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Highlights
e The technological influence of excipients on characteristics of films was assessed.
e The experimental designs allowed optimize a TCZ vaginal polymeric film
formulation.

e The optimal CH:HPMC film eradicated a Candida culture at 3 min assay.



Abstract

A new tioconazole (TCZ) mucoadhesive film, based on a biodegradable chitosan/
hydroxypropyl methylcellulose (CH/HPMC) blend, was developed for treatment of vaginal
candidiasis. The formulation was optimized through an I-optimal design (minimizing the
integral of the prediction variance across the factor space), where the impact of the proportion
of the ingredients and processing variables on the quality of the final product was evaluated.
Both, the thickness of the film and the swelling index, which affect patients’ comfort and
compliance, were considered. Mechanical testing, such as load at break, elongation at break,
and mucoadhesive strength were also included as dependent variables.

The optimal mucoadhesive film formulation, which should be obtained at a drying
temperature of 30 °C, was found to include the combination of CH and HPMC (forming
polymers) at 0.25:0.75 ratio, a mixture of polyethylene glycol 400 and propylene glycol as
plasticizers (0.07:0.93, 5% w/w), and TCZ loaded at 15% w/w.

The optimal preparation was subjected to exhaustive characterization studies, which
revealed that the drug was entrapped in the polymeric matrix in an amorphous state and that
the film exhibited a smooth and uniform surface, demonstrating excellent component
compatibility. In vitro tests showed that the formulation has an excellent time to kill value (3

min) and lacks cytotoxicity, suggesting that it should be highly effective and safe.

Keywords: chitosan, experimental design optimization, hydroxypropyl methylcellulose,

tioconazole, vaginal film.



1. Introduction

Yeasts of the genus Candida, mainly Candida albicans, are commensal microorganisms
in the gastrointestinal and genitourinary tracts, as well as in the oral and conjunctival
mucosae. However, this yeast may cause infections when the host becomes weakened or
immunocompromised. Although these infections are often superficial, affecting the skin or
mucous membranes, they can also disseminate through the bloodstream, reach internal
organs, and endanger patients’ life [1].

Vaginal candidiasis is a frequent opportunistic mucosal infection caused by C. albicans;
this condition, which is one of the most common causes of vaginitis, can be treated with
tioconazole (TCZ), a broad-spectrum azole antifungal agent [2]. An ideal pharmaceutical
dosage form for local (vaginal) delivery of this drug needs to remain in the infection site as
long as possible and release the active compound according to the needs of the treatment
while avoiding to produce patient’s annoyance.

Unfortunately, conventional vaginal formulations such as creams, gels, pessaries and
foams have limited effectivity, due to their poor retention by the self-cleansing action of the
vaginal tract [3]; therefore, their use is discouraged. On the other hand, vaginal tablets and
ovules have shown acceptable retention abilities; however, they are too rigid and may cause
patients’ discomfort, and affect their compliance.

Conversely, mucoadhesive films fulfil the requirements for vaginal drug delivery; these
dosage forms are suitable to achieve effective drug release for extended periods of time [4,5]
and may greatly improve patients’ compliance, because they are more flexible than ovules
and tablets.

These films have been developed with the aid of several biocompatible polymers,
including chitosan (CH) and hydroxypropyl methylcellulose (HPMC). The former is a

cationic and physiologically inert natural polymer derivative, with extensive pharmaceutical



applications resulting from its attractive properties of hydrophilicity, biocompatibility and
biodegradability [6]. Besides, HPMC is a non-ionic semi-synthetic cellulose derivative, and
the most important hydrophilic carrier material used for the preparation of controlled drug
delivery systems [7].

Films based on different CH and HPMC mixtures have been prepared using various
polymers concentrations, plasticizers and methodologies [8,9]. It was found that the ratio of
the polymers have impact on the physicochemical and/or functional properties of the final
drug product, the magnitude of which could be product-specific [10].

Current strategies toward the rational design of pharmaceutical drug products require
the systematic acquisition of a clear understanding of the impact of formulation variables and
their interaction on product quality. This is one of the main goals of the modern “Quality by
Design” paradigm [11]; the objective can be reached through an experimental design
approach, which entails the assessment of the combined effects of product design,
manufacturing process parameters and raw materials quality on product suitability for the
intended use, including its quality, safety, and performance [12].

Previously, CH/HPMC-based tioconazole films were prepared and characterized using
a trial and error approach, demonstrating that these films may constitute a convenient
alternative to currently marketed vaginal ovules for the treatment of vaginal candidiasis [8].

Considering our interest in CH/HPMC tioconazole films for vaginal use, and aiming to
fulfill the objectives of the Quality by Design philosophy, herein we disclose the application
of a mixture process experimental design strategy coupled to a surface response
methodological approach to the development of a new and improved mucoadhesive
tioconazole film formulation, with suitable properties to treat vaginal candidiasis. An

exhaustive characterization of the optimized film formulation is also reported.

2. Materials and methods



2.1.  Chemicals

Pharmaceutical grade TCZ (BP 2002) was acquired from Saporiti (Buenos Aires,
Argentina), CH (MW ~ 230 KDa; 80.6% of N-deacetylation) was supplied by Aldrich
Chemical Co. (Milwaukee, WI, USA), HPMC (MW ~250 kDa, methoxyl content: 19-24%,
hydroxypropyl content; 7-12%) was purchased from Eigenman & Veronelli (Milan, Italy),
whereas polyethyleneglycol 400 (PEG) and propylene glycol (PPG) were acquired from
Anedra (Buenos Aires, Argentina). Double distilled water was used during the experiments.
The simulated vaginal fluid (SVF) was prepared according to the literature [8]. All other

chemicals used were of analytical grade.

2.2. Preparation of the films

The films were obtained by the solvent evaporation method. A CH solution (1% w/v)
was prepared by dispersing the polymer in a lactic acid solution (1% v/v). An aqueous HPMC
solution (1% wi/v) was prepared by suspending an accurately weighed amount of HPMC in
water, stirring the system overnight and then filtering through Miracloth® (Calbiochem-
Novabiochem Corp., San Diego, CA, USA).

In each case, a known amount of TCZ was added to a mixture of PEG and PPG as
plasticizers and the dispersion was combined with the CH solution. The resulting solution was
dripped over the HPMC solution at 40 °C under magnetic stirring to avoid precipitation.
Finally, the mixture was further stirred at 200 rpm for 1 h, cast on a Petri dish (diameter = 10
cm) and dried (30 °C or 40 °C) in an oven. The amounts of the plasticizers and TCZ are
informed relative to the forming polymers dry weight. Blank films, devoid of TCZ and the

plasticizers were also prepared.

2.3. Characterization of the films

2.3.1. Thickness and folding endurance



Thickness measurements were carried out with a digital micrometer (Schwyz, China).
Six determinations were performed for each film sample, one in the center and five equally
spaced at the edges. To test the folding endurance of the films, they were folded manually at
the same place for 300 times. Compliance was achieved when the films failed to break at the

end of the test [13].

2.3.2. Content uniformity

The near infrared (NIR) spectra were determined at room temperature with a NIRS
DS2500 spectrophotometer (FOSS, Hillerod, Denmark), in the spectral range 400-2500 nm,
with the films placed in a circular quartz cell for solids. All samples were measured in

triplicate.

2.3.3. Load at break (LB) and elongation at break (EB)

The mechanical strength of the films was evaluated using an EMIC 2350 universal
testing machine (Instron, Norwood, MA, USA) with a 50 N load cell. Each film was
conditioned (24 h at 25 °C and 80% RH) and cut into strips (7 x 60 mm). For the test, each
strip was held between two grips at a distance of 30 mm and stretched at a crosshead speed of
5.0 mm/min. The LB value was obtained as the peak load at failure from the corresponding
stress/strain curve. The EB value was calculated according to Eq. [1], as the percentage of
relative film length change at failure, considering the original distance between the grips (L0)
and the length at failure (Lf). Three replicate measurements were performed for each

mechanical test.

EB = 100 x (Lf — Lo)/Lo Eq. [1]

2.3.4. Mucoadhesive strength (MS)

The mucoadhesive strength of the films was evaluated in vitro using an EMIC 2350



universal testing machine (Instron, Norwood, MA, USA) with a 50 N load cell, by measuring
the force required to detach a standardized disk (diameter = 2.5 cm) of the formulation (fixed
to the bottom of a cylindrical probe with double-sided adhesive tape) from a disk of porcine
vaginal mucosa. In the test, the mucosal disk was pulled upwards at a constant speed of 5.0
mm/min, and the MS was determined from the resulting force/time plot. The tests were
carried out in triplicate.

The vaginal mucosal specimens were obtained from freshly slaughtered pigs at the
Matievich slaughterhouse (Carcarafia, Argentina); they were fixed to the upper end of the
testing machine probe. Prior to testing, the mucosae were hydrated with SVF (0.5 mL) for 5

min and then placed in contact with the film disk under test for 1 min.

2.3.5. Swelling index (SI)

Swelling measurements were performed by immersing an accurately weighed portion of
the films (~ 50 mg) in SVF (0.5 mL) at 37 °C [8]. At a predetermined time (90 min), each
film was carefully removed, the excess of adhering moisture was gently blotted off and the
film was weighed. The SI was calculated from the weights of the dried (Wo) and swollen

(Ws) films, according to Eq. [2]. The test was carried out in triplicate.

SI = (Ws - Wo)/Wo Eq. [2]

2.3.6. Cytotoxicity of the films

Standardized samples (diameter = 5 mm) were obtained from the films with a biopsy
punch and placed in the sidewalls of a 12-well plate. Film extracts were prepared from the
films by addition of Dulbecco's modified Eagle's medium (DMEM, 1200 uL) to each well,
and incubation of the plate at 37 °C for 12-16 h.

Human HCC cells Huh7 were obtained from the JCRB Cell Bank (Tokyo, Japan) and

kept at 37 °C in a humidified atmosphere of 95% O and 5% CO., in DMEM supplemented



with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 pg/mL streptomycin.

For the MTT assay, the cells were seeded in 96-well plates at a density of 3500
cells/well. After 24 h of attachment, they were treated with the film extracts (200 pL). Control
(untreated) cells were incubated without TCZ. After 24 h, MTT was added to the culture
medium; then, the cells were lysed by addition of DMSO and the absorbance of the
metabolites produced by the viable cells was detected at 540 nm (with a 650 nm reference
filter) in a DTX 880 multimode detector (Beckman Coulter Inc., Fullerton, CA, USA). The
cell viability (CV) results are expressed as percentage of the absorbance ratio of the treated

cells (At) relative to the control cells (Ao), according to Eqg. [3].

CV =100 x (At/Ao) Eq. [3]

2.3.7. Thermogravimetric analysis

Thermogravimetric tests were carried out with a Q500 thermal analyzer (TA
Instruments, Hullhorst, Germany). Samples (around 8 mg) were heated at a constant rate of 10
°C/min from room temperature up to 600 °C, under a nitrogen flow (30 mL/min) in order to

avoid thermo oxidative reactions.

2.3.8. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
The spectra were acquired at 30 °C in a Prestige 21 spectrophotometer (Shimadzu
Corp., Kyoto, Japan), fitted with a diamond-based ATR accessory (GladiATR, Pike
Technologies, Madison, USA) attached to a Pike temperature control unit. An average of 20
scans was used at a 4 cm™ resolution, over a wavenumber range of 4000-600 cm ™. The
pressure exerted during the ATR measurements was standardized. Each sample was scanned
three times and the spectra were averaged.
2.3.9. X-ray diffraction analysis

The X-ray diffractograms were obtained with a X’Pert PRO diffractometer (PAN



analytical, Eindhoven, Netherlands) equipped with a monochromatic Cu Ka radiation source
(L =1.5406 A) operating at a voltage of 40 kV and a current of 40 mA, at a scanning rate of

0.02 ° /sec. The scanning region of the samples was in a 20 range between 5 and 40 °.

2.3.10. Scanning electron microscopy

The SEM determinations were performed in an AMR 1000 scanning electron
microscope (Leitz, Wetzlar, Germany). The samples were mounted on an aluminum support
using conductive double-sided adhesive tape, and coated with a fine gold layer for 15 min at
70-80 mTorr, in order to make them conductive before obtaining the SEM micrographs. The
samples were examined using an accelerating voltage of 20 kV and magnifications of 1000x

and 5000x.

2.3.11. Antifungal activity test

C. albicans ATCC 10231 was cultured in Sabouraud dextrose agar (SDA) for 24 h
before testing. The inoculum was prepared by suspending five colonies in sterile distilled
water, shaking on a vortex mixer for 15 s and adjusting to 1-5 x 107 colony forming units
(CFU)/mL [14]. The test samples, including TCZ bulk drug (0.34 mg), the optimum
formulation (5-mm disk containing 0.34 mg TCZ) and a blank film (5-mm blank disk), were
placed in an aliquot of the inoculum (5 mL).

The suspensions were mixed for 20 s with a vortex mixer; samples (0.05 mL) were
taken at pre-determined times, and serially diluted before spreading onto SDA. The plates
were incubated for 24 h and the number of viable colonies was evaluated. The time to kill
curves were constructed by plotting the CFU/mL surviving at each timepoint as a function of
time. The experiments were conducted in triplicate and the mean number of survivors was

determined each time.

2.3.12.  Graphics and statistical analysis



The graphics and statistical analyses were executed with Origin v. 8.5 (OriginLab Co.,
Northampton, USA) and DesignExpert v.11.0 (State-Ease Inc., Minneapolis, USA).
Differences at p < 0.05 were considered significant. A mixture process experimental design
strategy coupled to a surface response methodological approach was carried out using an I-
optimal design (which chooses runs that minimize the integral of the prediction variance
across the factor space). A total of 26 experiments were performed comprising seven
parameters, two mixtures (with two mutually dependent components each), two numerical
factors, and one categorical factor. The detailed experimental design was described in section
3.4.1.

3. Results and discussion

3.1. Preparation of the films

An array of mucoadhesive films based on CH and HPMC (Mixture 1) with different
polymer proportions was prepared (Table 1), covering a conveniently wide experimental
domain (CH:HPMC from 1.00:0.00 to 0.25:0.75) for their compositional optimization. Films
based on 100% HPMC have been developed previously [15]; however, they presented a high
swelling index and disintegrated within 60 minutes. Therefore, they were considered
unsuitable for the required long time drug release purposes; hence, were excluded from this
study.

The load of TCZ in the films ranged between 1.0 and 15% w/w, in agreement with that
found in the commercial formulations of the drug. Aiming to obtain easy to handle films, a
mixture of PPG and PEG (Mixture 2) was added as internal and external plasticizers,
respectively, and evaluated in the 5-40% w/w concentration range [8]. Additionally, three
blank films (B1-B3) containing solely the polymer forming agents were formulated at

different CH:HPMC ratios (0.25:0.75, 1.00:0.00 and 0:1.00, respectively).



Table 1. Composition and properties of the different TCZ vaginal films.

Factors? Responses®
n Std Batch Mixture 1 Mixture 2 Process
N°® N°® code CH HPMC PEG PPG P TCZ T EB LB MS TH Sl Ccv
(Yow/w)  (%ow/w) (°C) %) (N)  (N) (mm) (%)

1 9 F1 0.25 0.75 1.00 0.00 5.00 15.00 40 22.8 9.9 3.8 0.197 7.6 91.9
2 20 F2 0.53 047 0.50 0.50 39.83 7.09 30 48.8 9.9 40 0.249 8.3 79.0
3 21 F3* 053 047 0.50 0.50 39.83 7.09 30 54.3 8.0 41  0.225 7.7 74.1
4 17 F4 048 0.53 0.57 043 5.00 9.80 30 16.3 13.7 4.0 0.176 9.9 67.8
5 2 F5* 048 0.53 0.57 0.43 5.00 9.80 30 18.6 109 41 0221 106 67.2
6 19 F6 1.00 0.00 0.28 0.72 20.58 7.09 30 85.5 8.8 35 0.278 13.6  48.6
7 15 F7= 1.00 0.00 0.28 0.72 20.58 7.09 30 88.1 8.8 3.1 0.282 13.8 511
8 1 F8 0.25 0.75 1.00 0.00 5.00 1.00 30 23.8 100 4.1 0.148 8.2 944
9 8 F9 1.00 0.00 0.00 1.00 5.00 1.00 40 42.9 109 4.0 0224 118 65.5
10 22 F10 1.00 0.00 1.00 0.00 5.00 15.00 40 45.7 8.7 46  0.263 13.1 56.7
11 7 F11 1.00 0.00 0.00 1.00 5.00 15.00 30 83.8 7.6 45  0.238 142 60.8
12 26 F12 063 0.37 1.00 0.00 26.35 10.54 40 56.4 9.3 3.9 0.243 8.2 76.7
13 16 F13* 0.63 0.37 1.00 0.00 26.35 10.54 40 50.3 128 35 0.256 7.9 76.8
14 25 F14 025 0.75 0.00 1.00 40.00 15.00 30 15.5 8.0 41  0.179 114  90.8
15 6 F15 025 0.75 0.00 1.00 5.00 1.00 30 10.9 6.2 46  0.170 127 95.6
16 14 F16 025 0.75 1.00 0.00 40.00 15.00 30 35.8 94 41  0.249 4.7 95.2
17 18 F17 044 0.56 0.06 0.94 18.62 6.44 40 17.6 143 5.0 0219 9.2 85.4
18 11 F18* 0.44 0.56 0.06 0.94 18.62 6.44 40 25.0 138 46 0.215 11.2 873
19 5 F19 1.00 0.00 1.00 0.00 5.00 1.00 30 93.8 8.1 41  0.256 10.1 65.9
20 4 F20 1.00 0.00 0.00 1.00 40.00 1.00 30 444 39 40 0.273 121  64.8
21 24 F21 025 0.75 0.00 1.00 40.00 1.00 40 9.6 122 43 0211 140 843
22 3 F22 025 0.75 1.00 0.00 40.00 1.00 40 43.5 109 41 0192 4.7 98.0
23 12 F23 1.00 0.00 1.00 0.00 40.00 1.00 40 60.9 150 44 0304 7.4 64.5
24 13 F24 1.00 0.00 0.00 1.00 40.00 15.00 40 42.8 120 45 0.293 17.4  58.9
25 10 F25 025 0.75 0.00 1.00 5.00 15.00 40 10.9 175 43 0193 5.8 89.1
26 23 F26 1.00 0.00 1.00 0.00 40.00 15.00 30 102.7 124 3.6  0.297 7.9 65.7
* Replicate.

aP: Plasticizer, T: temperature.
bEB: Elongation at break, LB: Load at break, MS: Mucoadhesive strength, TH: Thickness, SI: Swelling index at 90 min; CV: Cellular viability. Data are presented as mean (n = 3).



3.2. Physical characterization of the films. Visual appearance, thickness, folding

endurance

Prior to the optimization stage, the films were visually examined, observing that

they exhibited a smooth and uniform texture, which demonstrated compatibility among
the components [16]. In addition, their flexibility was assessed to guarantee their secure
application. All films complied with the folding endurance test, not evidencing signs of
breakage after being folded 300 times [13]. This indicates that the films have a high
mechanical strength and could be able to avoid breaks during handling and
administration. On the other hand, the film thickness was found to be in the range from

0.148 + 0.036 to 0.304 + 0.065 mm.

3.3. Compositional uniformity

In order to confirm the uniformity of the composition of the films, three NIR
spectra were acquired from different parts of each film and statistically compared
pairwise in the full spectral region (SI, Table S1). The corresponding Pearson
correlation coefficients [17] were calculated and a cut-off value was arbitrarily set at r =
0.990 for the tests. The comparisons gave r values better than 0.998, unequivocally

suggesting that the composition of the films is uniform.

3.4. Experimental design with response surface methodological optimization
3.4.1. Experimental setup and model selection

The optimization of the film formulations was performed with a response surface
methodology approach, using an I-optimal design (Table 1). Seven factors (SI, Table
S2) involved two mixtures [the forming polymers (CH:HPMC, Mixture 1) and the
plasticizers (PEG:PPG, Mixture 2)], two numerical factors, namely the loads of the

plasticizers (P) and TCZ, and the drying temperature (T) as a categorical variable. All



experiments were performed in random order to minimize the effects of uncontrolled
factors that may introduce a bias in the measurements.

Since all films presented in vitro activity against C. albicans and met the folding
endurance test and the visual appearance examination, it was deemed not relevant to
optimize these responses. On the other hand, the film thickness property was included
among the optimization goals, with the aim to reduce discomfort in the patient by
preparation of the thinnest possible formulation.

Hence, six dependent variables were considered for the optimization (Table 1),
including elongation at break (EB), load at break (LB), mucoadhesive strength (MS),
film thickness (TH), swelling index at 90 min (SI) and cell viability (CV). Each
response was recorded in triplicate and the average was used for optimization purposes.

The factors that significantly influenced the behavior of each response, according
to the respective ANOVA results (p < 0.05), were selected for the elaboration of the
corresponding predictive statistical model (SI, Table S3). Combinations of these
variables were fitted in polynomic models up to the third order, employing stepwise
backward regression, in order to finally optimize their values. The Box—Cox
transformation on the response data was performed for EB and Sl in order to comply
with model assumptions [18,19]. It was observed that the resulting models (p-Model <
0.05) were significant (i.e., not due to noise), the lack-of-fit for all responses was not
significant (p-LOF > 0.05) relative to the pure error [20], and displayed acceptable
standard deviation (SD) values [21]. They also had adequate correlation coefficients
(R?) and the differences between predicted and adjusted R? values were satisfactory
(R%pred — R%4j < 0.2) [21].

The response surface plot for each dependent variable as a function of 2 factors

was constructed by setting fixed values to the rest of the parameters; these values were



chosen based on a better observation of the factors that influence the performance of

more than one response.

3.4.2.Effects on the elongation at break

The most significant factors affecting the EB response were the composition of
both polymer and plasticizer (SI, Table S4). As shown in Fig. 1A, at P = 5% w/w, TCZ
= 15% w/w and T = 30 °C, the formulations exhibited maximum elongation when the
content of CH was at its maximum level and the plasticizers mixture contained much
more PEG than PPG. This is reminiscent of the results obtained by Tejada et al. [15],
who studied miconazole buccal films based on chitosan and observed that the highest
elongation values were achieved by the formulations containing the maximum amount

of the polymer.

3.4.3. Effects on the mucoadhesive strength

Fig. 1B suggests that the MS of the films mostly depends on the proportions of the
plasticizers (PEG and PPG) and the polymers (CH and HPMC) employed to build the
film. In the case of the former, increasing the level of PEG in the plasticizers mixture
reduced the MS, to a minimum at PEG:PPG = 0.28:0.72 (Table 1, F7), when CH:HPMC
= 1.00:0. On the other hand, the MS increased up to a certain amount of HPMC, and
then decreased. In the experimental domain, the MS acquired its maximum value with
CH:HPMC = 0.44:0.56 and PEG:PPG = 0.06:0.94 (Table 1, F17).

These results are in agreement with those of Rajput et al., who studied the effect
of the loads of hydroxypropyl cellulose and PEG 400 on the MS of glipizide films. The
authors observed that MS improved with an increase in the proportions of
hydroxypropyl cellulose up to an optimum value and then it began to decrease. It was

also informed that increasing concentrations of PEG 400 in the films diminished their



mucoadhesive strength [22].

660 Lo
TC2 (% wial Y 100 %00

Figure 1. Response surface plot for mechanical dependent variables. A) Elongation at
break as a function of the CH:HPMC ratio and the PEG:PPG ratio (P = 5% w/w, TCZ =
15% w/w, T = 30 °C). B) Mucoadhesive strength as a function of the CH:HPMC and
PEG:PPG ratios (P = 5% w/w, TCZ = 15% w/w, T =30 °C). C, D) Load at break as a
function of the amounts of TCZ and plasticizers at 30 and 40 °C respectively, when PPG

is at its maximum value (PEG:PPG = 0:1.00) and CH is at its minimum level.

3.4.4.Effects on the load at break

The amount of the internal plasticizer (PPG) in Mixture 2 and the load of TCZ, as
well as the drying temperature (T), proved to be the factors that have the greatest
influence on LB (SI, Table S4). According to Figs. 1C and 1D, this property
significantly increases with the drying temperature and the concentration of TCZ, when
PPG is at its maximum value (PEG:PPG = 0:1.00) and CH is at its minimum level. This
result is in agreement with the findings of Real et al. [23], who informed that films
containing sorbitol as an internal plasticizer exhibited increased tensile strength, at the
lowest level of chitosan.

Furthermore, LB increased directly with the drying temperature at a constant



relative humidity, in agreement with the reported by Chinma et al. [24]. This behavior
could be attributed to the moisture content in the films. According to Labuza [25], the
amount of water absorbed by food materials at constant relative humidity decreases with
the increase in temperature. This results in a less weakened film structure, which is

reflected in improved LB values.

3.4.5.Effects on the film thickness

As stemmed from the response surface plot (Fig. 2A) and the corresponding
coefficient values (SI, Table S4), TH increases with the proportion of CH in the film
forming polymers mixture (Table 1, F1 vs. F10; F16 vs. F26, and F14 vs. F24) and with
the amount of the plasticizers (Table 1, F11 vs. F24). The latter results are similar to
those obtained by Thakhiew et al. [26] during their study of the effect of plasticizer
concentration on the physical properties of edible CH films. In this work, the authors

concluded that the films became thicker with the increase of glycerol concentration.

3.4.6. Effects on the swelling index

Swelling of the film causes patient discomfort; therefore, it should be minimized
by adjusting the variables affecting this phenomenon. After a series of trial and error
experiments, it was observed that, in general, at 90 min the films reached their
maximum Sl. Therefore, the mentioned timepoint was chosen to determine the swelling
index and to examine its variability under different conditions.

Four factors were found to significantly affect the SI response, including the
CH:HPMC and PEG:PPG proportions, the amount of P and the load of TCZ (SI, Table
S4). The lowest Sl values (Fig. 2B) were obtained with the films containing the highest
amounts of HPMC and PEG in their corresponding mixtures and the maximum load of

TCZ (15% wiw).



Regarding the effect of the content of plasticizers (P), it was detected that when P
is increased, the highest Sl value is achieved at the maximum level of PPG (40% wi/w,
Table 1 F24), in agreement with the report by Bamigbola et al. [27]. On the other hand,
it was also observed that an increase in P causes a reduction in the S values at the

maximum amount of PEG in the PEG:PPG mixture, confirming our previous results [8].

Figure 2. Response surface plots of the influence of some factors on the characteristics
of the films. A) Thickness as a function of the CH:HPMC ratio and the amount of
plasticizers (TCZ = 15% w/w, T = 30 °C). B) Swelling index as a function of the
CH:HPMC and PEG:PPG ratios (P = 5% w/w, TCZ = 15% w/w, T = 30 °C). C) Cell
viability as a function of the CH:HPMC and PEG:PPG ratios (P = 5% w/w, TCZ = 15%
w/w, T =30 °C).

3.4.7. Effects on cell viability
The top priority of this assay was to measure the cell damage produced by the
drug in its association with the polymers and plasticizers contained in the formulation.
Allen et al. reported that some cell lines tend to exhibit stability and/or viability
problems, suggesting that the use of a cell line able to overcome these limitations, such

as one derived from other tissues, is recommended as a feasible alternative, especially



regarding new potential applications in drug testing therapy [28]. Therefore, the use of a
cell line other than a vaginal-derived one was considered as a proper system.

The contents of TCZ and P, as well as the drying temperature (T), showed no
significant influence on cell viability, which proved to depend on the proportion of CH
and PEG in the samples (SI, Table S4). It has been shown that CH-based materials
could potentially alter cell growth and that CH inhibits cell proliferation [29], becoming
cytostatic towards fibroblasts. Films based on CH alone induced a 35-54% reduction in
CV after 24 h incubation when compared to the control (CV = 97 £ 3%), whereas
specimens containing equal amounts of PEG and PPG exhibited the highest cytotoxic
effect (Fig. 2C). In contrast, the films with increased proportions of PEG and HPMC
exhibited less cytotoxic effects. This is in agreement with Shahabeddin et al., who
concluded that the cytocompatibility of CH can be improved through association with

other materials [30].

3.4.8.Global desirability (D) function

The optimization approach developed by Derringer and Suich [31] was used, due
to its suitability for the simultaneous analysis of several responses, by defining the areas
in the design space where the process is likely to give desirable results. The method
involves the generation of a partial desirability function (d;) for each response as a

means to obtain the global desirability function (D), defined as in Eq. [4],
N S !
D -1 @)% Eq. [4]
where d;j corresponds to the individual desirability function for each response

being optimized, (W;) is the importance attached to each response, and (N) is the

number of responses.



The values of D range from 0 for a fully undesirable response to 1 for a fully
desirable response. The optimal formulation was obtained after setting the conditions
for each response (Table 2). Minimum values of TH and SI were sought, in order to
reduce discomfort during and after application, whereas CV was maximized to ensure
formulation safety. On the other hand, MS was maximized for improved local action.
Finally, EB was maximized between 10 and 30% in order to guarantee the obtention of

a manageable film, while LB was kept in the range, to produce resistant films.

Table 2. Parameters used to generate the D function.

Lower Limit Upper Limit

Dependent Variable” Unit  Goal
(W°) (W)

Elongation at break (EB) % Maximum 9.6 (1) 30 (1)
Load at break (LB) N Inrange  3.9(1) 17.5 (1)
Mucoadhesive strength ]

N Maximum 3.1 (1) 5.0 (1)
(MS)
Thickness (TH) mm Minimum 0.148 (1) 0.304 (2)
Swelling index (SI) - Minimum 4.7 (1) 17.4 (1)
Cellular viability (CV) % Maximum 48.6 (1) 97.9 (1)

aW: Weight used for defining the d; function associated with the response.
bThe relative importance assigned to the d; function associated with the responses, and used for generating

the D function was set to 3.

The overall results showed that the optimal formulation (D = 0.769) should be
prepared with CH:HPMC = 0.25:0.75, PEG:PPG = 0.07:0.93, P = 5% w/w, TCZ = 15%
w/w and T = 30 °C. Fig. 3 shows the surface of D as a function of selected pairs of

factors.



Figure 3. Response surface plots corresponding to the D function. A) CH:HPMC ratio
vs. PEG:PPG ratio. B) CH:HPMC ratio vs. amount of plasticizer (P, % w/w). C)

Amount of plasticizer (P, % w/w) vs. load of TCZ (% w/w).

3.5. Verification of the predicted characteristics of the optimal film formulation

The optimal formulation (OF) was prepared in triplicate and its predicted

characteristics were verified experimentally. The results (Table 3) showed that no

significant differences were found between predicted and observed values, indicating

that the mathematical models obtained from the design were well fitted.

Table 3. Comparison between predicted and experimental values of the responses

obtained under the optimized conditions.

Response Predicted Experimental? p-value®
Elongation at break (%) 30.1 31.2+4.6 0.719
Mucoadhesive strength (N) 4.3 3.8x0.3 0.102
Load at break (N) 9.3 112+2.6 0.333
Thickness (mm) 0.179 0.189 £ 0.037 0.686
Swelling index 6.06 6.54 £ 0.28 0.097
Cellular viability (%) 90.2 925+59 0.569

@The experiments were run on three independent samples.

bDifferences are considered statistically significant when p < 0.05.



3.6. Characterization of the optimal formulation
3.6.1. Thermogravimetric analysis

The DTG curve of OF (Fig. 4A) presented 4 stages, where the first 2 broad bands
(centered at 78.9 °C and 200.8 °C, respectively) were related to the loss of adsorbed and
bound water [8], together with dehydration of PPG and the elimination of possible trace
amounts of lactic acid. On the other hand, the remaining bands relate to dehydration of
the saccharide rings of the polymers; the third signal (centered at 281 °C) was
associated to the concomitant degradation of the drug and CH, whereas the last peak

(centered at 335 °C) was attributed to the decomposition of HPMC [8].
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Figure 4. DTG curves of A) the optimum formulation (OF); B) TCZ bulk drug and the
plasticizers (PEG and PPG); C) the forming polymers (CH and HPMC) and D) Blank
films B1-B3.

These assignments are in agreement with the DTG curve of TCZ (Fig. 4B), which



exhibited a single degradation step centered at 297.8 °C [8], and with the DTG plots of
CH, HPMC (Fig. 4C) and the plasticizers (Fig. 4B). Interestingly, the decomposition
curves of the blank films B1-B3 (Fig. 4D) were in agreement with their respective
composition. The specimens containing CH (B1 and B2) exhibited the water loss-
related bands around 80 °C and 200 °C, whereas the graphic of the film based on 100%
HPMC (B3), displayed high similarity with that of its precursor at the solid state (Fig.

4C).

3.6.2. Spectroscopic data

Fig. 5A shows the FTIR-ATR spectra of OF, B1 and TCZ. The spectra of the first
two are highly similar, exhibiting as main characteristics a broad band between 3600-
2800 cm™* which is typical of both polymers. It is related to the O—H stretching of the
hydroxyl groups, either free, or attached via intra- and inter-molecular H-bonds. This
band overlaps with the N—H stretching band of CH and the stretching vibration of the
C—H bonds of the sample.

Other signals attributable to CH were detected at 1643 cm™ (amide I) and 1595
cm? (NH2 bending) [32], while the bands around 1420 cm™ (1c_o0)) may be assigned to
both polymers. Signals of the polymers were also observed in the 1450-1350 cm*
region (vc-c) and &y of the methyl groups) [33], whereas the peak at 944 cm™
represents the in-phase vibrations of the ether linkages.

Besides, the characteristic peaks of TCZ, corresponding to vc=n) of the imidazole
group (1562 cm™), &(c—m) (1464 cm™), vc=c) (1433 cm™), v (1279 cm™), vic—o—)
(1119 cm™), yc—s) (733 cm™) and vic—ciy (627 cm™) were clearly visible in the spectrum
of the bulk drug; contrastingly, except perhaps for the band at 733 cm™, they were

almost completely obscured by the presence of the polymers and the plasticizers in OF

[8].
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Figure 5. A) FTIR-ATR spectra B) X-ray diffraction patterns of TCZ, OF and its

respective blank (B1).

3.6.3. X-ray diffraction analysis

The X-ray study was carried out to confirm the results of the thermal analyses and
to complete the characterization of the films. The X-ray patterns of TCZ, the optimal
film, and its blank (B1) in the 26 range 5-40° are shown in Fig. 5B.

TCZ showed sharp and narrow peaks at diffraction angles, which were fully
coherent with the literature [34]. Furthermore, the X-ray spectra of the optimal film did

not present any peak corresponding to crystalline TCZ.

3.6.4. Scanning electron microscopy
SEM surface and transversal section studies were undertaken to gain detailed
information on the morphology of the OF. The micrographs showed a smooth and

uniform surface without pores or cracks and a compact structure (Fig. 6A-B) which



could be attributed to a uniform mixing, and to high structural integrity and excellent
compatibility among the drug, the plasticizers, and the polymer forming agents [16].
Such homogeneous film matrix is a good indicator of structural integrity and, therefore,
of good mechanical properties, as experimentally verified. The examination of the
transversal cut (Fig. 6C) showed lattice porosity. It is known that interconnected pores

allow water to be absorbed in a very fast rate, swelling the film and affecting the

diffusion of the solute [35].

Figure 6. Scanning electron microscopy. Micrographs with different magnifications
and orientation. Film surface at A) 1000%; B) 5000x; C) Transversal section at 1000x.



3.6.5. Time to kill

A time to kill study was performed to assess the exposure time required to kill a
standardized Candida inoculum. Fig. 7A shows the profiles (CFU/mL vs. time) of the
blank film B1, TCZ, and OF, with samples taken every 15 min. As expected, the B1
control film, which lacks TCZ and the plasticizers found in OF, was inactive against C.

albicans, in agreement with previous work using similar blank films [8].
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Figure 7. A) Time-to-kill curves of TCZ, OF and its respective blank, B1; B) Time-to-

kill curve of OF at 3 min intervals.

On the other hand, it was observed that TCZ just showed slight activity even after
60 minutes and the number of CFU/mL remained almost constant. Presumably, this is a
result of the scarce aqueous solubility and slow dissolution rate of the pure drug, which
proves its poor competency to kill the yeasts in the inoculum. Contrastingly, the optimal

formulation proved to be fast and effective, affording the complete eradication of the



inoculum at the 15 min time point. This result is probably related to the interconnected
pores observed by scanning electron microscopy which allow a fast water absorption
releasing the drug by diffusion.

For a more accurate determination of the efficiency of OF, a second time to kill
test was performed, sampling the inoculum at 3 min intervals. As depicted in Fig. 7B,
the OF required only 3 min to produce a 99.9% reduction in the number of CFU/mL.
The X-ray diffraction studies proved that TCZ is in the film in an amorphous state; this
could explain the improved drug release from the film and its resulting outstanding
performance.

It is worth mentioning that previously it has been prepared two CH-based TCZ
films which displayed a time to kill of 15 min but proved to be slightly cytotoxic [8]. In
addition, a CH/HPMC film was designed, which contained 5% w/w PEG 400 as
plasticizer (S1) and exhibited a slightly longer time to kill, of 30 min [8]. Hence, the
rationally developed new formulation exhibits not only optimized values in some of its
physical characteristics but also an improved degree of fungicidal efficiency. The latter
can be attributed to the increase in microporosity with respect to the previous published
film S1 without producing an increase in thickness or the swelling index at 90 min that

could produce discomfort in the patient.

4. Conclusions

A safe and effective tioconazole mucoadhesive film formulation was rationally
developed under the modern Quality by Design paradigm. This was achieved through
an l-optimal experimental design coupled with statistical optimization techniques and a
sound analysis of the parameters which significantly affect the key physicochemical and
functional properties of the product.

The overall strategy involved only four key phases, including a) construction of



response surface models from mixture-process experiments; b) judicious search of the
optimal formulation conditions; ¢) experimental verification of the predicted properties
of the optimized formulation, and d) characterization of the final product.

This methodology proved to be very efficient for improving the desirable
properties of the films, including many critical aspects such as their mucoadhesiveness
and antifungal activity, while at the same time minimizing undesirable aspects, such as
their swelling ability and cytotoxicity.

The optimal film formulation, where tioconazole was found in an amorphous
state, exhibited a smooth and uniform surface, lacked cytotoxicity, and showed

satisfactory antifungal activity in the time to Kill test.
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