market,
such as Loceryl® that contains 5% amorolfine and Penlac® or Curanail®
that contains 8% ciclopirox (Cutrin-Gomez et al., 2018b). The use of
organic solvents in these formulations has significant disadvantages
such as irritation and poor drug delivery due to reducing nail hydration
and keratin swelling (Cutrin-Gomez et al., 2018b; Gratieri et al., 2017;
Vejnovic et al., 2010b). Thus, the obtention of aqueous-based formula-
tions is highly desirable.

Micellar systems may be advantageous for nail delivery because the
amphiphilic molecules can interact with water-filled pores in the nail,
reducing surface tension, increasing hydration, and nail plate perme-
ability (Chouhan and Saini, 2012). Besides, the combination of amphi-
philic molecules and cyclodextrins (CDs) may lead to the formation of
poly(pseudo)rotaxanes (PPR) supramolecular gels that can prolong drug
permeation at the application site (Lorenzo-Veiga et al., 2019; Marcos
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Fig. 1. Chemical structure of (A) terbinafine hydrochloride (TB) molar mass of 327.17 g/mol, pKa 7.1; (B) Kolliphor® RH40 (RH40) molar mass 2500 g/mol; and (C)

Gelucire® 48/16 (Cy6) (GEL) molar mass 1766 g/mol.

et al., 2016; Taveira et al., 2018). These supramolecular gels are viscous
systems with a thixotropic behavior suitable for topical application
contributing to an adequate spreadability (Marcos et al., 2016; Simoes
et al., 2015).

PPR proposed for nail delivery have mostly been obtained combining
PEG or PEO-based large copolymers and fCD derivatives. For instance,
Nogueiras-Nieto et al. (2013) investigated combinations of Pluronic
F127 with partially methylated BCD for nail permeation of ciclopirox
olamine and triamcinolone acetonide. It was observed that PPR
exhibited efficient solubilization properties and remained at the appli-
cation site. Moreover, the amount of permeated drug was higher
compared to a commercial formulation. Subsequently, Cutrin-Gomez
et al. (2018a) studied improvements for these systems by obtaining a
film-forming and faster drying nail lacquer with good drug permeation.
It should be noted that these PPR were hydrosoluble as the fCD mainly
threaded along the hydrophobic blocks.

Small pegylated surfactants might also be good candidates for PPR
formation, rendering supramolecular structures with «CD and yCD
(Taveira et al., 2018). Compared to poloxamers, PEG derivatives with
lower molecular weight may be more effective in reducing surface
tension (Ogino et al., 1990), and consequently, they can increase nail
hydration, favoring drug permeation. Kolliphor® RH40 (PEG-40 hy-
drogenated castor oil) (RH40) and Gelucire® 48/16 (polyethylene gly-
col (PEG 32) monostearate) (GEL) (Fig. 1) contain PEG in their
composition forming the hydrophilic block. The hydrophobic region
comprises castor oil or a mixture of palmitic (C;¢) and stearic (C;g) acids,
respectively. Although these surfactants bear PEG, their ability to form
PPR with CDs has not been investigated yet, and their single and mixed
micelles have not been explored as nail drug delivery systems. In fact,
mixed micelles have gained much attention, as they can take advantage
of the sum of performances of each surfactant (Manjappa et al., 2019;
Sobczynski and Chudzik-Rzad, 2018).

Terbinafine hydrochloride (TB) (Fig. 1) is the primary drug used for
onychomycosis oral treatments. It has excellent fungicide action against
dermatophytes (Arenas and Torres-Guerrero, 2019; Uzqueda et al.,
2010; Vejnovic et al., 2010a). Despite numerous studies on its topical
use (Albarahmieh et al., 2019; Elsherif et al., 2017; Gregori Valdes et al.,
2017; Kerai et al., 2018; Patel and Vora, 2016; Tanriverdi et al., 2016;
Thatai and Sapra, 2017, 2018), there are still no commercially available
topical formulations available.

This work relies on the hypothesis that GEL, RH40 and their com-
binations can solubilize TB in their micelles and interact with aCD to
form PPR that can tune the rheological properties of the dispersions. In
addition, micelles or PPR obtained with low molecular weight surfac-
tants may enhance nail hydration and increase TB permeation to deeper

nail plate layers. To test these hypotheses, formulations based on single
and binary micelles of RH40 and GEL and their combinations with aCD
were prepared. The appearance, rheological properties, biocompati-
bility, nail hydration/porosity, in vitro TB release and hooves perme-
ation were investigated.

2. Materials and methods
2.1. Materials

Terbinafine hydrochloride (TB) (327.17 g/mol; > 99%) was ob-
tained from Acros Organics™ (New Jersey, USA). Gelucire® 48/16
(1766 g/mol) (GEL) was provided by Gattefossé (Lyon, France), and
Kolliphor® RH40 (2500 g/mol) (RH40) was purchased from BASF
(Ludwigshafen, Germany). a-Cyclodextrin (aCD) (Cavamax W6 Pharma,
lot 60P304, 972.84 Da) was obtained from Wacker Chemie (Munich,
Germany). All solvents and reagents were of analytical grade.

Porcine hooves were used as a biological membrane model (Elsayed,
2015). Fresh hooves were obtained at Frigorifico Sol Nascente (Goiania,
Brazil) (CNPJ 73.918.757/0001-31), which local Health Surveillance
properly regulates. Hooves were removed from the animal immediately
after slaughter and washed with water. Their size and thickness were
standardized (0.25 + 0.05 cm? and 700 + 50 pm, respectively). Hooves
were stored at —20 4 2 °C (Naumann et al., 2014; Rocha et al., 2017).

2.2. Analytical procedures

TB was quantified by both spectrophotometry and high-performance
liquid chromatography (HPLC) with UV detection, and the methods
were validated according to the guideline (RDC 166,/17) of the Brazilian
Health Surveillance Agency (BRASIL, 2017). TB quantification in for-
mulations and release experiments was performed at 283 nm using a
UV/Vis spectrophotometer (Thermo 8453, Germany). A linear calibra-
tion curve was obtained (y = 0.0221 x + 0.0127) in the range from 1 to
40 pg/mL using a mixture of ethanol:water (70:30 v/v) as solvent. The
method was precise (relative standard deviation for 20 pg/mL was
1.6%) and accurate (expected concentration were 99.40 + 2.61%,
101.80 + 2.05% and 101.28 + 2.61% for 1, 20 and 40 pg/mL respec-
tively). The limit of quantitation was 0.45 pg/mL, and the detection
limit was 0.15 pg/mL. Selectivity was investigated (formulation com-
ponents and receptor medium), and no interference was observed at
283 nm.

HPLC method was used for TB quantification in hooves permeation
and retention studies. The HPLC system was an Agilent 1260 Infinity II,
with a UV detector (G7114A), quaternary pump (G7111B), and auto-
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injector system (G7129A) (Agilent Technologies, USA). The mobile
phase was comprised of methanol: acetonitrile: water (70:10:20, v/v).
The flow rate was 1.2 mL/min, with a detection wavelength of 244 nm.
The injection volume was 5 pL. Chromatographic separation was ach-
ieved at 60 °C using a C18 column (150 mm; 3 mm, 5 pm) (ZORBAX®
Eclipse, Agilent Technologies, USA). The retention time of TB was 4.2
min. A linear calibration curve (y = 980,118x + 60,411, 2 0.999) was
obtained over the concentration range of 1 to 40 pg/mL. The limits of
detection and quantitation of the method were 0.04 pg/mL and 0.13 pg/
mL, respectively. The method was precise (relative standard deviation
for concentration 20 pg/mL was 0.88%) and accurate (expected con-
centration were 102.68 + 0.68%, 102.04 + 0.11% and 101.15 + 1.04
for 1, 20 and 40 pg/mL respectively). The selectivity was investigated
(formulations and hooves homogenates), and no interference was
observed in the TB retention time.

2.2.1. Drug recovery from hooves membranes

For drug recovery studies, hooves were spiked with a standard TB
solution in methanol (80 pg/mL). Then, the solvent was air-dried and
the contaminated hooves were submitted to a three-step extraction
(Rocha et al. (2017). The steps were as follows: (1) 1 mL of methanol was
added to the hooves, followed by magnetic stirring for 2 h (300 rpm,
25 °C). The supernatant was collected for drug quantification (t = 0); (2)
the same hooves were immersed in 500 pL of fresh methanol for 72 h,
the samples were centrifuged, and the supernatant was submitted to a
second step of quantification (t = 72 h), and (3) the same samples were
immersed in 500 pL of fresh methanol for another 72 h (total of 144 h) (t
= 144 h). TB recovery was the sum of drug content in the three-step
extraction procedure (t =0 + t = 72 h + t = 144 h). TB recovery was
92.69 £ 0.23%.

2.3. Solubility studies

2.3.1. Solubility of TB in surfactant dispersions

RH40 and GEL surfactant dispersions (1%, 12%, and 20%, w/v) and a
mixture of 1:1 RH40 and GEL at 20% (w/v) were prepared in test tubes
with water or citrate buffer (pH 5.0). TB was then added in excess. All
the dispersions were prepared in triplicate and kept under constant
stirring for 96 h at 25 + 2 °C. After that, they were centrifuged at 5000
rpm for 30 min (centrifuge model 5804R, Eppendorf AG, Germany) to
separate the non-solubilized drug. Supernatants were diluted in ethanol:
water (70: 30, v/v) medium, and TB content was determined by UV/Vis
spectrophotometry (Thermo 8453, Germany) (see Section 2.2).

The total solubility values of TB in the micellar solution (S;,) and in
the aqueous media without surfactants (S,,) were used to calculate the
following parameters (Lorenzo-Veiga et al., 2019; Taveira et al., 2018):

(a) the molar solubilization capacity, X, i.e. moles of drug that can be
solubilized per mol of surfactant forming micelles (estimated as the total
surfactant concentration, Cgyrfactans, Minus the critical micelle concen-
tration, CMC):

X = Srot - Sw (1)
C.mrfacmm - CMC

(b) the micelle-water partition coefficient (ratio between the drug

concentration in micelle and the aqueous phase):

_ SmI - Sw
S

P (3]
(c) the molar micelle-water partition coefficient (PM) for a default
concentration of 1 M surfactant:

_ X+(1-cMC)

PM = 5 3

(d) the Gibbs standard-free energy of solubilization (R being the
universal constant of gases):
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AG, = — RT+In(PM) @

(e) the proportion of drug molecules encapsulated in the micelles
(mf):
_ Smt - Sw

()
S!(If

mf

2.3.2. Solubility of TB in surfactant dispersions with aCD

RHA40, GEL, and 1: 1 mixed dispersions (RH40:GEL) were prepared in
citrate buffer (pH 5.0) and placed in test tubes. TB was added and, after
24 h of magnetic stirring, aCD was added up to a final concentration of
1%, 5%, and 10% (w/v). The dispersions were kept under magnetic
stirring for 96 h and then were centrifuged at 5000 rpm for 30 min.
Supernatants were diluted in ethanol: water (70: 30, v/v) mixture for TB
quantification (see Section 2.2). TB solubility in aCD solutions (1%, 5%,
and 10%, w/v) was also investigated.

2.4. Micelles preparation and characterization

RH40, GEL and RH40:GEL mixed micelles (1%, 12%, and 20%, w/v)
were prepared by dispersing the surfactants in water or citrate buffer
(pH 5.0), under constant stirring. The pH of dispersions was recorded.
The mean diameter, polydispersity index (PdI), and zeta potential of the
formed micelles were determined using a Zetasizer Nano ZS (Malvern
Instruments, UK). TB-loaded micelles (2%, w/w) were obtained by
adding TB to the surfactant dispersion which was kept under stirring for
24 h and afterward characterized.

2.5. Preparation of poly(pseudo)rotaxanes (PPR)

RHA40, GEL, and RH40:GEL dispersions (20%, w/v) were prepared in
citrate buffer (pH 5.0). 2% (w/v) of TB was added, and systems were
kept under magnetic stirring for 24 h at room temperature. Next, «CD
was added (1, 5, and 10%) to each dispersion and homogenized for 10
min for PPR formation. The formulations were prepared stored at 4.0 +
0.0 °C before use.

2.6. Gel appearance and microstructure

Changes in turbidity were examined by visual inspection, and gel
formation was monitored by applying an inverted tube test. Pictures
were taken to compare the visual changes of different surfactant
dispersions.

Transmission Electronic Microscopy (TEM) images of micelles and
PPR systems were recorded using a Jeol microscope (JEM 2100 Tokyo,
Japan) equipped with EDS (Thermo Scientific, Japan) at the High-
Resolution Microscopy Laboratory of the Federal University of Goids
(LabMic, UFG). The samples were diluted in distilled water (1:5 for
micelles and 1:100 for PPR). A drop of each was applied to copper grids
and maintained for 10 min. The sample excess was removed, and uranyl
acetate was placed over the dry samples and kept for 3 min, followed by
drying at room temperature and analysis under a microscope at a
voltage of 200 kV.

2.7. Rheological characterization

Storage (G') and loss (G") moduli of RH40 (20%), GEL (20%), RH40:
GEL (20%) (1:1) and PPR formed from these dispersions in citrate buffer
were recorded in a Rheolyst AR-1000 N rheometer (TA Instruments,
New Castle, DE, USA) equipped with an AR2500 data analyzer, a Peltier
plate, and cone geometry (6 cm diameter, 2.1°). Studies were performed
at a fixed angular frequency of 5 rad/s and a temperature ramp of 1 °C/
min from 20 to 35 °C.
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Fig. 2. Apparent solubility of TB in RH40, GEL and mixed formulations (RH40:GEL) in: a) water and b) citrate buffer (pH 5.0). *’#Symbols indicate statistically

significant differences (p < 0.05).
2.8. Hemolysis assay

The capacity of formulations to trigger a hemolytic event was tested.
20% (w/v) micelles with and without 5% aCD were diluted with 0.9%
NaCl aqueous solution (1:10), resulting in concentrations of 2% RH40,
GEL and RH40:GEL and 0.5% aCD. Fresh blood was obtained from
Galician Transfusion Center (Spain) from anonymous volunteers and
diluted (1:30) with 0.9% NaCl aqueous solution. Aliquots of diluted
blood (900 pL) were added to the diluted formulation samples (100 pL).
The mixture was incubated for 60 min at 37 °C in a mini shaker at 100
rpm. The release of hemoglobin was determined after centrifugation
(10,000 rpm for 10 min) by recording the supernatant absorbance at
542 nm in a plate reader (Fluostar Optima, BMG Labtech, Germany).
The negative and positive controls were 0.9% NaCl solution and 4% (v/
v) Triton X-100, respectively. Hemolysis was calculated as follows:

(As — Ay)
(Ap — A)
In this equation, Ag represents the sample absorption value, Ay the

negative control absorption value, and Ap the positive control absorp-
tion value.

Hemolysis (%) = x 100 (6)

2.9. Hooves hydration and microstructure after immersion in different
formulations

2.9.1. Hydration study

First, hooves had their size and thickness adjusted with the aid of a
scalpel and a digital caliper (Mitutoyo, Sao Paulo, Brazil) to be 0.25 +
0.05 cm? and 700 + 50 pm, respectively. Then, they were oven-dried
overnight at 45 + 0.5 °C. For the hydration study, hooves were
weighed and placed in vials filled with 1 mL of each developed formu-
lation (n = 3). The vials were sealed and kept at 25 + 2 °C for 24 h.
Control samples were obtained by immersing hooves in 1 mL of citrate
buffer (pH 5.0). After 24 h, hooves were withdrawn from the vials and
wiped with tissue paper to remove any residue of formulation from their
surface. Samples were weighed again, and the hydration enhancement
factor (HEF24) for each formulation was calculated as the ratio of the
weight gain of hooves exposed to formulations (Wp) compared to the
weight gain of hooves exposed to control (Wc) (Chouhan and Saini,
2012; Krawczyk-Santos et al., 2021; Rocha et al., 2017), according to Eq.
.

Wp

HEF24 = =
We @

2.9.2. Hooves microstructure study by scanning electron microscopy (SEM)
SEM images were taken from the hooves surface before and after
immersion in each developed formulation for 24 h. Hooves were coated

with gold using Denton Vacuum sputter coater (Desk V, Moorestown,
EUA). SEM images were taken from hooves surface using a Jeol micro-
scope (JSM 6610, Tokyo, Japan) equipped with an X-ray detector by
energy dispersive spectrometry (Thermo Scientific NSS) with a spectral
imaging system (Thermo Scientific, Madison, USA). The analysis was
performed at the High-resolution Microscopy Laboratory of the Federal
University of Goias (LabMic).

2.10. Release studies

TB in vitro release was evaluated using a Franz-type diffusion cell
and cellulose acetate dialysis membrane (MWCO 12,000-14,000, Sigma
Aldrich, Germany). The receptor medium was distilled water (6 mL).
500 pL of all developed formulations (micelles and PPR) containing 2%
TB (w/v) were placed in the donor compartment. The total amount of
drug in the donor compartment was 10 mg, and the area available for
diffusion was 0.785 cm?. The stirring rate and temperature of the re-
ceptor chamber were kept at 650 rpm and 32 + 0.5 °C, respectively.
Each experiment was performed for 24 h and under sink conditions. At
appropriate intervals (1, 2, 4, 6, 10, and 24 h), aliquots of the receptor
media (1 mL) were withdrawn and immediately replaced with equal
volumes of fresh receptor media. The amount released was determined
by UV/Vis spectrophotometry.

Flux (J) was calculated as the slope (Q / t) of the linear section of the
amount of drug released in the receptor chamber (Q) versus time (t).
Each experiment was performed in triplicate.

2.11. In vitro permeation studies

Permeation studies were also performed in vertical diffusion cells in
which hooves were mounted using nail adapters (PermeGearm Inc.,
USA). The ventral part was placed facing downward into the receptor
media (distilled water). The donor chamber was then filled with 500 pL
of each micellar and PPR formulations containing 2% (w/v) of TB. Ex-
periments were performed under sink conditions (n = 4) with a stirring
rate of 650 rpm and 32 °C.

After permeation, hooves were removed, and the excess of the
formulation was removed with a paper towel. Hooves were then sliced
using a scalpel. The splinters were transferred to a glass vial, and the
extraction procedure was performed as described in Section 2.2.

2.12. Statistical analysis

GraphPad Prism version 8.2.1 (441) (Graphpad Prism inc., USA) was
used for statistical analysis. The statistical significance of experiments
was determined using t-test nonparametric or ANOVA followed by
Tuckey. Tests yielding p values <0.05 were considered significant.
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Table 1

Parameters that characterize the ability of GEL and RH40 micelles to solubilize TB in water and citrate buffer (estimated using Eqs.1-4).
Water pH 5.7
RH40 (%, w/v) RH40 (M) TB (mg/mL) TB (M) X P PM AGs (KJ/mol) mf
1 0.0040 8.03 0.0245 0.96 0.18 46.42 —9503.83 0.15
12 0.0480 16.12 0.0493 0.59 1.37 28.65 —8308.47 0.58
20 0.0800 20.37 0.0623 0.52 2.00 25.01 —7971.86 0.67
GEL (%, w/V) GEL (M) TB (mg/mL) TB (M) X P PM AGs (KJ/mol) mf
1 0.0057 8.91 0.0272 1.14 0.31 55.07 —9926.87 0.24
12 0.0680 16.62 0.0508 0.44 1.45 21.29 —7572.85 0.59
20 0.1133 21.01 0.0642 0.38 2.09 18.49 —7223.75 0.68
RH40:GEL 1:1 (%, w/v) TB (mg/mL) P mf
20 20.83 2.07 0.67
Citrate Buffer pH 5.0
RH40 (%, w/Vv) RH40 (M) TB (mg/mL) TB (M) X P PM AGs (KJ/mol) mf
1 0.0040 1.51 0.0046 0.72 1.57 401.06 —14,843.70 0.61
12 0.0480 12.01 0.0367 0.73 19.47 406.32 —14,876.96 0.95
20 0.0800 18.33 0.0560 0.68 30.24 378.36 —14,699.41 0.97
GEL (%, w/Vv) GEL (M) TB (mg/mL) TB (M) X P PM AGs (KJ/mol) mf
1 0.0057 1.27 0.0039 0.37 1.17 206.17 —13,195.87 0.54
12 0.0680 8.11 0.0248 0.34 12.82 188.66 —12,976.03 0.93
20 0.1133 19.34 0.0591 0.51 31.97 282.26 —13,973.77 0.97
RH40:GEL 1:1 (%, w/v) TB (mg/mL) P mf
20 19.92 32.96 0.97

X: molar solubilization capacity; P: partition coefficient; PM: molar partition coefficient; mf: molar fraction of drug encapsulated in the micelle.

Results were reported as mean values + standard deviation (SD).
3. Results and discussion
3.1. TB solubilization in GEL, RH40 and mixed dispersions

TB solubility in water was 6.79 + 0.30 mg/mL (Fig. 2), which agrees
with previous studies (Chouhan and Saini, 2014; Lusiana and Muller-
Goymann, 2011). At water pH (slightly acid), TB is ionized and has
good solubility (Sachdeva et al., 2010; Uzqueda et al., 2009). However,
TB solubility in citrate buffer (pH 5.0) was significantly lower, i.e., 0.59
+ 0.01 mg/mL (p < 0.05), probably due to a salting out effect caused by
the ionic strength of the buffer.

TB solubility increased as the surfactant concentration increased,
even at the lowest concentration tested (Fig. 2). Surfactant concentra-
tions were above the CMC, i.e., 0.020% and 0.015% for RH40 and GEL,
respectively (BASF, 2011; Gattéfossé, 2018), which enabled TB solubi-
lization into the micelles. Both surfactants showed similar behavior, and
almost no differences in solubilization capacity were observed for a
given concentration and media (Fig. 2). RH40 and GEL 20% (w/v) dis-
persions solubilized 2% (w/v) of TB. This TB concentration was in the 1
to 10% range chosen in previous attempts of development of ungual
formulations for onychomycosis treatment (Ghannoum et al., 2019;
Ghannoum et al., 2009; Nair et al., 2009a; Shivakumar et al., 2010;
Thatai and Sapra, 2017, 2018).

Parameters used to quantify the efficiency of solubilization are
summarized in Table 1. The micelle-water partition coefficient (P) was
higher for micelles in the buffer, which means that the less favorable
medium provided by citrate buffer enhanced TB interaction with the
micelle inner core. These results were also supported by the higher
proportion of drug encapsulated in micelles (mf) in buffer medium,
reaching values close to 100% of drug molecules encapsulated.

AGs was negative in all cases indicating that the solubilization
occurred spontaneously, probably due to the hydrophobicity of the
micelle core, as also reported for macrogol micelles (Zhou et al., 2017).
The molar solubilization capacity (X) decreased with the increase of
surfactant concentration (Table 1), which suggests that as surfactant
concentration increases the micelles are formed by more unimers (Lor-
enzo-Veiga et al., 2019). However, GEL 20% in buffer media behaved
differently and showed increasing molar solubilization capacity (X)
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Fig. 3. Apparent solubility of TB in formulations prepared with 0, 1, 5 and 10%
of aCD with and without 20% (w/v) of RH40, GEL and RH40:GEL in citrate
buffer pH 5.0 (n = 3). *Symbols indicate statistically significant differences (p
< 0.05).

values, probably due to a different organization of this surfactant in
buffer media.

The RH40:GEL 1:1 mixed micelles solubilized 20.83 + 1.92 mg/mL
and 19.92 + 2.44 mg/mL of TB in water and in buffer medium,
respectively. Also, the partition coefficient (P) was higher in buffer than
in water (32.96 and 2.07, respectively) as well as the proportion of drug
molecules encapsulated in the micelles (0.97 and 0.67, respectively).
According to their high solubilizing capacity, micelles prepared with
single and mixed surfactants at 20% were selected for subsequent
studies.

3.2. TB solubility in surfactant dispersions with aCD

TB solubility was investigated in aCD dispersions and surfactant
dispersions (20%, w/v) combined with aCD (Fig. 3) in citrate buffer pH
5.0. The increase of aCD concentration in formulations without surfac-
tants resulted in a linear enhance in drug solubility. For instance, 10% of
aCD increased about 3.8-fold TB solubility. Nevertheless, this increase
was relatively lower than for the formulations that combined surfactants
and aCD (p < 0.05). The lower solubilization capacity of aCD disper-
sions, compared to the micelles, may be related to the small size of the
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Table 2
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Micelle diameter (nm) in volume-based distribution, polydispersity index (PdI) and zeta potential of RH40, GEL and RH40:GEL 1:1 mixed formulation prepared with
20% of surfactants (w/w) dispersed in citrate buffer (pH 5.0) and loaded or not with 2% (w/v) of TB (n > 3).

Formulations Mean diameter (nm) Pdl Z-Potential (mV)
0/
20% (w/v) Unloaded Loaded Unloaded Loaded Unloaded
RH40 10.61 + 0.78 10.18 + 0.16 0.064 + 0.02 0.110 £+ 0.01 0.78 + 0.37
GEL 9.17 £ 0.66 9.78 £0.11 0.673 £0.17* 0.594 + 0.40* 0.30 £ 0.13
RHA40:GEL (1:1) 9.43 £ 0.96 10.24 £+ 0.18 0.538 + 0.04* 0.466 + 0.10* 0.68 + 0.39 1.96 + 0.83**
" Higher PdI for GEL and RH40: GEL 1:1 compared to RH40.
" Higher zeta potential for loaded micelles.
SURFACTANT DISPERSIONS aCD 1% aCD 5% aCD 10%

Fig. 4. Pictures of surfactant dispersions (20%, w/v) combined with 1, 5, or 10% of aCD in citrate buffer (pH 5.0). PPR formation was observed immediately after

preparation.

aCD cavity, which does not allow for a complete inclusion of the TB
naphthalene ring. The complexation of TB with aCD could be related to
weak interactions of TB aliphatic chain in the cavity of aCD (Uzqueda
et al., 2009).

All surfactant-aCD systems showed similar TB solubilization capa-
bility, disregarding the content in aCD (p > 0.05) (Fig. 3) and the order
of addition of drug and aCD (data not shown). In all cases the formu-
lations were kept under stirring for 24 h before characterization, and this
time may be sufficient for the ternary system to reach the equilibrium
disregarding the order of addition. Some authors reported that PPR
formation can be detrimental to drug solubilization (Szente et al., 2014).
RH40 and GEL have free low molecular weight PEG in their composi-
tion, and thus aCD units might be threading these free PEG chains to
form PPR, not disturbing the micellar core structure, which remains
available for solubilizing the drug (Taveira et al., 2018). Besides, aCD
could also interact with PEG chains at the micelles corona, causing
minor changes in their conformation. PPR formation was further
investigated in next sections (Sections 3.4 and 3.5).

3.3. Micelles characterization

Size and Z-potential of RH40 and GEL dispersions in water (Table S1
— Supplementary material) and citrate buffer (Table 2) were measured.
Water dispersions showed a variety of pH values, and for GEL the pH
decreased from 5.27 to 3.89 as the concentration increased from 1 to
20%. These dispersions also resulted in a lower molar fraction of drug
encapsulated in the micelles (Table 1). This problem was overcome with
the use of citrate buffer pH 5.0 which revealed to be a good dispersant
for RH40, GEL, and their mixture, also enabling excellent drug encap-
sulation (Table 1).

The relatively low molecular weight of the surfactants (2500 g/mol
for RH40 and 1766 g/mol for GEL) resulted in small micelles (~10 nm).
RHA40 micelles consisted in a monodisperse size distribution with a low
PdI value of 0.065 (Table 2). Differently, GEL dispersion were poly-
disperse in size with PdI values of 0.673. These surfactants are obtained
from an esterification process between PEG and lipids, i.e., GEL is ob-
tained with stearic and palmitic acid, and RH40 with castor oil. The
reaction products result in a mixture of compounds that vary in chain
lengths (Casiraghi et al., 2015; Hussein and Youssry, 2018). Comparison
of DLS results in terms of intensity and volume revealed that GEL dis-
persions contained larger aggregates in coexistence with small micelles
(Fig. S1 - Supplementary material). The RH40:GEL 1:1 mixture led to
micelles with mean diameter and polydispersity close to those of GEL
solely micelles.

The addition of TB to the micelles did not cause significant changes
in the size of micelles dispersed in citrate buffer (Table 2), but slightly
increased zeta potential values (p < 0.05) (Table 2), probably due TB
ionization (pKa 7.1) (AbdelSamie et al., 2016).

3.4. PPR formation and gels appearance

The addition of aCD to the micellar dispersions caused that the initial
translucid (RH40) or opalescent (GEL and RH40:GEL) dispersions
turned into whitish systems (Fig. 4) with increased viscosity when aCD
was added at 5 and 10%. No visual changes in viscosity were observed
with the addition of 1% aCD. This is the first time RH40 and GEL have
been used together with aCD to form these systems. The whitish color
was a clear indication of PPR formation (Marreto et al., 2020; Taveira
et al., 2018).

TEM images of RH40, GEL, and RH40:GEL dispersions confirmed the
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GEL + 5% aCD ; X : ; GEL + 10% oCD 3
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¥

Fig. 5. TEM images of RH40, GEL and RH40:GEL dispersions (20%, w/v) with and without «CD at 5 and 10%.

formation of spherical micelles (Fig. 5) with diameters that agreed well
with the DLS results. Formulations with «CD (PPR) showed significantly
different images. Despite they were diluted, the background of TEM
images was more irregular than in the case of the micelles (Fig. 5). The
appearance of numerous structures, with more elongated shape, prob-
ably came from the interaction between the surfactants and «CD leading
to PPR. The addition of aCD at 10% resulted in some larger structures
than those observed in the presence of aCD at 5%.

3.5. Rheological properties

The viscoelastic behavior of surfactant dispersions with and without
aCD was determined to assess PPR formation and its dependence on
temperature (Fig. 6). In the absence of aCD, RH40 dispersion showed
temperature dependence and performed as a liquid-like material at
20 °C, with negligible storage modulus (G'). The temperature rise led to a
sol-to-gel transition at 34 °C. G' values became evident and larger than
G", with an increase of about three orders of magnitude (Fig. 6A).
Differently, GEL dispersion did not present a temperature-dependent
behavior, and G" values were almost two-orders of magnitude above
those of RH40 dispersion at room temperature. GEL dispersions also
exhibited noticeable G' values in the temperature range evaluated,
although below G" values, performing as liquid-like systems. The
mixture of surfactants (RH40:GEL 1:1) showed G" values in between
those of each dispersion in separate with a slight dependence on tem-
perature as a result of RH40 influence. There was a gentle increase in G"
at 30 °C, and G' became evident with the rise in temperature at 32 °C.

However, no sol-gel transition occurred below 35 °C (Fig. 6A). Thus,
differently to the most tested amphiphilic block copolymers based on
poloxamers or Soluplus (Lorenzo-Veiga et al., 2019; Nogueiras-Nieto
et al., 2013), the use of RH40 and GEL has the advantage of allowing to
reach quite high surfactant (and thus micelles) concentrations without
an excessive increase in viscosity, which may facilitate both drug
loading into the micelles and the subsequent spreadability of the
formulation on the nail.

The addition of 1% aCD to the surfactant dispersions did not cause
notable changes in rheological behavior (G" values remained similar)
but G' values (still small) were recordable in the whole range of tem-
perature (Fig. 6B, C, and D), which suggests some structuring of the
surfactant assemblies. Differently, higher concentrations of «CD (5 and
10%) made G' to become larger than G", indicating the formation of
three-dimensional networks, typical of PPR supramolecular in-
teractions. The moduli of GEL PPR were larger than those of RH40 and
RH40:GEL. The temperature dependence of RH40 also influenced PPR
behavior. When 5% aCD was added to the surfactant dispersion, and the
temperature was raised at 26 °C, the moduli progressively increased
(approx. One order of magnitude). The temperature effect was not
observed when 10% oCD was added, probably because the supramo-
lecular complexes formed in the presence of such a high aCD concen-
tration and the subsequent 3D stacking of the PPR through semi-
crystalline interactions among the threaded aCDs provided a highly
viscoelastic network at room temperature (Taveira et al., 2018). PPR
obtained from mixed dispersions presented an intermediary G' and G"
values. Temperature slightly affected the moduli and only a gentle
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Fig. 8. Hydration enhancement factor (HEF24) of hooves treated with the GEL, RH40, GEL: RH40 (1:1) without CD and formulations with 5 and 10% of aCD.

*Symbols indicate statistically significant differences (p < 0.05).

increase was observed when aCD 5% was added (Fig. 6D). In the case of
systems containing «CD 10%, G' and G" values were in between those of
the PPR obtained with each surfactant in separate.

In sum, the addition of aCD increased the viscosity of the formulation
through PPR formation. Supramolecular gels formed with 10% oCD
seem to be the most promising due to their higher viscosity under low
stress conditions (i.e., at rest), which could prevent the formulation from
leaking when topically applied.

3.6. Hemolysis assay

The hemolysis assay can inform about the biocompatibility of ma-
terials used in drug formulation (Amin and Dannenfelser, 2006). It
should be taken into account that 10% aCD solutions directly added to
erythrocytes may cause strong hemolysis (Motoyama et al., 2006).
Nevertheless, aCD has been shown to be safe for ocular application at
concentrations up to 4% (EMA, European Medicines Agency, 2014).
Micelles and PPR formulations were diluted, considering that the
formulation components would hardly be absorbed in the concentra-
tions used for its production. Even at concentrations greater than 2%
surfactants and 0.5% aCD, no hemolysis was recorded (Fig. 7), and no
statistical difference was observed compared to the negative control (p
> 0.05). According to ISO 10993-part 4 (2017) hemolysis values lower

than 5% mean that the formulation is non-hemolytic.

3.7. Hooves hydration and microstructure: The influence of micelles and
PPR formulations

3.7.1. Hydration study

Drug diffusion through the nail plate is closely related to the thick-
ness and hydration of the membrane. When the nail plate absorbs water,
pores can increase in number and size, an expansion of the structure
occurs, increasing the porosity of the previously compact internal area.
Hydrated nails also become more elastic, facilitating the permeation of
different molecules (Chouhan and Saini, 2012; Cutrin-Gomez et al.,
2018c; Gunt et al., 2007; Krawczyk-Santos et al., 2021; Nogueiras-Nieto
et al., 2011). The effects of the formulations on the nail plate were
quantified by means of the hydration enhancement factor (HEF24)
(Fig. 8).

GEL micelles were the ones that best hydrated the hooves when
compared to RH40, mixed micelles, and the control (p < 0.05). The PEG
units present in the surfactants can positively influence nail hydration by
improving the interaction of water molecules with the polar groups in
keratin, which results in greater water absorption and swelling of the
structure (Nair et al., 2010).

CDs have already been studied as nail permeation enhancers
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Fig. 9. SEM images of the surface of porcine hooves treated with the developed formulations at 200x (1) and 5000 (2) magnifications.

(Chouhan and Saini, 2014; Cutrin-Gomez et al., 2018c). However, aCD
contribution to nail hydration has not been evaluated so far. In the tested
concentrations, aCD provided considerably greater hydration than the
control; HEF24 for aCD 5% and 10% was 1.24 + 0.01 and 1.32 + 0.06,
respectively (p < 0.05). CDs have been described as capable of inter-
acting with different proteins through amino acids, such as tyrosine,
phenylalanine, and tryptophan residues in keratin. This interaction can
lead to the loss of the protein structure by increasing the pores, swelling,
and membrane flexibility (Cutrin-Gomez et al., 2018c).

We hypothesized that the association of surfactants and CDs would
increase nail hydration. However, the formation of the supramolecular

10

structured network affected the hydrating capability (Fig. 8). For
instance, HEF24 values recorded for 5% aCD combined with GEL were
similar to those of the control (p > 0.05) and significantly lower than
observed with GEL solely (p < 0.05). In this case, the addition of aCD
was not enough to increase hydration and, at the same time, compro-
mised GEL interaction with the nail membrane. Differently, 10% aCD
promoted the hydration capability of all formulations (p < 0.05) (Fig. 8).
In PPR, aCD units are threaded in PEG units forming hydrogen bonds
between neighboring aCDs. Thus, aCD is trapped in the three-
dimensional network and less available to interact with the hooves'
membrane. Probably, at the 10% concentration, «CD molecules may be
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Table 3
Amount of TB released after 24 h, flux (J), and kinetics from surfactant disper-
sions and poly(pseudo)rotaxanes (PPR). Symbols indicate p < 0.05.

Formulations Amount of TB diffused J (pg/cmz/ Kinetics r’
(ng/cm?) h)

RH40 1150.50 + 35.83 * 51.87 + Zero 0.9902
7.637% Order

GEL 965.72 + 25.18 40.35 £ Zero 0.9771
0.61 Order

RH40:GEL 1158.67 + 44.71 * 53.41 + Zero 0.9829
0.71 % Order

RHA40 + 5% aCD 741.13 + 46.84 32.90 + Higuchi 0.9799
4.44

GEL +5% aCD 886.44 + 13.81 34.26 + Higuchi 0.9854
1.63

RH40:GEL +5% 813.78 £+ 35.13 34.31 + Zero 0.9806

aCD 2.24 Order

RH40 + 10% aCD 739.97 + 23.67 30.70 £ Higuchi 0.9734
5.54

GEL +10% aCD 732.59 + 50.74 30.28 + Higuchi 0.9898
4.24

RH40:GEL +10% 938.11 + 26.00 ** 33.68 + Higuchi 0.9864

aCD 5.06

@ Linear correlation coefficient of 10 h experiment.

in excess and therefore free to interact with the hooves, providing
greater hydration than formulations with 5% aCD.

Therefore, considering these results, formulations with 10% «CD
could be pointed out as the most adequate since they combined suffi-
cient viscosity for topical application and favored nail plate hydration,
which in turn may be advantageous for drug permeation.

3.7.2. Hooves microstructure

The hydration effect was also observed by superficial alteration in
the hooves through SEM (Fig. 9). Hooves without treatment (control)
showed dense and compact structure, with the cells' edges overlapping
(200x magnification), ensuring the nail barrier properties (Murdan,
2014). After 24 h in contact with citrate buffer, hooves absorbed water
and increased 28% in their weight. No relevant changes in the surface of
the citrate-swollen hooves were observed, even at the highest magnifi-
cation (5000x), which reflected the inability of the buffer solution to
modify ungual property.

Hooves exposed to micelles and PPR formulations evidenced
remarkable changes in their surface. Numerous pores appeared in the

)

Oh extraction
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quite irregular structures. PPR formulations induced changes in hooves
surface similar to those triggered by aCD solutions (Fig. S2, Supple-
mentary Material). The interaction of aCD with the proteins and amino
acids on the surface of hooves undoubtedly made possible the opening of
these structures, increasing the expansion, and swelling of the nail plate,
which led to the formation and increase of pores. Furthermore, more
disorganized structure and larger pores were observed when 10% aCD
solution and PPR formulations were applied, corroborating the results of
the hydration study.

3.8. Invitro drug release

The developed formulations showed a variety of TB release profiles
depending on the presence or absence of aCD (Fig. S3). RH40 and RH40:
GEL micelles sustained TB release for 24 h, but the diffusion was faster
than from GEL micelles (p < 0.05) (Table 3). This difference may be
related to the higher G' and G" values of GEL micelles dispersions, which
may hinder drug movement. Although mixed micelles were obtained
combining both surfactants at the same amount, RH40 dictated the
behavior of RH40:GEL micelles (Fig. S3, Supplementary Material).

The addition of aCD to the surfactant dispersions and consequent
PPR formation led to a decrease in TB release. The more structured
network due to PEG and oCD interaction may represent an additional
obstacle for the drug to diffuse trough, as indicated by lower flux values
) (p < 0.05).

Although the addition of increasing concentrations of «CD to the
surfactant dispersions caused a notable difference in rheological
behavior, i.e. 10% aCD led to stronger and more viscous PPR compared
to 5% aCD, no differences were observed for TB release from RH40 + 5%
and 10% aCD (p > 0.05). Thus, the increase in macroviscosity might not
directly translate to microviscosity (Lorenzo-Veiga et al., 2019). This
phenomenon could also be observed in GEL formulation. Despite the
notable gain in viscosity, GEL +5% oCD released TB at the same rate as
GEL micelles (p > 0.05).

Surprisingly, the formulation RH40: GEL +10% oaCD did not cause
further delay in TB release. The RH40 + GEL association can probably
modify the interaction of surfactants with aCD, resulting in a higher
fraction of free aCD, significantly impacting TB release.

3.9. In vitro permeation studies

The permeation studies revealed that after 24 h of contact of hooves

72h extraction m 144h extraction

60
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Amount of TB retained in hooves (ug/cm?)
after 24 of permeation study
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Fig. 10. TB retention in hooves (ug/ cm?) after topical application of different formulations (RH40, GEL, RH40: GEL with or without 5 or 10% aCD) for 24 h: a) Total
amount of TB extracted immediately after the study (0 h extraction), 72 h after the study (72 h extraction) and 144 h after the study (144 h extraction) and b) Amount
of TB extract in the second and third extraction procedure (72 + 144 h). *Symbols indicate statistically significant differences (p < 0.05).
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with the formulations no drug was transferred to the receptor chamber.
Hooves went through the extraction/depletion procedure to determine
the amount of TB retained in the structure (Fig. 10). According to Rocha
et al. (2017) and Krawczyk-Santos et al. (2021), the more time-
consuming the extraction procedure indicates that the drug has pene-
trated deeper into the nail structure. Physical and chemical bonds pre-
sent in nail keratin are responsible for its structural stability and hinder
the permeation of molecules as a safety mechanism. Therefore, these
bonds also make it difficult to extract the drug from the nail membrane
(Murdan, 2002; Wang et al., 2016). Accordingly, it is essential to
highlight that the drug accumulated in the nail plate can act as a
reservoir, releasing the drug slowly to the surrounding tissues (Chen
et al., 2021; Nair et al., 2009b; Nair et al., 2009¢; Tanriverdi et al.,
2016).

Considering the drug distribution in the different regions and layers
of the nail plate, the amount of TB retained most superficially in hooves,
indicated by the 0 h extraction results (Fig. 10a - light gray bars), was
similar for all formulations, except for RH40: GEL +10% oCD, which
presented a significantly reduced value (p < 0.05). Due to the reservoir
feature of the nail plate previously mentioned, the amount of TB that
penetrated more on the membrane surface could, over time, be
distributed more deeply in a concentration gradient and even reach
adjacent tissues such as nail bed and nail folds, which is possible due to
the capacity of vertical and lateral diffusion in the nail plate. Such
favorable penetration might reduce drug administration frequency and
onychomycosis recurrence (Gratieri et al., 2017; Nair et al., 2010; Pal-
liyil et al., 2014). The subsequent stages of the extraction by depletion
(72 h and 144 h extraction) showed that TB was able to penetrate deeper
regions of the nail plate and revealed that even though the drug has an
excellent affinity for keratin (Matsuda et al., 2016), the developed for-
mulations were able to promote favorable conditions for TB permeation
into the membrane.

Although RH40: GEL +10% oCD caused lower accumulation of TB in
the most external layers, a higher amount of TB was quantified after 72
and 144 h (Fig. 10b), which indicated TB penetration in the innermost
regions of the hooves (Krawczyk-Santos et al., 2021; Rocha et al., 2017).
The amount of drug extracted (72 and 144 h) was about two times
greater for RH40: GEL +10% aCD compared to all other formulations (p
< 0.05). Thus, probably the enhanced hydration of the nail membrane
promoted by adding 10% aCD significantly improved TB permeation.
Also, RH40: GEL +10% oaCD may have higher concentration of free aCD,
favoring TB release and directly contributing to drug permeation, as
opposed to RH40: GEL +5% aCD (less free aCD and less TB diffused).

Another important benefit of this formulation is the gain in viscosity,
which could prolong the time of permanence of the formulation at the
application site. Moreover, the amount of TB retained in the hooves'
membrane may be sufficient to exert its therapeutic effect. For instance,
minimum inhibitory concentration (MIC) values reported for dermato-
phyte fungi vary from 0.3 to 1.0 pg/mL (Chouhan and Saini, 2014;
Wiederhold et al., 2014), and RH40: GEL +10% oCD formulation
delivered a mass amount about 230 times higher than the reported MIC.

4. Conclusion

Small amphiphilic surfactants RH40 and GEL and their mixture
provided micelles with excellent capability to solubilize TB. Both sur-
factants interacted with aCD forming PPR, and drug solubilization was
not detrimentally affected by the supramolecular structure formation.
Also, changes in rheological properties were observed once PPR was
formed. A remarkable increase in both G' and G" was noted, providing a
significant increase in viscosity reflected in a slower drug release rate.
Moreover, diluted formulations proved to be safe in contact with blood.
The hydration study showed the potential of «CD, GEL micelles, and PPR
with 10% aCD to interact with the hooves membrane, increasing pores
and promoting the expansion of the structure, as confirmed by SEM
images. This effect greatly impacted TB permeation, which was more
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remarkable for RH40:GEL +10% aCD being able to deliver TB in
considerable amounts to deeper regions of hooves. Overall, the results
evidence the potential of using small surfactant micelles and PPR as
water-based formulations for the topical treatment of onychomycosis.
These systems have efficient solubilization properties, the surfactant can
be used at high concentration without excessive increase in viscosity,
and once the PPR is formed it can remain in the application site due to
the enhanced viscoelastic properties. Moreover, micelles and PPR of
RH40 and GEL could deliver TB in deeper regions of hooves in con-
centrations higher than MIC for dermatophytes, making them effective
for topical treatment of onychomycosis.
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