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Abstract: The natural polyphenol resveratrol (RES) has shown great potential as an antimicrobial,
including against microbes associated with vaginal infections. To fully exploit the activities of RES,
an all-natural ingredients formulation for RES delivery at vaginal site has been developed, namely
liposomes loaded with RES, incorporated into a chitosan hydrogel as secondary vehicle. Although
considered non-toxic and safe on their own, the compatibility of the final formulation must be eval-
uated for its biocompatibility and non-irritancy to the vaginal mucosa. As a preclinical safety as-
sessment, the impact of RES formulation on the tissue viability, the effect on barrier function and
cell monolayer integrity, and cytotoxicity were evaluated using the cell-based vaginal tissue model,
the EpiVaginal™ tissue. RES liposomes-in-hydrogel formulations neither affected the mitochon-
drial activity, nor the integrity of the cell monolayer in RES concentration up to 60 pg/mL. Moreo-
ver, the barrier function was maintained to a greater extent by RES in formulation, emphasizing the
benefits of the delivery system. Additionally, none of the tested formulations expressed an increase
in lactate dehydrogenase activity compared to the non-treated tissues. The evaluation of the RES
delivery system suggests that it is non-irritant and biocompatible with vaginal tissue in vitro in the
RES concentrations considered as therapeutic.

Keywords: vaginal drug delivery; toxicity; EpiVaginal™ tissue model; irritation; resveratrol;
liposomes; chitosan hydrogel

1. Introduction

Common vaginal infections such as bacterial vaginosis and candidiasis still lack effi-
cient and safe treatment options [1]. Moreover, the incidence of sexually transmitted in-
fections (STIs) caused by microbes with a decreasing susceptibility to existing antibiotics
is continuously on the rise [2]. An estimated 70% of all women will suffer from vaginal
infections at least once during their lifetime, potentially risking serious consequences due
to unsuccessful treatment or resistant and recurrent infections [3]. Localized therapy of
vaginal infections can enable a high drug concentration at the infection site and offer lim-
ited systemic drug exposure with reduced side effects and an improved safety profile of
the drug [2]. An increasing amount of research is focused on the topical therapy of infec-
tions, aiming for improved treatment, reduced side effects, and decreased risk for the de-
velopment of antimicrobial resistance (AMR). In the search for novel antimicrobial com-
pounds to fight the increase in AMR, several substances of natural origin show promise
as alternatives to antibiotics.
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Resveratrol (RES) is a naturally occurring substance with many attractive properties
and potential health benefits. Studies on RES are increasingly reported, and with many
clinical trials ongoing, the potential for clinical use is likely [4,5]. Its antioxidative [6-8],
anti-inflammatory [4,7,9], and antimicrobial [4,10-12] activities make RES an interesting
alternative as an active ingredient in pharmaceutical formulations targeting treatment of
infection and inflammation. The effect against fungi, virus, and bacteria associated with
vaginal infection is also established [10,12,13]. Due to poor solubility and limited stability
and bioavailability, the optimal exploitation of RES activities is dependent on a suitable
carrier. Liposomes are well-established nanocarriers suitable for the delivery of polyphe-
nols [14-17]. The phospholipid-based nanovesicles are biocompatible and allow entrap-
ment of compounds of different molecular weights and lipophilicity [2]. However, lipo-
somal formulations are of liquid nature and demands appropriate modifications to pro-
long their residence time at vaginal site, such as coating with a mucoadhesive polymer or
a secondary vehicle providing mucoadhesive properties [18].

Chitosan is also a material of natural origin that is gaining a lot of attention due to its
many benefits as a constituent or as an active ingredient of pharmaceutical formulations
[18]. Considering vaginal administration, chitosan is among the most promising materials
due to its mucoadhesiveness, intrinsic antimicrobial properties, stability, and low toxicity
[19]. In current study, we utilized chitosan as a building block in hydrogel, acting as a
secondary vehicle to the RES-containing liposomes. The pH of chitosan hydrogels is sim-
ilar to and compatible with the physiological acidic pH in a healthy vaginal environment
[20]. The combination of the two delivery systems, liposomes enabling a high load of
poorly soluble RES and increasing its stability in biological environment and chitosan hy-
drogel allowing a prolonged residence time at vaginal site, is a step further in reaching
the optimized formulation for vaginal administration. Moreover, the intrinsic antimicro-
bial property of chitosan can intensify the therapeutic potential of the delivery system by
acting in synergy with the active ingredient. Additionally, its ability to disrupt bacterial bio-
films is a great benefit when targeting vaginal bacterial infection and inflammation [21].
Based on these qualities, particularly the mucoadhesive and antimicrobial properties [19],
chitosan was chosen as a suitable polymer.

We previously developed and characterized a RES liposomes-in-hydrogel delivery
system for the localized treatment of vaginal infections and proved its anti-inflammatory
and anti-chlamydial effect [12]. The delivery system is composed of all natural ingredients
that are all considered non-toxic and safe. However, the need to demonstrate the compat-
ibility of systems developed for vaginal administration is continuously in demand, and
the lack of toxicity studies considering prolonged release and retention on vaginal tissue
is still insufficient for the final formulations and a drawback in many studies [1,22]. Thus,
as a first stage, we evaluated the cytotoxicity of RES formulation in HeLa cell culture at
the considered therapeutic RES concentration [12], and as a step forward to clinical eval-
uation, we tested the tissue toxicity and irritancy of the formulation. Biocompatibility and
non-irritancy to the vaginal mucosa are major characteristics for novel vaginal delivery
systems and particularly relevant for pregnant patients is the avoidance of systemic tox-
icity [20,22]. In vivo assessment of vaginal formulations demands large animal models;
moreover, there is an expectation to replace and reduce the number of animals used in
research [23,24]. There are available in vitro assays and in vitro or ex vivo models as alter-
native methods for in vivo irritation and toxicity assessments [24-28]. Hence, to assess the
biocompatibility of RES formulation, its effect on tissue viability, barrier function and tis-
sue damage were evaluated by the cell-based tissue model, the EpiVaginal™ tissue, which
was validated for in vitro safety and irritation studies [29]. The in vitro model allows pre-
clinical safety assessments while avoiding the use of animals and is shown to be a highly
reproducible method suitable for assessing the irritation and cytotoxicity of vaginal deliv-
ery systems [29,30]. Our evaluations suggest that the developed RES liposomes-in-hydro-
gel delivery system is biocompatible, non-irritant, and non-toxic to the vaginal mucosa in
vitro in RES concentrations considered appropriate for therapy of vaginal infections.
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2. Materials and Methods
2.1. Materials

Lipoid S 100 (>94% phosphatidylcholine) was provided by Lipoid GmbH, Ludwigs-
hafen, Germany. Chitosan (medium molecular weight hydramer HCMF (350-600 kDa),
degree of deacetylation 70-95%) was provided by Chitinor, Tromsg, Norway. EpiVagi-
nal™ Tissue Model (VEC-100) and MTT kit (MTT-100) was the product of MatTek Corpo-
ration, Ashland, MA, USA. CellTiter-Glo® Luminescent Cell Viability Assay was pur-
chased from Promega Corporation, Madison, WI, USA. HeLa human cervix epitheloid
carcinoma cells (ECACC 93021013) was the product of Merck KGaA, Darmstadt, Ger-
many. Resveratrol (RES: 3,5,4"-trihydroxy-trans-stilbene, purity > 99%), lactic dehydro-
genase based in vitro toxicology assay kit, gentamicin solution (10 mg/mL), penicillin,
streptomycin, L-glutamine, acetic acid, glycerol, low glucose Dulbecco’s modified eagle
medium (DMEM), Hank’s balanced salt solution, fetal bovine serum, non-essential amino
acids, and HCL were the products of Sigma-Aldrich, Chemie GmbH, Steinheim, Ger-
many. All chemicals were of analytical grade.

2.2. Liposomal Preparation

Liposomes were prepared using the thin film method previously described [7]. Lipid
(Lipoid S 100, 200 mg) was dissolved in methanol and mixed with RES (10 mg) dissolved
in ethanol. To remove solvents, evaporation (Biichi rotavapor R-124 with vacuum control-
ler B-721, Biichi Vac® V-500, Biichi Labortechnik, Flawil, Switzerland) at 50 mm Hg and
50 °C was applied for at least 3 h. The resulting lipid film was rehydrated in distilled water
(10 mL) and liposomal suspension was stored in refrigerator (4-8 °C) overnight prior to
further use. Plain liposomes (not containing RES) were prepared in similar manner, using
only lipid (Lipoid S 100, 200 mg).

Vesicle size was reduced by stepwise extrusion through polycarbonate membranes
(Nuclepore Track-Etch Membrane, Whatman House, Maidstone, UK), with pore size of
0.8, 0.4 and 0.2 um and 0.1 pm and each step was repeated five times [7]. Liposomal sus-
pension was stored in refrigerator for at least 6 h prior to further use or characterization.

2.3. Liposomal Characterization

Liposomal size distribution and polydispersity was determined by using photon cor-
relation spectroscopy (Submicron particle sizer model 370, Nicomp, Santa Barbara, CA,
USA). Samples were prepared in a laminar airflow bench to avoid interference from dust
particles, as described earlier [31], and analyzed in the vesicle mode and intensity-weight
distribution. Samples were measured in triplicates of a run time of 10 min.

Zeta potential was determined by Malvern Zetasizer Nano Z (Malvern, Oxford, UK).
Measurement cells (DTS1060) were rinsed with ethanol and filtrated water (0.2 pm) prior
to loading of the sample. Liposomal samples were diluted to achieve the proper count rate
(typically 1:20) as previously described [32]. Samples were measured in triplicate at room
temperature (25 °C).

Free RES was separated from liposomally entrapped RES by dialysis. RES liposomes
(2 mL) in dialysis tubing (Mw cutoff: 12-14,000 Da, Medicell International Ltd., London,
UK) were dialyzed against distilled water (500 mL) for 4 h at room temperature [7]. Ali-
quots of both liposomal sample and dialysis medium were diluted in methanol, trans-
ferred to a microtitre plate (Costar®UV 96-well plate with a UV-transparent flat bottom,
Acrylic, Costar®, Corning, New York, NY, USA), and amount of RES was determined
spectrophotometrically (Microtitre plate reader; Spectra Max 190 Microplate, Spectropho-
tometer Molecular devices, Sunnyvale, CA, USA) at 306 nm.

2.4. Liposome-in-hydrogel Preparation

Chitosan hydrogel was prepared as previously described [12]. Briefly, medium mo-
lecular weight chitosan (350-600 kDa, DD 70-95%) was dispersed in a mixture of 1%
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(w/w) acetic acid and 10% (w/w) glycerol, to a final polymer concentration of 2.5% (w/w).
The hydrogels were left to swell at room temperature (23-25 °C) for 48 h, forming a semi-
solid formulation. Liposomes containing RES (free of unentrapped RES) were added to
the chitosan hydrogel to a final concentration of 20% (w/w) liposomal suspension corre-
sponding to 171-185 pg/g RES in formulation.

2.5. Cell toxicity Test

In vitro cell toxicity was evaluated by measuring the cellular ATP content using a
luciferase-based assay (CellTiter-Glo®). HeLa cells were grown in low glucose Dulbecco’s
modified eagle medium (DMEM) complimented with glutamine (1%), non-essential
amino acids (1%), fetal bovine serum (10%), and antibiotics penicillin and streptomycin
(2%). An appropriate number of cells were added to 96 well plates, and when confluent,
media (100 pL) mixed with formulations corresponding to RES concentrations of 1.5, 3, 6,
and 60 pg/mL were applied in direct contact with the cells. When exposed to the free RES,
RES liposomes, and RES liposomes-in-hydrogel formulations for 48 h (incubation at 37 °C
and 5% CQOz), CellTiter-Glo® reagent equal to the volume of cell culture medium (100 pL)
was added to the wells. The plates were put on a shaker for 2 min to induce cell lysis
followed by incubation at room temperature for 10 min to stabilize the luminescent signal.
Luminecense was recorded using SpectraMax i3x Multi-Mode Microplate Reader (Molec-
ular Devices, San Jose, CA, USA). A similar procedure was applied for the 120-h viability
experiment, all except for a half media change (50 pL) after 48 h. Moreover, to obtain ICso,
the same method was followed, applying media containing formulations corresponding to
RES concentrations of 0.1, 1, 10, and 100 pg/mL. Cellular ATP was measured after exposure
to formulation for 48 h.

2.6. EpiVaginal Tissue

Safety in human vaginal tissue was assessed using the EpiVaginal™ tissue model
(MatTek VEC-100, MatTek Corporation, Ashland, MA, USA), a model that is validated
for studies on vaginal irritation [29]. Dilutions of RES formulations were prepared in ul-
trapure water to desired RES concentrations of 1.5, 3, 6, and 60 pg/mL. Preparation of
tissue models was done according to assay protocol, and they were incubated for 1 h (37
°C and 5% COz) prior to dosing of test formulations in direct contact with tissues. Media
was replaced by fresh media (900 puL) and diluted formulations (100 puL) and controls
(negative; ultrapure water, positive; triton) were applied to the cell culture on top of the
EpiVaginal™ tissue. Tissues were incubated for 24 h. Liquid on top of the tissues was
decanted before the tissues were carefully rinsed twice to remove any residual sample.
Trans epithelial electrical resistance (TEER) was measured (Section 2.6.2). All media was
collected for lactate dehydrogenase (LDH) measurements (Section 2.6.3) and stored in a
refrigerator.

2.6.1. MTT Cytotoxicity Assay

Tissue viability as a function of mitochondrial activity was determined by MTT as-
say. After 24 h of exposure to the RES formulations, the tissues were placed in MTT solu-
tion (300 uL) and incubated for 3 h. Tissues were removed from MTT solution and rinsed
before the inserts were immersed in extractant solution (2 mL). Plates were placed in a
sealed bag and left on an orbital shaker for 2 h in room temperature and covered from
light using aluminum foil. Extraction solution was transferred back in the respective wells
and mixed before 200 uL was pipetted to a 96 well plate. Optical density was measured
at 570 nm using SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices, San
Jose, CA, USA) and measurements normalized as a percentage of non-exposed control
tissues.
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2.6.2. Transepithelial Electrical Resistance (TEER)

The effect on barrier function of the EpiVaginal™ tissue model after exposure to the
RES formulations was measured by TEER, using Millicell® ERS-2 Voltohmmeter (EMD
Millipore Corporation, Billerica, MA, USA). Resistance was measured after 24 h exposure
to formulations and the measurements were done in duplicates and repeated, resulting in
a total of four measurements for each insert. The surface area of the tissue (0.5 cm?) was
taken into account and measurements were normalized as a percentage of the non-ex-
posed control tissues.

2.6.3. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

The leakage of LDH enzyme from cells serves as an active biomarker for cellular or
tissue damage. Hence, at the end of EpiVaginal™ tissue model experiment, after 24 h ex-
posure to the RES formulations, the media was collected to measure the release or leakage
of LDH into the culture medium. Aliquots of media (100 uL) were transferred to a 96 well
plate and added LDH assay mixture (200 uL). The plate was covered from light using
aluminum foil and incubated in room temperature for 30 min. The reaction was termi-
nated by addition of 1 N HCL (30 uL). Absorbance was measured at 490 nm using Spec-
traMax i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.7. Statistical Analyses

Statistical analysis was done by Student’s t-test to compare two means, and one-way
ANOVA (analysis of variance) to compare > two means. A p-value less than 0.05 was con-
sidered statistically significant.

3. Results
3.1. Liposomal Characteristics

Plain liposomes and liposomes containing RES were characterized regarding the ves-
icle size, size distribution, and zeta potential. Moreover, RES entrapment efficiency was
determined for liposomes containing RES (Table 1). The average vesicle size of both plain
liposomes (155 + 20 nm) and RES liposomes (155 + 24 nm) was within the desired size
range of 100-200 nm [12]. Liposomal suspensions expressed low polydispersity index (PI)
with 0.077 and 0.079 for plain liposomes and RES liposomes, respectively, indicating a
narrow size distribution. A spherical morphology and corresponding size for the RES lip-
osomes have previously been confirmed by TEM images [12].

Table 1. Liposomal characteristics. Results are expressed as mean + SD (1 = 3).

. Vesicle Size Zeta Potential Entrapment Effi-
Formulation PI* .
(nm) (mV) ciency (%)
Plain liposomes 155 + 20 0.077 -0.96 +1.26 -
RES liposomes 155 + 24 0.079 -5.65 £ 1.82 89+3
* Polydispersity index.

As expected, both plain and RES liposomes exhibited a close to neutral zeta potential
with —=0.96 + 1.26 mV and -5.65 + 1.82 mV, respectively. The entrapment efficiency was
found to be high with 89% of RES in liposomes; this is in agreement with our earlier find-
ings [7,12,33] and literature [6,34-36]. In previous studies, the RES release from the deliv-
ery system was thoroughly evaluated confirming a sustained RES release from both lipo-
somal and liposomes-in-hydrogel formulations compared to the respective controls
[12,33]. Moreover, the concentration of released RES was found to be above the effective
concentrations required to induce desired anti-inflammatory and anti-chlamydial effect
[12].
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3.2. In Vitro Cell Toxicity

The effect of RES formulations on cell toxicity was evaluated on HeLa cells using
CellTiter-Glo® reagent. The reagent results in cell lysis generating a luminescent signal
corresponding to the amount of ATP present, and the amount of ATP is proportional with
to the number of cells in the culture enabling a determination of viable cells. The cell via-
bility was measured after treatment with RES in solution (control), RES liposomes, and
RES liposomes-in-hydrogel. The results are expressed as percentage of viable cells when
the cells were exposed to the formulations for 48 and 120 h, compared to non-treated cells
(media only) and shown in Figure 1.

RES control* RES liposomes RES liposomes-in-hydrogel

71.5 pg/mlL 83 ug/mL 26 ug/mL m 60 ug/mL

RES control* RE

w

liposomes RES liposomes-in-hydrogel

11.5 ug/mL 3 pg/mL B 6 ug/mL B 60 pg/mL

Figure 1. Cell viability after treatment for (A) 48 h and (B) 120 h (n = 3). Concentration of formula-
tions is expressed as RES concentrations. * RES in propylene glycol.

The highest RES concentration showed a significant effect on the cell viability for all
formulations both after 48 h and 120 h of exposure. For the lower concentration (1.5
ug/mL), there was no significant difference in viability expressed by the formulations
compared to the non-treated cells after 48 h. Moreover, no difference was seen between
the tested formulations. However, at 3 pg/mL, the RES liposomes-in-hydrogel expressed
a superior viability compared to the control with free RES (p < 0.0005). Moreover, among
formulations with RES concentrations of 1.5, 3 and 6 pg/mL, RES liposomes-in-hydrogel
3 pg/mL was the only formulation that expressed a slight reduction in viability after 120
h compared to 48 h; however, the viability was still measured to be 78% (Figure 1).
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In a separate experiment, the 50% viability (ICs0) was measured after exposure to for-
mulations with RES concentrations of 0.1-100 ug/mL for 48 h. RES liposomes were found
to have a ICso0 of 63 pug/mL, while for both RES in solution (control) and RES liposomes-in-
hydrogel the viability was decreased by 50% at RES concentrations of 53 ug/mL and 52
ug/mL, respectively (n = 3). These results are reasonable compared to the earlier findings
suggesting that RES liposomes-in-hydrogel formulations are not toxic after 24 h exposure
in concentrations up to 50 pug/mL [33].

Plain liposomes (free of active ingredient) and plain hydrogel were also tested in lip-
osomal or chitosan concentrations corresponding to RES containing formulations, to as-
sess the influence of delivery system on its own (data not shown). The plain liposomes
had a negligible impact on the cell viability at all concentrations after 48 h. After 120 h of
exposure the plain liposomes expressed a cell viability corresponding to the RES lipo-
somes, and the only variation was seen for the most concentrated liposomal sample that
showed a 58% viability for plain liposomes compared to 26% for RES liposomes. No dif-
ference in cell viability was seen for plain hydrogel and RES liposomes-in-hydrogel.

3.3. Safety Evaluation on Cell-based Tissue Model

EpiVaginal™ tissue model has been validated for in vitro safety and irritation studies
[29]. The cell-based tissue inserts were exposed to RES in solution (control), RES lipo-
somes, and RES liposomes-in-hydrogel in the RES concentrations of 1.5, 3, 6, and 60 ug/mL
to assess the safety of formulation for vaginal application. The tissue model enabled the
evaluation of tissue viability as a function of mitochondrial activity, effect on barrier func-
tion, and cellular or tissue damage by LDH leakage after treatment with the RES formu-
lations.

3.3.1. MTT Tissue Viability Experiment

The reduction of MTT has been shown to coincide with the cell viability [29] and was
used to evaluate the effect of RES formulations on the tissue. The measurement was per-
formed after 24 h and the results are expressed as percentage of viable cells after exposure
to RES formulations compared to non-treated tissue inserts (ultrapure water). Hence, the
higher percentage of cell viability means lesser toxic effects of the RES formulations and
the results are shown in Figure 2. Triton was applied as a positive control.

§
§
.

—
Triton RES control* RES liposomes RES liposomes-in-hydrogel
1.5 pg/mL 3 pg/mL B 6 ug/mL B 60 pug/mL

Figure 2. MTT cell viability after 24 h exposure (1 = 3). Concentration of formulations is expressed
as RES concentrations. * RES in propylene glycol.

RES liposomes and RES liposomes-in-hydrogel formulations exhibited no effect on
cell toxicity in RES concentration up to 60 pg/mL compared to the viability in cells from
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non-treated tissues. In fact, liposomal RES expressed a superior cell viability (p < 0.005)
compared to the non-treated cells and cells treated with free RES (control) and RES lipo-
somes-in-hydrogel (p < 0.006) in lower concentrations 1.5 and 3 ug/mL (Figure 2). Plain
chitosan hydrogel, free of liposomes and RES, was also applied to tissues in chitosan con-
centrations corresponding to the RES liposomes-in-hydrogel samples tested. The effect of
plain hydrogel corresponded to the values found for the RES formulation (data not
shown).

3.3.2. Impact on Cell Monolayer Integrity

Transepithelial electrical resistance (TEER) enables measurements of the impact of
drugs and formulations on cell monolayer integrity [37] and allows for quantitative eval-
uation of the barrier property of the entire tissue surface [30]. The results are expressed as
percentage of electrical resistance in tissue after exposure to RES formulations compared
to non-treated tissue inserts (ultrapure water) and shown in Figure 3. Triton was applied
as a positive control.

I L1
.
.
_ B _

Figure 3. Transepithelial electrical resistance after 24 h exposure (1 = 3). Concentration of formula-
tions is expressed as RES concentrations. * RES in propylene glycol.

Free RES in propylene glycol (control) made a substantial impact on the tissue integ-
rity in RES concentration as low as 6 pg/mL and expressed similar damage as the positive
control (triton) in the highest concentration (60 pg/mL). When RES was in liposomes or
liposomes-in-hydrogel delivery system, the properties of the tissue were not affected com-
pared to the non-exposed tissues. However, the impact of RES liposomes with RES con-
centration of 3 ug/mL clearly deviated from the anticipated result with a prominent re-
duction in transepithelial electrical resistance compared to both the higher concentrations
and the other formulations. The impact of plain hydrogel was similar to that of the RES
liposomes-in-hydrogel (data not shown).

3.3.3. Lactate Dehydrogenase (LDH) Activity

Cellular or tissue damage leads to the leakage of LDH enzyme and the measurement
of released LDH from dead or damaged cells can be directly related to cytotoxicity [38].
Released LDH generates pyruvate and NADH, which converts tetrazolium salt into form-
azan with intense red color, which can be measured spectrophotometrically. The amount
of formazan is directly proportional to the amount of LDH in the cell-free supernatant
collected from tissue inserts [39]. Based on a 100% cell lysis caused by the positive control
(triton), the LDH activity of tissues exposed to RES formulations was compared to the
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activity caused by non-exposed (ultrapure water) tissues. Results are presented as per-
centage values relative to both positive and negative control [40] and shown in Figure 4.

1@@! v 1 L s

Triton Ultrapure water RES control* RES liposomes RES liposomes-in-
hydrogel
1.5 pg/mL 3 pg/mL &6 pg/mL ® 60 pg/mL

Figure 4. Lactate dehydrogenase activity after 24 h exposure (1 = 3). Concentration of formulations
is expressed as RES concentrations. * RES in propylene glycol.

None of the tested formulations expressed an increase in LDH activity compared to
the non-treated tissues, and the results show no significant toxicity at any of the tested
concentrations. LDH activity caused by plain chitosan hydrogel corresponded to the val-
ues found for the RES liposomes-in-hydrogel in the lower concentrations; however, the
highest concentration showed LDH activity of 46% (data not shown) based on a 100% cell
lysis caused by triton.

4. Discussion

The natural polyphenol RES has been shown to act as a potent antioxidant [7,9] and
has demonstrated multiple beneficial effects, including as an antimicrobial [9,10,12] and
anti-biofilm agent [41,42]. Hence, RES is a promising candidate as novel antimicrobial
agent in the treatment of infections, including localized therapy of vaginal infections. RES
has expressed efficacy against several microbes causing vaginal infection, such as herpes
simplex virus [13] and Chlamydia trachomatis [12,43,44]. However, the poor solubility and
low bioavailability of RES limit its clinical efficacy; thus, to benefit from the antimicrobial
effects of RES when applied at vaginal site, a delivery system that can protect the sub-
stance from degradation and ensure a prolonged release and therapeutic effect is neces-
sary. Liposomes have several attractive properties such as biocompatibility, ability to in-
corporate both hydrophilic and lipophilic substances, controlled release, targeting, and
safety [45]. The use of liposomes to solubilize and entrap RES enables a high concentration
of the active substance at the site of action as well as protection from vaginal environment.
Chitosan hydrogel as a secondary vehicle provides the mucoadhesive properties neces-
sary to ensure a sufficient residence time at vaginal site. Moreover, chitosan can
strengthen the therapeutic potential of the system due to its intrinsic antimicrobial activity
[18] and its ability to disrupt bacterial biofilms often associated with vaginal infection [21].

Compeatibility with the vaginal environment is essential for all vaginal products. A
successful local treatment of vaginal infections should not affect the normal vaginal phys-
iology and microbiota. The recommended toxicity test for vaginal formulations is the rab-
bit vaginal irritation model; however, differences in anatomy and pH limit the reliability
to human vaginal conditions [30]. Moreover, the strive to avoid the use of experimental
animals emphasizes the importance and benefits of in vitro and ex vivo models [23,24].
RES, lipids in liposomes, and chitosan in hydrogel are all of natural origin and are



Pharmaceutics 2022, 14, 1295

10 of 16

confirmed to be non-toxic on their own; moreover, preliminary cytotoxic results suggest
that RES liposomes-in-hydrogel formulations are not toxic to living cells in concentration
up to 50 ug/mL [33]. Therefore, to further evaluate the safety of the formulation for vaginal
application, we focused on the cell viability after the prolonged exposure and the impact
of RES formulations on the cell-based vaginal tissue in vitro model, namely the EpiVagi-
nal™ tissue model.

4.1. RES Formulation

Extensive characteristics of liposomal RES and RES liposomes-in-hydrogel have been
evaluated in previous work. We have established a high RES load by liposomal entrap-
ment [7,12,33] and optimized the RES liposomes-in-hydrogel formulation regarding the
liposome-hydrogel ratio, texture, and mucoadhesive properties [12,33]. Moreover, the
RES in vitro release from liposomes and liposomes-in-hydrogel formulation has been
thoroughly evaluated [7,12,33], and a very limited RES penetration through sheep vaginal
tissue ex vivo has been confirmed [33]. Consequently, the optimized formulation was
used in this work to evaluate the toxicity.

RES has been shown to be safe in several clinical trials. However, bioavailability is
not optimal [4,46]. The use of nanocarriers to improve the bioavailability and maintain or
improve the safety of RES is continuously explored to pursue its translation into clinical
use [47,48]. Liposomes are known to be biocompatible; additionally, numerous studies
show that liposomal entrapment can reduce the toxicity of incorporated compounds
[49,50]. The low toxicity of chitosan is also well established [51]. Hence, the delivery sys-
tem comprising the natural ingredients RES, liposomes, and chitosan hydrogel, all con-
sidered non-toxic, should be safe. However, the biocompatibility and non-irritancy to the
vaginal mucosa are major characteristics which also need to be assessed for the final for-
mulation.

4.2. Cell Viability by Measurement of Cellular ATP

Cytotoxicity assays form a gold standard regarding in vitro safety evaluations of sub-
stances in cultured cells [52]. Luminescence-based cytotoxicity assays measure the cell
death based on the amount of ATP present in living cells, as the reduced ATP level in cells
indicates cell death. HeLa cells were exposed to the formulations of relevant RES concen-
trations for 48 or 120 h. RES concentrations of the tested formulations were the considered
therapeutic concentrations, suggested to be up to 6 pg/mL based on earlier findings where
RES formulations were challenged against Chlamydia trachomatis infection in vitro [12].
Even though the formulations are not expected to reside at the vaginal site for such a long
period of time, this long-term exposure could provide an idea of the impact of repeated
applications during the treatment one would administer. The result of the cytotoxic assay
indicates that prolonged exposure does not significantly affect the viability of cells in vitro
at therapeutic RES concentrations. All the tested formulations, except for RES liposomes-
in-hydrogel 3 ug/mL, expressed a maintained cell viability after 120 h exposure compared
to the respective samples after 48 h. However, the slight reduction was not significant,
and the toxicity of the optimized formulation was found acceptable. A prominent cell tox-
icity was expressed in cultures exposed to RES concentrations of 60 pg/mL for 48 h. This
was also confirmed by the 50% viability (ICs0) evaluated in a separate experiment that
showed that all tested formulations achieved 50% viability with a RES dose in the range
of 52-63 ug/mL after 48 h treatment.

4.3. Preclinical Safety Assessment

The toxicological evaluations of pharmaceutical applications are often reliable in an-
imal studies; however, the replacement of animals, reduction in number of animals used,
and refinement of animal welfare in research is desirable [23]. Moreover, the in vivo test-
ing of vaginal delivery systems demands large animal models that, nevertheless, lack



Pharmaceutics 2022, 14, 1295

11 of 16

correlation to the human vagina [30]. The complexity of the vaginal epithelium and the
vagina as a site of drug delivery is a challenge in the development of vaginal formulations,
and consequently also in the establishment of the adequate and standardized in vitro and
ex vivo models [24]. There are several alternative models to in vivo testing, such as in vitro
assays [25,26], in vitro models [27,29,30,52], and ex vivo models [28,52,53] for assessment
of vaginal irritation and toxicity. The EpiVaginal™ tissue model is widely used for the in
vitro safety and irritancy evaluations, and applied to study various vaginal applications,
such as topical contraception [54], lubricants [30], antiviral nanoparticles [55,56], and top-
ical microbicides [57,58], as well as studies of interactions between vaginal epithelium and
bacteria [59] and as antiviral assay by introducing herpes simplex virus infection in
EpiVaginal™ tissue [60]. Moreover, the model can be applied as a cell-based tissue model
to evaluate the in vitro drug permeability for vaginal drug delivery systems [29,61,62].

Several in vitro models based on vaginal cells are available for safety and permeabil-
ity studies, but they do not include the mucus layer [63]. Due to the lack of mucus-pro-
ducing cells in the cell-based vaginal tissue model used in this study, the impact of mucus
is not accounted for in the safety evaluation. However, this would be essential primarily
when evaluating the permeability of an active molecule using the in vitro model. This
preclinical safety assessment enabled the evaluation of the impact of RES formulations on
the tissue viability as a function of mitochondrial activity, the effect on barrier function
and cell monolayer integrity, and cytotoxicity based on the leakage of LDH enzymes from
damaged or dead cells.

4.3.1. Tissue Viability Based on Mitochondrial Activity

The MTT assay is one of the most widely applied cytotoxicity assays [52]. The mito-
chondria of viable cells reduce MTT, a water-soluble tetrazolium salt, into the insoluble
compound formazan. Formazan does not permeate the cell membrane, so it accumulates
in healthy, metabolic viable cells [52,64,65].

Our findings showed that the RES formulations did not reduce the cell viability in
the tissue model after treatment, and the RES liposomes showed a superior cell viability
compared to the non-exposed tissues. This suggests that the liposomal entrapment of RES
increased the cell viability compared to free RES. The reduced cytotoxic potential of drugs
when in liposomal formulations has been presented for several active compounds as well
as for liposomes with various lipid compositions [48,66]. Cell viability of the current lipo-
somes-in-hydrogel formulation containing RES has previously been evaluated by MTT
assay in HaCaT cell culture and expressed no effect on cell toxicity up to the concentration
of 50 pg/mL [33]. This assay measuring the mitochondrial activity is considered to be one
of the most sensitive in detecting cytotoxic events [65] and the obtained results are prom-
ising, indicating the safety of local administration of the RES liposome-in-hydrogel for-
mulation.

4.3.2. Tissue Viability Based on Cell Monolayer Integrity

Vaginal products should be compatible with the vaginal environment and not impact
the epithelial barrier function. The vaginal mucosa is composed of a stratified squamous
epithelium that forms an effective barrier to pathogens, and changes in the barrier func-
tion can impair this natural protective barrier, potentially resulting in inflammatory con-
ditions and increased susceptibility to infection [67]. Changes in the barrier function can
be evaluated by the presence of functional tight junctions. Epithelial layers in the EpiVag-
inal™ tissue model have shown that they produce tight junctions and desmosomes be-
tween cells [29]. Tight junctions are responsible for the barrier function and can be evalu-
ated by transepithelial electrical resistance (TEER) measurements quantifying the integ-
rity of tight junctions in cell culture models [63,68].

TEER measurements of the tissue inserts exposed to the formulation confirmed that
treatment with RES liposomes-in-hydrogel did not alter the integrity of the cell monolayer
in RES concentrations up to 60 pg/mL. Moreover, the liposomal entrapment of RES clearly
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enhanced the RES compatibility with the tissues in the higher concentrations compared to
the free substance in solution (RES control). This positive effect was maintained by the
liposomes-in-hydrogel delivery system. However, RES liposomes with RES concentration
of 3 pug/mL exhibited a prominent impact on the barrier function of tissue model. This
clearly deviated from the anticipated result and did not coincide with the impact meas-
ured for the higher RES concentrations as well as the other formulations. The result might
appear as a defective measurement, however, was seen for all three parallels. The 3 ug/mL
RES liposomes did not express cell toxicity or detriment to the cell-based tissue model in
any of the other evaluations.

The use of mucoadhesive polymers, such as chitosan, can enable the formulation to
be in close contact with the vaginal epithelium. Due to disruption of intercellular junc-
tions, chitosan can improve the bioavailability of the active ingredient by increasing epi-
thelium permeability [3]. However, the information on biocompatibility of chitosan after
application on vaginal mucosa is insufficient [1]. In addition to the RES formulations,
plain chitosan hydrogel was tested on the cell-based tissue model, confirming the hydro-
gel did not alter the integrity of the cell monolayer. It is also worth mentioning that the
presence of the mucus layer lining the vaginal epithelium influences the robustness of the
epithelium [63] as the in vitro tissue model lack the natural mucus layer. Moreover, when
evaluating the vaginal formulations for treatment of vaginal infections associated with
mucosal lesions, it must be considered that the vaginal mucosa is already damaged [20].

4.3.3. Tissue Viability Based on Cell Membrane Leakage

Lactate dehydrogenase (LDH) is a cytosolic enzyme that is released from cells due to
plasma membrane leakage, demonstrating cell toxicity, and the LDH assay has been val-
idated as an assessment of overall cell death [69]. Plasma membrane leakage causing the
release of LDH enzyme is regarded as an early event in necrosis and a late event in apop-
tosis, hence, the lack of an increase in the LDH activity in the extracellular medium is not
a definite proof that there is no toxicity. In general, no single toxicity assay can determine
the type and extent of damage to the cells on its own [38]. The LDH release assays is a
complementary test to the MTT reduction assay to evaluate cytotoxicity by two different
mechanisms [70]. While the LDH leakage assay is based on the enzyme release into the
culture medium after cell membrane damage indicating irreversible cell death, the MTT
assay is based on the enzymatic conversion of MTT in the mitochondria [65].

Our findings that treatment with RES liposomes-in-hydrogel does not cause the LDH
leakage from cells support the reported mitochondrial activity (MTT) and suggest that the
RES formulations are non-toxic to the vaginal tissue up to a RES concentration of 60
pug/mL. The lack of mucus layer in the tissue model precludes a definite conclusion that
the current formulations do not inflict any in vivo irritation; however, the accordant re-
sults suggest that the RES liposomes-in-hydrogel delivery system should not induce irri-
tancy or toxicity to vaginal tissue and cells.

Although it is known that chitosan has intrinsic antimicrobial effects, the exact mech-
anisms of actions of chitosan are not yet established [18,19]. It is proposed that chitosan
interacts with the negatively charged microbial cell membranes and causes disruption of
the membrane and a leakage of intracellular constituents. Despite the proven toxic effects
on microbial cells, chitosan is considered as a non-toxic, biocompatible material, and re-
garded as safe for pharmaceutical and biomedical application [71]. Although the plain
chitosan hydrogel, free of RES liposomes, caused increased LDH leakage in the highest
concentration, no effect was seen in the lower concentrations. Moreover, no leakage was
seen for the final formulation, and our evaluation of RES liposomes-in-hydrogel delivery
system confirm that it is non-irritant and biocompatible with the cell-based vaginal tissue
model.

The findings from EpiVaginal™ tissue model confirmed the safety of our formula-
tion; however, there is a clear need for widely available, robust, and validated in vitro
models that would permit the direct comparison of different formulations, particularly
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during preformulation development to facilitate optimization of vaginal formulations
prior to in vivo challenge.

5. Conclusions

A liposome-in-hydrogel formulation was prepared with a high load of active ingre-
dient, the natural occurring polyphenol RES. The safety of the formulation was evaluated
by cell viability studies and preclinical safety assessments on the cell-based tissue model,
the EpiVaginal™ tissue, including complementary tests to demonstrate the biocompati-
bility of formulation with vaginal tissue. The novel system did not exhibit any in vitro
toxic effect to live cells at considerable treatment concentration. All tested concentrations
(up to 60 pg/mL) confirmed compatibility of tested formulations with the vaginal tissue
model. Tissue integrity remained intact after the treatment with the RES liposomes-in-
hydrogel formulation and no irritancy was detected. Moreover, none of the tested formu-
lations caused cell membrane leakage at the tested concentrations. This strongly suggests
that the system is compatible with vaginal tissue and can be considered safe for vaginal
administration. However, it should be finally confirmed in in vivo studies.

Author Contributions: Conceptualization, MW ], P.D., G.A. and N.S.-B.; methodology, M.W.],,
P.D., G.A. and N.5.-B.; validation, M.W.].; formal analysis, M.W.].; investigation, M.W.].; resources,
MW.J, P.D., G.A. and N.S.-B.; data curation, M.W.].; writing —original draft preparation, M.W.]J.,
P.D., G.A. and N.S.-B.; writing—review and editing, M.W.]., P.D., G.A. and N.S.-B.; visualization,
M.W.].; supervision, P.D., G.A. and N.S.-B.; project administration, N.S.-B.; funding acquisition,
M.W.J. and N.5.-B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly funded by the Northern Norway Regional Health Authority
(HelseNord) RHF (project number HNF1376-17) and partly by the Terje and Valerie Stadler Jacob-
sen’s research fund (project number 240001/A59078). The publication charges for this article have
been funded by a grant from the publication fund of UiT The Arctic University of Norway.

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: Not applicable

Acknowledgments: The continuous generosity of Lipoid GmbH (Ludwigshafen, Germany) in
providing lipid is highly appreciated. We are grateful to Chitinor AS (Tromseg, Norway) for provid-
ing chitosan.

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

References

1.

dos Santos, A.M.; Carvalho, S.G.; Araujo, V.H.S.; Carvalho, G.C.; Gremido, M.P.D.; Chorilli, M. Recent advances in hydrogels
as strategy for drug delivery intended to vaginal infections. Int. J. Pharm. 2020, 590, 119867.
https://doi.org/10.1016/j.ijpharm.2020.119867.

Vanié, Z.; Joraholmen, M.W_; Skalko-Basnet, N. Nanomedicines for the topical treatment of vulvovaginal infections: Addressing
the challenges of antimicrobial resistance. Adv. Drug. Deliv. Rev. 2021, 178, 113855. https://doi.org/10.1016/j.addr.2021.113855.
Araujo, V.H.S.; de Souza, M.P.C.; Carvalho, G.C.; Duarte, ]J.L.; Chorilli, M. Chitosan-based systems aimed at local application
for vaginal infections. Carbohydr. Polym. 2021, 261, 117919. https://doi.org/10.1016/j.carbpol.2021.117919.

Singh, A.P.; Singh, R.; Verma, S.S.; Rai, V.; Kaschula, C.H.; Maiti, P.; Gupta, S.C. Health benefits of resveratrol: Evidence from
clinical studies. Med. Res. Rev. 2019, 39, 1851-1891. https://doi.org/10.1002/med.21565.

Zhang, L.-X,; Li, C.-X; Kakar, M.U.; Khan, M.S.; Wu, P.-F.; Amir, R.M.; Dai, D.-F.; Naveed, M.; Li, Q.-Y; Saeed, M.; et al. Resvera-
trol (RV): A pharmacological review and call for further research. Biomed. Pharmacother. 2021, 143, 112164.
https://doi.org/10.1016/j.biopha.2021.112164.

Caddeo, C.; Lucchesi, D.; Fernandez-Busquets, X.; Valenti, D.; Penno, G.; Fadda, A.M.; Pucci, L. Efficacy of a resveratrol nanofor-
mulation based on a commercially available liposomal platform. Int. ]J. Pharm. 2021, 608, 121086.
https://doi.org/10.1016/j.ijpharm.2021.121086.

Joraholmen, M.W.; Skalko-Basnet, N.; Acharya, G.; Basnet, P. Resveratrol-loaded liposomes for topical treatment of the vaginal
inflammation and infections. Eur. J. Pharm. Sci. 2015, 79, 112-121. https://doi.org/10.1016/j.ejps.2015.09.007.



Pharmaceutics 2022, 14, 1295 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zuccari, G.; Alfei, S.; Zorzoli, A.; Marimpietri, D.; Turrini, F.; Baldassari, S.; Marchitto, L.; Caviglioli, G. Increased Water-Solu-
bility and Maintained Antioxidant Power of Resveratrol by Its Encapsulation in Vitamin E TPGS Micelles: A Potential Nutri-
tional Supplement for Chronic Liver Disease. Pharmaceutics 2021, 13, 1128. https://doi.org/10.3390/pharmaceutics13081128.
Szulc-Musiot, B.; Sarecka-Hujar, B. The Use of Micro- and Nanocarriers for Resveratrol Delivery into and across the Skin in
Different Skin Diseases— A Literature Review. Pharmaceutics 2021, 13, 451. https://doi.org/10.3390/pharmaceutics13040451.
Vestergaard, M.; Ingmer, H. Antibacterial and antifungal properties of resveratrol. Int. ]. Antimicrob. Agents. 2019, 53, 716-723.
https://doi.org/10.1016/j.jjantimicag.2019.02.015.

Mattio, L.M.; Catinella, G.; Dallavalle, S.; Pinto, A. Stilbenoids: A natural arsenal against bacterial pathogens. Antibiotics 2020,
9, 336. https://doi.org/10.3390/antibiotics9060336.

Jeraholmen, M.W; Johannessen, M.; Gravningen, K.; Puolakkainen, M.; Acharya, G.; Basnet, P.; Skalko-Basnet, N. Liposomes-
in-hydrogel delivery system enhances the potential of resveratrol in combating vaginal chlamydia infection. Pharmaceutics 2020,
12, 1203. https://doi.org/10.3390/pharmaceutics12121203.

Docherty, J.J.; Fu, M.M.; Hah, ].M.; Sweet, T.J.; Faith, S.A.; Booth, T. Effect of resveratrol on herpes simplex virus vaginal infec-
tion in the mouse. Antivir. Res. 2005, 67, 155-162. https://doi.org/10.1016/j.antiviral.2005.06.008.

Sogut, O.; Aydemir Sezer, U.; Sezer, S. Liposomal delivery systems for herbal extracts. ]. Drug Deliv. Sci. Technol. 2021, 61, 102147.
https://doi.org/10.1016/j.jddst.2020.102147.

Enaru, B.; Socaci, S.; Farcas, A.; Socaciu, C.; Danciu, C.; Stanila, A.; Diaconeasa, Z. Novel Delivery Systems of Polyphenols and
Their Potential Health Benefits. Pharmaceuticals 2021, 14, 946. https://doi.org/10.3390/ph14100946.

Pavaloiu, R.-D.; Sha’at, F.; Neagu, G.; Deaconu, M.; Bubueanu, C.; Albulescu, A.; Sha’at, M.; Hlevca, C. Encapsulation of Poly-
phenols from Lycium barbarum Leaves into Liposomes as a Strategy to Improve Their Delivery. Nanomaterials 2021, 11, 1938.
https://doi.org/10.3390/nano11081938.

Mignet, N.; Seguin, J.; Chabot, G.G. Bioavailability of polyphenol liposomes: A challenge ahead. Pharmaceutics 2013, 5, 457—-471.
https://doi.org/10.3390/pharmaceutics5030457.

Jeraholmen, M.W; Bhargava, A.; Julin, K.; Johannessen, M.; Skalko-Basnet, N. The antimicrobial properties of chitosan can be
tailored by formulation. Mar. Drugs 2020, 18, 96. https://doi.org/10.3390/md18020096.

Hemmingsen, L.M.; Skalko-Basnet, N.; Joraholmen, M.W. The Expanded Role of Chitosan in Localized Antimicrobial Therapy.
Mar. Drugs 2021, 19, 697. https://doi.org/10.3390/md19120697.

Caramella, C.M.; Rossi, S.; Ferrari, F.; Bonferoni, M.C.; Sandri, G. Mucoadhesive and thermogelling systems for vaginal drug
delivery. Adv. Drug Deliv. Rev. 2015, 92, 39-52. https://doi.org/10.1016/j.addr.2015.02.001.

Kandimalla, K.K.; Borden, E.; Omtri, R.S.; Boyapati, S.P.; Smith, M.; Lebby, K.; Mulpuru, M.; Gadde, M. Ability of chitosan gels
to disrupt bacterial biofilms and their applications in the treatment of bacterial vaginosis. ]. Pharm. Sci. 2013, 102, 2096-2101.
https://doi.org/10.1002/jps.23571.

Vanié, Z.; Skalko-Basnet, N. Nanopharmaceuticals for improved topical vaginal therapy: Can they deliver? Eur. ]. Pharm. Sci.
2013, 50, 29-41. https://doi.org/10.1016/j.ejps.2013.04.035.

Cabrera-Pérez, M.A.; Sanz, M.B.; Sanjuan, V.M,; Gonzélez-Alvarez, M.; Alvarez, 1.G. Importance and applications of cell- and
tissue-based in vitro models for drug permeability screening in early stages of drug development. In Concepts and Models for
Drug  Permeability ~ Studies; Sarmento, B., Ed., Woodhead Publishing: Cambridge, UK, 2016; pp. 3-29.
https://doi.org/10.1016/B978-0-08-100094-6.00002-X.

Machado, A.; das Neves, ]. Tissue-based in vitro and ex vivo models for vaginal permeability studies. In Concepts and Models for
Drug Permeability Studies; Sarmento, B., Ed.; Woodhead Publishing: Cambridge, UK, 2016; pp. 273-308.

Costin, G.E.; Raabe, H.A; Priston, R.; Evans, E.; Curren, R.D. Vaginal Irritation Models: The Current Status of Available Alter-
native and In Vitro Tests. ATLA Altern Lab Anim 2011, 39, 317-337. https://doi.org/10.1177/026119291103900403.

Cunha, A.R.; Machado, R.M.; Palmeira-de-Oliveira, A.; Martinez-de-Oliveira, J.; Das Neves, J.; Palmeira-de-Oliveira, R. Char-
acterization of Commercially Available Vaginal Lubricants: A Safety Perspective. Pharmaceutics 2014, 6, 530-542.
https://doi.org/10.3390/pharmaceutics6030530.

Palmeira-de-Oliveira, R.; Machado, R.M.; Martinez-de-Oliveira, J.; Palmeira-de-Oliveira, A. Testing vaginal irritation with the
Hen’s Egg Test-Chorioallantoic Membrane assay. ATLA Altern. Lab. Anim. 2018, 35, 495-503. https://doi.org/10.14573/al-
tex.1710091.

Dezzutti, C.S.; Brown, E.R.; Moncla, B.; Russo, J.; Cost, M.; Wang, L.; Uranker, K.; Kunjara Na Ayudhya, R.P.; Pryke, K.; Pickett,
J. Is wetter better? An evaluation of over-the-counter personal lubricants for safety and anti-HIV-1 activity. PLoS ONE 2012, 7,
€48328. https://doi.org/10.1371/journal.pone.0048328.

Ayehunie, S.; Cannon, C.; Lamore, S.; Kubilus, J.; Anderson, D.J.; Pudney, J.; Klausner, M. Organotypic human vaginal-ectocer-
vical tissue model for irritation studies of spermicides, microbicides, and feminine-care products. Toxicol. In Vitro 2006, 20, 689—
698. https://doi.org/10.1016/j.tiv.2005.10.002.

Ayehunie, S.; Wang, Y.-Y.; Landry, T.; Bogojevic, S.; Cone, R.A. Hyperosmolal vaginal lubricants markedly reduce epithelial
barrier properties in a three-dimensional vaginal epithelium model. Toxicol. Rep. 2018, 5, 134-140. https://doi.org/10.1016/j.tox-
rep.2017.12.011.

Joraholmen, M.W.; Basnet, P.; Acharya, G.; Skalko-Basnet, N. PEGylated liposomes for topical vaginal therapy improve delivery
of interferon alpha. Eur. |. Pharm. Biopharm. 2017, 113, 132-139. https://doi.org/10.1016/j.ejpb.2016.12.029.



Pharmaceutics 2022, 14, 1295 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Joraholmen, M.W.; Vanid¢, Z.; Tho, 1; Skalko-Basnet, N. Chitosan-coated liposomes for topical vaginal therapy: Assuring local-
ized drug effect. Int. |. Pharm. 2014, 472, 94-101. https://doi.org/10.1016/j.ijpharm.2014.06.016.

Joraholmen, M.W.; Basnet, P.; Tostrup, M.].; Moueffaq, S.; Skalko-Basnet, N. Localized therapy of vaginal infections and inflam-
mation: Liposomes-in-hydrogel delivery system for polyphenols. Pharmaceutics 2019, 11, 53. https://doi.org/10.3390/pharmaceu-
tics11020053.

Caddeo, C.; Pucci, L.; Gabriele, M.; Carbone, C.; Fernandez-Busquets, X.; Valenti, D.; Pons, R.; Vassallo, A.; Fadda, A.M.; Man-
coni, M. Stability, biocompatibility and antioxidant activity of PEG-modified liposomes containing resveratrol. Int. |. Pharm.
2018, 538, 40-47. https://doi.org/10.1016/j.ijpharm.2017.12.047.

Kristl, J.; Teskac, K.; Caddeo, C.; Abramovié, Z.; Sentjurc, M. Improvements of cellular stress response on resveratrol in lipo-
somes. Eur. |. Pharm. Biopharm. 2009, 73, 253-259. https://doi.org/10.1016/j.ejpb.2009.06.006.

Coimbra, M.; Isacchi, B.; van Bloois, L.; Torano, ].S.; Ket, A.; Wu, X; Broere, F.; Metselaar, ].M.; Rijcken, C.J.; Storm, G. Improving
solubility and chemical stability of natural compounds for medicinal use by incorporation into liposomes. Int. ]. Pharm. 2011,
416, 433-442. https://doi.org/10.1016/j.ijpharm.2011.01.056.

Lock, J.Y.; Carlson, T.L.; Carrier, R.L. Mucus models to evaluate the diffusion of drugs and particles. Adv. Drug. Deliv. Rev. 2018,
124, 34-49. https://doi.org/10.1016/j.addr.2017.11.001.

Parhamifar, L.; Andersen, H.; Moghimi, S.M. Lactate Dehydrogenase Assay for Assessment of Polycation Cytotoxicity. In Nan-
otechnology for Nucleic Acid Delivery: Methods and Protocols; Ogris, M., Sami, H., Eds.; Springer New York: New York, NY, USA,
2019; pp. 291-299. https://doi.org/10.1007/978-1-4939-9092-4_18.

Riss, T.; Niles, A.; Moravec, R.; Karassina, N.; Vidugiriene, ]J. Cytotoxicity Assays: In Vitro Methods to Measure Dead Cells.
Assay Guidance Manual. 2019. Available online: https://www.ncbi.nlm.nih.gov/sites/books/NBK540958/ (accessed on 6 May
2020).

Dolci, L.S.; Albertini, B.; Di Filippo, M.F.; Bonvicini, F.; Passerini, N.; Panzavolta, S. Development and in vitro evaluation of
mucoadhesive gelatin films for the vaginal delivery of econazole. Int. J. Pharm. 2020, 591, 119979.
https://doi.org/10.1016/j.ijpharm.2020.119979.

Aiello, S.; Pagano, L.; Ceccacci, F.; Simonis, B.; Sennato, S.; Bugli, F.; Martini, C.; Torelli, R.; Sanguinetti, M.; Ciogli, A.; et al.
Mannosyl, glucosyl or galactosyl liposomes to improve resveratrol efficacy against Methicillin Resistant Staphylococcus aureus
biofilm. Colloids. Surf. A Physicochem. Eng. Asp. 2021, 617, 126321. https://doi.org/10.1016/j.colsurfa.2021.126321.

Rabin, N.; Zheng, Y.; Opoku-Temeng, C.; Du, Y.; Bonsu, E.; Sintim, H.O. Agents that inhibit bacterial biofilm formation. Future
Med. Chem. 2015, 7, 647-671. https://doi.org/10.4155/fmc.15.7.

Brown, M.A,; Potroz, M.G; Teh, S.-W.; Cho, N.-J. Natural products for the treatment of chlamydiaceae infections. Microorgan-
isms 2016, 4, 39. https://doi.org/10.3390/microorganisms4040039.

Petyaev, LM,; Zigangirova, N.A.; Morgunova, E.Y.; Kyle, N.H.; Fedina, E.D.; Bashmakov, Y.K. Resveratrol inhibits propagation
of Chlamydia trachomatis in McCoy cells. BioMed. Res. Int. 2017, 2017, 1-7. https://doi.org/10.1155/2017/4064071.

Giordani, B.; Basnet, P.; Mishchenko, E.; Luppi, B.; Skalko-Basnet, N. Utilizing Liposomal Quercetin and Gallic Acid in Localized
Treatment of Vaginal Candida Infections. Pharmaceutics 2020, 12, 9. https://doi.org/10.3390/pharmaceutics12010009.

Berman, A.Y.; Motechin, R.A.; Wiesenfeld, M.Y.; Holz, M.K. The therapeutic potential of resveratrol: A review of clinical trials.
NPJ Precisi. Oncol. 2017, 1, 35. https://doi.org/10.1038/s41698-017-0038-6.

Vasconcelos, T.; Aratjo, F.; Lopes, C.; Loureiro, A.; das Neves, J.; Marques, S.; Sarmento, B. Multicomponent self nano emulsi-
fying delivery systems of resveratrol with enhanced pharmacokinetics profile. Eur. ]. Pharm. Sci. 2019, 137, 105011.
https://doi.org/10.1016/j.ejps.2019.105011.

Ahmadi, Z.; Mohammadinejad, R.; Ashrafizadeh, M. Drug delivery systems for resveratrol, a non-flavonoid polyphenol:
Emerging evidence in last decades. J. Drug Deliv. Sci. Technol. 2019, 51, 591-604. https://doi.org/10.1016/j.jddst.2019.03.017.
Guimaraes, D.; Cavaco-Paulo, A.; Nogueira, E. Design of liposomes as drug delivery system for therapeutic applications. Int. J.
Pharm. 2021, 601, 120571. https://doi.org/10.1016/j.ijpharm.2021.120571.

Lee, M.-K. Liposomes for Enhanced Bioavailability of Water-Insoluble Drugs: In Vivo Evidence and Recent Approaches. Phar-
maceutics 2020, 12, 264. https://doi.org/10.3390/pharmaceutics12030264.

Kantak, M.N; Bharate, S.S. Analysis of clinical trials on biomaterial and therapeutic applications of chitosan: A review. Carbohyd.
Polym. 2022, 278, 118999. https://doi.org/10.1016/j.carbpol.2021.118999.

Machado, R.M.; Palmeira-de-Oliveira, A.; Breitenfeld, L.; Martinez-de-Oliveira, J.; Palmeira-de-Oliveira, R. Optimization and
Application of In Vitro and Ex Vivo Models for Vaginal Semisolids Safety Evaluation. J. Pharm. Sci. 2019, 108, 3289-3301.
Victorelli, F.D.; Calixto, G.M.F.; dos Santos, K.C.; Buzz4a, H.H.; Chorilli, M. Curcumin-loaded Polyethyleneimine and chitosan
polymer-based Mucoadhesive liquid crystalline systems as a potential platform in the treatment of cervical Cancer. . Mol. Lig.
2021, 325, 115080. https://doi.org/10.1016/j.molliq.2020.115080.

Baldeon-Vaca, G.; Marathe, J.G.; Politch, J.A.; Mausser, E.; Pudney, J.; Doud, J.; Nador, E.; Zeitlin, L.; Pauly, M.; Moench, T.R.
Production and characterization of a human antisperm monoclonal antibody against CD52g for topical contraception in women.
EBioMedicine 2021, 69, 103478. https://doi.org/10.1016/j.ebiom.2021.103478.

Cagno, V.; Andreozzi, P.; D’Alicarnasso, M.; Jacob Silva, P.; Mueller, M.; Galloux, M.; Le Goffic, R.; Jones, S.T.; Vallino, M.;
Hodek, J. Broad-spectrum non-toxic antiviral nanoparticles with a virucidal inhibition mechanism. Nat. Mater. 2018, 17, 195-
203. https://doi.org/10.1038/nmat5053.



Pharmaceutics 2022, 14, 1295 16 of 16

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Jones, S.T.; Cagno, V.; Janecek, M.; Ortiz, D.; Gasilova, N.; Piret, J.; Gasbarri, M.; Constant, D.A.; Han, Y.; Vukovi¢, L. Modified
cyclodextrins as broad-spectrum antivirals. Sci. Adv. 2020, 6, eaax9318. https://doi.org/10.1126/sciadv.aax9318.

Hearps, A.; Tyssen, D.; Srbinovski, D.; Bayigga, L.; Diaz, D.; Aldunate, M.; Cone, R.; Gugasyan, R.; Anderson, D.; Tachedjian,
G. Vaginal lactic acid elicits an anti-inflammatory response from human cervicovaginal epithelial cells and inhibits production
of pro-inflammatory mediators associated with HIV acquisition. Mucosal. Immunol. 2017, 10, 1480-1490.
https://doi.org/10.1038/mi.2017.27.

Kaur, M.; Gupta, K.M.; Poursaid, A.E.; Karra, P.; Mahalingam, A.; Aliyar, H.A_; Kiser, P.F. Engineering a degradable polyure-
thane intravaginal ring for sustained delivery of dapivirine. Drug Deliv. Transll. Res. 2011, 1, 223-237.
https://doi.org/10.1007/s13346-011-0027-1.

Garcia, E.M.; Kraskauskiene, V.; Koblinski, ].E.; Jefferson, K.K. Interaction of Gardnerella vaginalis and vaginolysin with the
apical versus basolateral face of a three-dimensional model of vaginal epithelium. Infect. Immun. 2019, 87, e00646—e00618.
https://doi.org/10.1128/IA1.00646-18.

Donalisio, M.; Quaranta, P.; Chiuppesi, F.; Pistello, M.; Cagno, V.; Cavalli, R.; Volante, M.; Bugatti, A.; Rusnati, M.; Ranucci, E.;
et al. The AGMAT1 poly(amidoamine) inhibits the infectivity of herpes simplex virus in cell lines, in human cervicovaginal
histocultures, and in vaginally infected mice. Biomaterials 2016, 85, 40-53. https://doi.org/10.1016/j.biomaterials.2016.01.055.
Clark, M.R.;; McCormick, T.J.; Doncel, G.F.; Friend, D.R. Preclinical evaluation of UC781 microbicide vaginal drug delivery.
Drug Deliv. Transll. Res. 2011, 1, 175-182. https://doi.org/10.1007/s13346-011-0019-1.

Tho, 1.; Skalko-Basnet, N. Cell-based in vitro models for vaginal permeability studies. In Concepts and Models for Drug Permea-
bility Studies; Sarmento, B., Ed.; Woodhead Publishing: Cambridge, UK, 2016; pp. 115-128. https://doi.org/10.1016/B978-0-08-
100094-6.00008-0.

Lechanteur, A.; das Neves, ].; Sarmento, B. The role of mucus in cell-based models used to screen mucosal drug delivery. Adv.
Drug Deliv. Rev. 2018, 124, 50-63. https://doi.org/10.1016/j.addr.2017.07.019.

Vanié, Z.; Rukavina, Z.; Manner, S.; Fallarero, A.; Uzelac, L.; Kralj, M,; Klari¢, D.A.; Bogdanov, A ; Raffai, T.; Virok, D.P. Azithro-
mycin-liposomes as a novel approach for localized therapy of cervicovaginal bacterial infections. Int. |. Nanomed. 2019, 14, 5957.
https://doi.org/10.2147/IJN.S211691.

Fotakis, G.; Timbrell, J.A. In vitro cytotoxicity assays: Comparison of LDH, neutral red, MTT and protein assay in hepatoma
cell lines following exposure to cadmium chloride. Toxicol. Lett. 2006, 160, 171-177. https://doi.org/10.1016/j.toxlet.2005.07.001.
Faria, M.].; Machado, R.; Ribeiro, A.; Gongalves, H.; Real Oliveira, M.E.C.D.; Viseu, T.; das Neves, J.; Ltcio, M. Rational Devel-
opment of Liposomal Hydrogels: A Strategy for Topical Vaginal Antiretroviral Drug Delivery in the Context of HIV Prevention.
Pharmaceutics 2019, 11, 485. https://doi.org/10.3390/pharmaceutics11090485.

Ayehunie, S.; Islam, A.; Cannon, C.; Landry, T.; Pudney, J.; Klausner, M.; Anderson, D.]J. Characterization of a Hormone-Re-
sponsive Organotypic Human Vaginal Tissue Model: Morphologic and Immunologic Effects. Reprod. Sci. 2015, 22, 980-990.
https://doi.org/10.1177/1933719115570906.

Ayehunie, S.; Cannon, C.; LaRosa, K.; Pudney, J.; Anderson, D.J.; Klausner, M. Development of an in vitro alternative assay
method for vaginal irritation. Toxicology 2011, 279, 130-138. https://doi.org/10.1016/j.tox.2010.10.001.

Cox, M.C.; Mendes, R;; Silva, F.; Mendes, T.F.; Zelaya-Lazo, A.; Halwachs, K.; Purkal, ].].; Isidro, I.A.; Félix, A.; Boghaert, E.R.;
et al. Application of LDH assay for therapeutic efficacy evaluation of ex vivo tumor models. Scientific Rep. 2021, 11, 18571.
https://doi.org/10.1038/s41598-021-97894-0.

Cautela, M.P.; Moshe, H.; Sosnik, A.; Sarmento, B.; das Neves, ]J. Composite films for vaginal delivery of tenofovir disoproxil
fumarate and emtricitabine. Eur. |. Pharm. Biopharm. 2019, 138, 3-10. https://doi.org/10.1016/j.ejpb.2018.02.001.

Kean, T.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug Deliv. Rev. 2010, 62, 3-11.
https://doi.org/10.1016/j.addr.2009.09.004.



