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Abstract: Topical liposomal drug formulations containing AS1411-aptamer conjugated liposomes
were designed to deliver in a sustained way the 5-fluorouracil to the tumor site but also to increase
the compliance of patients with basal cell carcinoma. The 5-fluorouracil penetrability efficiency
through the Strat-M membrane and the skin irritation potential of the obtained topical liposomal
formulations were evaluated in vitro and the Korsmeyer Peppas equation was considered as the
most appropriate to model the drug release. Additionally, the efficiency of cytostatic activity for
targeted antitumor therapy and the hemolytic capacity were performed in vitro. The obtained re-
sults showed that the optimal liposomal formulation is a crosslinked gel based on sodium alginate
and hyaluronic acid containing AS1411-aptamer conjugated liposomes loaded with 5-fluorouracil,
which appeared to have favorable biosafety effects and may be used as a new therapeutic approach
for the topical treatment of basal cell carcinoma.
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1. Introduction

The 5th most common cancer in humans is non-melanoma skin cancer, in 2018 hav-
ing over 1 million diagnoses worldwide [1]. Non-melanoma skin cancers are not fatal but
can destroy facial sensory organs such as the nose, ear and lips [2,3]. There are some well-
established treatments for these non-melanoma skin cancers, such as: curettage and elec-
trodessication; Mohs micrographic surgery; excisional surgery; radiation; cryosurgery;
photodynamic therapy; laser surgery and oral medicine [4-6]. Unfortunately, these con-
ventional treatments lead to severe inflammation, pain and unpleasant scarring [7]. In
cases where the cancer has spread to large areas of the body, topical administration of
anticancer drugs is recommended to reduce primarily the cost of surgery and unwanted
scars and also to increase patient compliance. Topical administration of anticancer drugs
is an easy and effective method to reduce side effects and increase drug targeting and
therapeutic benefits [8,9]. At the present, two types of drugs, formulated as creams or
ointments, are used almost exclusively: imiquimod (Aldara) [10], for immunotherapy,
and 5-fluorouracil (5-FU) (Carac [11], Fluoroplex [12] and Efudex [13]), for skin cancer
chemotherapy, with a cure rate of around 80%. The direct treatment with antitumoral
drugs has a number of disadvantages as the toxicity of these drugs limits their dose, while
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rapid clearance from circulation requires large doses in order to be effective [6,8]. It is
important to note that the patient needs to rubber these formulations into the tumor once
or twice a day for several weeks or longer. This treatment may cause severe redness, irri-
tation, itching, burning, ulceration, scabbing, flaking, pain and swelling or crusting. All
these disadvantages limit the feasibility and efficacy of the commercial formulations.
Moreover, the percutaneous absorption of 5-FU is its major limiting factor as it penetrates
only 1 mm into the skin [6].

In order to overcome all these inconvenient, it is necessary to use nanocarriers as
drug delivery systems. The main advantage of these systems is that the in vivo fate of the
drug is no longer mainly determined by the drug characteristics, but only by the carrier
system, which favors a targeted and controlled drug release [14,15]. Moreover, nanotech-
nology is of interest for skin administration as it can be used to modify the drug permea-
tion/penetration ensuring a direct contact with the stratum corneum [16-18]. Specialized
literature has reported the use of nanotechnology in reducing the toxicity of 5-FU at ther-
apeutic doses and in improving the 5-FU absorption from the skin surface. Thereby, Sabitha
et al. [19] effectively loaded the hydrophilic drug 5-FU on the chitin nanogels to prepare
FCNGs, which induced low cytotoxicity on A375 cells, and had the retention in deeper
layers of skin 4-5 times greater than the control 5-FU. Additionally, Tiwari et al. [20] de-
signed liposomes containing 5-FU and tretinoin (TTN, a product against acne) and the
results showed that liposomes gradually release 5-FU and TTN, being topically safe as
pointed out by histological evaluation.

In the literature we can find studies demonstrating the effectiveness of topical treat-
ment with 5-FU on non-melanoma skin cancers: basal cell carcinoma (BCC) [21] and squa-
mous cell carcinoma-related lesions, such as actinic keratosis, Bowen’s disease and kera-
toacanthoma [22-24]. The most common neoplasm is BCC, with rapidly increasing inci-
dence worldwide over recent decades, and is responsible for up to 80% of an estimated 2—
3 million annual global incidences of carcinoma [25]. Taking into account the studies pre-
sented above, the purpose of our work was to obtain an optimal topical formulation contain-
ing AS1411-aptamer conjugated liposomes loaded with 5-FU, which could represent an ex-
cellent alternative for the treatment of BCC in the early stages. In our previous article [26],
we highlighted the advantages of using liposomes as drug delivery systems but also the
possibilities to modify their surface to target cancer cells. From this previous study [26], it
appeared that the L4Apt-5FU sample, having a lipoid PC/cholesterol/DSPE-PEG-malei-
mide ratio of 10/6/1.5, 1.5 mmol AS1411 aptamer, 15 mg/mL 5-FU and a mean diameter of
182 nm, represents the optimal combination in terms of lipid composition, lipids/drug
ratio and size. Consequently, three different types of topical formulations (one crosslinked
gel, one polymeric physical gel and one cream) were prepared and the previously well-
characterized drug-loaded liposomes were incorporated in order to demonstrate their
possible application for the efficient treatment of BCC.

2. Materials and Methods
2.1. Materials

Cholesterol (CHOL), Tris(2-carboxyethyl)phosphine hydrochloride (TCEPeHCI)
and 5-fluorouracil (5-FU) were purchased from Alfa Aeser, part of Thermo Fisher Scien-
tific, Kandel, Germany. Lipoid E PC S (Egg Yolk Phosphatidylcholine content: 2 96%) (PC)
was received as a gift sample from Lipoid GmbH, Ludwigshafen, Germany, DSPE-PEG-
maleimide (DSPE-PEG-MAL) from Iris Biotech GmbH, Marktredwitz, Germany DNA ap-
tamer (AS1411-SH) was purchased from Integrated DNA Technologies, BVBA, Leuven,
Belgium, chloroform and Triton X were obtained from VWR International Ltd., Lutter-
worth, United Kingdom. Alginic acid sodium salt (high viscosity), hyaluronic acid sodium
salt from Streptococcus equi, glycerol, calcium chloride, Strat-M® Membrane (transdermal
diffusion test model) 25 mm, isopropanol, MTT powder (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), PEG 400 and Pluronic F-108 were purchased from Sigma-
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Aldrich. Almond oil, Monoi de Tahiti oil, Olliva emulsifying agent, plant-based collagen
and Cosgard were acquired from Elemental SRL, Oradea, Romania. Epidermal tissues,
small size (0.5 cm?), maintenance medium and growth medium were purchased from
EPISKIN SA, Lyon, France. Basal cell carcinoma cell line TE 354.T was purchased from
ATCC® and the supplies: Dulbecco’s modified growth medium (DMEM), streptomycin
and penicillin from Biochrom AG, Germany and fetal bovine serum (FBS) from Sigma,
Germany.

2.2. Preparation Methods
2.2.1. Preparation of Aptamer-Conjugated Liposomes Loaded with 5-Fluorouracil

The liposomes were prepared by film hydration method followed by sequential ex-
trusion and the AS1411 Aptamer was conjugated on the surface of liposomes as previ-
ously described [26]. The sample that was used in this study for the preparation of the
liposome-loaded transdermal formulations is L4Apt-5FU-15, abbreviated as L4. This sam-
ple has the following composition: 10 mmol PC; 6 mmol Chol; 1.5 mmol DSPE-PEG-Mal;
1.5 mmol AS1411 and was loaded with 15 mg/mL 5-FU. The mean diameter of the chosen
sample was determined by dynamic light scattering and its value was 182 + 27 nm.

2.2.2. Topical Formulations Preparation

Three different types of topical formulations were prepared in order to incorporate
the optimized L4 sample.

Gel formulation G1 was obtained as a full-interpenetrating alginic acid sodium salt
(AG)—hyaluronic acid (HA) network and was prepared by ionic gelation method based
on the ionic interaction between calcium cations and carboxylated groups of both poly-
mers. AG and HA solution was prepared by dissolving 1.5% (w/v) AG and 0.17% (w/v)
HA in 24 mL ultrapure water under continuous magnetic stirring. After complete disso-
lution of the polymers, 400 pL (0.2 mol/L) of calcium chloride was added drop by drop
under continuous stirring, until a homogeneous gel is formed. Then, 5% (w/v) glycerol,
which promotes softness, flexibility and prevents the drying out, was added drop-wise
into the formed gel under continuous magnetic stirring.

Gel formulation G2 is a thermo-reversible gel obtained from Pluronic F-108 in water.
Briefly, 3.5 g of Pluronic F-108 was dissolved in 50 mL ultrapure water, under gentle mag-
netic stirring, at room temperature. After complete dissolution of Pluronic F-108, 5.4 g
glycerol was gradually added, under continuous stirring.

The cream Cl1 is an oil-in-water emulsion in which the oil phase was obtained by
mixing 10 g of almond oil and 6.7 g of Monoi de Tahiti oil with 4 g of Olliva emulsifying
agent in a heat-resistant container. The aqueous phase was 35 mL of ultrapure water. Both
phases were placed in a water bath and heated to 70 °C temperature, with continuous
stirring. Once they reached the right temperature, they were removed from the heat
source and the two phases were combined and mixed for 3 min using an Ultraturax shaker
at 6000 rpm. To accelerate cooling, the composition was placed in a cold water crystallizer
and stirred for 3 min. In the cooled composition were gradually added 1.35 g plant-based
collagen and 0.45 g Cosgard with thorough mixing after each component. The resulting
cream was transferred to a dedicated container.

Finally, the L4 liposomes suspension (in ultrapure water) at a weight ratio of 1/2 (li-
pids/formulation) was added to all three previously prepared transdermal formulations.

2.3. Characterization
2.3.1. Rheological Studies of Topical Formulations

The rheological properties of the prepared formulations (formulations —G1, G2 and
C1 and gel formulation containing liposomes —G1-L4, G2-L4 and C1-L4) were analyzed
using a modular compact rheometer, Model MCR 302 from Anton Paar, with a cone and
plate geometry sensor. The first set of measurements was carried out at 37 °C as a function
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of the shear rate from 0 to 1000 s™'. In a second experiment, the shear rate was kept constant
at 50 s and the temperature was varied between 10 and 50 °C. Prior to all measurements,
the samples were submitted to a shear rate of 50 s for 30 s and equilibrated for 2 min at
20 °C in order to standardize their history.

2.3.2. Transdermal Diffusion Assays across Strat-M Artificial Membrane

Permeation kinetics assays were performed using a vertical Franz diffusion cell
where the two compartments are separated by a transdermal diffusion test model syn-
thetic membrane (Strat-M® membranes, 25 mm diameter). A vertical diffusion cell (VDC)
test system model HDT 1000 from Copley was used to maintain a constant temperature,
of 32 °C, which represents the normal skin surface temperature, and a constant stirring
(600 rpm). The in vitro studies were carried out taking into account the European Medi-
cines Agency guidelines [27-29]. The membrane separates the donor compartment, con-
taining either free 5-FU or drug loaded liposomes—L4 or gel formulation with drug
loaded liposomes G1-L4, G2-L4 and C1-L4, from the receptor compartment filled with 7
mL collection medium (PBS, pH 7.4). The amount of drug in the donor compartment was
0.4 mg for each tested sample. The diffusion area between the donor and receptor com-
partments was 1.766 cm? During the entire experiment, the receptor fluid was thoroughly
stirred. After elapsed times, 0.2 mL was withdrawn from the receptor compartment solu-
tion and an equal volume of fresh prethermostated PBS medium was replaced. Sink con-
ditions were maintained during the experiment and all experiments were performed in
triplicate. The drug concentrations in the receiver medium were determined using a
Nanodrop One UV-Vis spectrophotometer [30]. The cumulative amount that permeated
through the Strat-M membrane per unit area was calculated from the concentration of
drug in the receiving medium and plotted as a function of time.

2.3.3. Mathematical Modelling

When a substance (gel, cream or polymeric matrix) is in contact with water, it retains
water and it starts to hydrate from the outside to the inside. Two diffusion fronts appear:
one at the interface between the dry and hydrated substance and the second at the inter-
face with water. With the approximations that the diffusivity is constant in time and no
erosion takes place, the Fick’s law is given by the Korsmeyer and Peppas equation:

Mi_ o
Moo KP

where:

- t=the time of drug release,

- M: = the amount of drug delivered at time t,

- M- = the total amount of drug delivered after an infinite time interval,

- kkp = a kinetic constant, a measure of release rate,

- n=adiffusional exponent that provides an indication of the mechanism of drug re-
lease.

The value of n up to 0.5 reveals a Fickian diffusion, 0.5-1.0 an anomalous (non-Fick-
ian) transport (i.e., a mixed diffusion and chain relaxation mechanisms) and 1.0 means a
Case II transport (zero order) [31]. A value of n greater than 1 reflects the so-called Super
Case II-transport [32]. The n values, below 0.5, are associated to drug diffusion through a
partially swollen matrix and through water filled pores [33].

2.3.4. In Vitro Evaluation of Topical Formulations Biocompatibility with Blood Compo-
nents

In vitro evaluation of topical formulations biocompatibility with blood components
was performed using a spectrophotometric method [34,35], already presented in detail in
our previous study [26]. Basal cell carcinoma can cause lesions that often look like open
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sores, red patches, pink growths, shiny bumps or scars [36,37], so the formulations will
inevitably come in contact with blood. We considered that it is of great significance to
perform the hemolysis assay because the liposomal formulations will be administered on
the skin to the affected area.

All three topical formulations, containing the drug-loaded liposomes G1-L4, G2-L4
and C1-L4 in normal saline solution (2 mL) were added to 2 mL of RBC suspension to
obtain a concentration of 0.2 mg/mL. The protocol details are described in the Supporting
Information section.

2.3.5. The Skin Irritation Potential of the Topical Formulations

The skin irritation potential of the topical formulations was evaluated using the re-
constructed human epidermis SkinEthic™ RHE tissues, which closely mimics the bio-
chemical and physiological properties of the upper parts of the human skin, in its overall
design. The experimental procedure followed to determine if the topical formulations ob-
tained induce skin irritation was the Episkin validated protocol for EpiSkinTM Small
Model [38]. The first step after receiving the tissues was to transfer them from agarose to
growth medium in 6-well plate (1 mL/well) for overnight at 37 + 2 °C, 5% + 1% CO:z and 2
90% humidity. The tissues were transferred the next day to maintenance medium in 24-
well plates (300 uL/well) and then were added 10 pL of each topical formulation, in trip-
licate, to the surface. The sample L4-Apt, G1, G2 and C1 are without 5-FU. The other 5
samples (5-FU; L4Apt-5FU; G1-L4Apt-5FU; G2-L4Apt-5FU; C1-L4Apt-5FU) had the
same concentration of 5-FU. After 15 min incubation at room temperature, the tissues
were thoroughly rinsed with PBS and transferred into MTT solution 1 mg/mL (300
uL/well; 24-well plates) where they were incubated for 3 h + 15 min (37 +2 °C, 5% + 1%
CO: and = 90% humidity). The formazan extraction was done by immersing the inserts in
750 uL isopropanol and adding another 750 pL on the top of each tissue (extraction from
top and bottom of insert). After 2 h with gentle shaking at RT the inserts were perforated
to homogenize the formazan extract. Quantification of formazan extract was achieved
spectrophotometrically at 570 + 30 nm.

2.3.6. Cell Viability Assessment by MTT Method

The human basal carcinoma cell line TE 354.T (ATCC® CRL-7762™) was grown in
Dulbecco’s modified growth medium (DMEM, Biochrom AG, Berlin, Germany), contain-
ing 10% (v/v) fetal bovine serum (FBS, Sigma, Germany), 100 pug/mL streptomycin (Bio-
chrom AG, Berlin, Germany), 100 units/mL penicillin (Biochrom AG, Berlin, Germany)
and maintained in a humidified atmosphere (approximately 95% air) containing 5% CO:
at 37 °C.

The cells were trypsinized in conformity with standard trypsinization procedure
with trypsin/EDTA, subsequent being counted and resuspended in 96-well microplates (8
x 103 cells/well), in the same temperature and humidity conditions. After monolayer for-
mation (24 h), the cells were treated for 24 and 48 h with the samples without drug loaded:
L4 without 5FU (25-100 pg/mL), C1, G1 and G2 (50-200 ug/mL) and the samples loaded
with 5-FU: C1-L4, G1-L4, G2-L4 (50-200 pug/mL) and the 5-FU (25-200 pg/mL). After
treatment, the samples were processed by MTT assay [39-41], the absorbance being meas-
ured at 570 nm using the Biochrom EZ Read 400 microplate automatic reader. The viabil-

ity of the cells (%) was calculated using formula:
Cell viability (%) = L% Test 100 2
*
ell viability (% BScoror (2)

where Abs is absorbance.
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2.3.7. Apoptosis Assay

The apoptosis of human basal carcinoma cells (TE 354.T) was investigated at 24 and
48 h after the treatment with the obtained samples by Annexin V-FITC/propidium iodide
assay [26,42]. For apoptosis analysis by flowcytometry, the cells were detached, washed,
resuspended in binding buffer and stained with AnnexinV-FITC and propidium iodide.
The flowcytometric acquisition was performed using Beckman Coulter Cell Lab
QuantaSC equipment and appropriate excitation and emission filters were used. The raw
data were analyzed with FCSalyzer software.

2.3.8. Statistical Analysis

The statistical significance of cytotoxic activity was analyzed by the unpaired Stu-
dent’s f-test (GraphPad Prism version 8). The values are expressed as mean + SE of three
parallel measurements [43], and the significance different from control was noted by as-
terisks (* p < 0.05, ** p <0.01 and *** p <0.001).

3. Results and Discussion

Topical formulations are useful when the BCC is superficial and does not extend very
deep into the skin. Schematic representation of the possible action mechanism of the ob-
tained topical formulations to treat BCC is shown in Figure 1.
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Figure 1. Schematic illustration of the mechanism of action to treat BCC.

Liposomes composed of PC, Chol and DSPE-PEG-MAL were prepared, and then ap-
tamer AS1411 that specifically targets tumor cells were conjugated onto the surface of lip-
osomes. Topical formulations containing drug-loaded aptamer functionalized liposomes
were manufactured by procedures that do not compromise the performance of the drug
and which are reproducible.

3.1. Rheological Studies of Topical Formulations

Figure 2 shows the variation of the apparent viscosity as a function of shear rate at a
constant temperature of 37 °C for the G1 gel in the absence and in the presence of lipo-
somes.
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Figure 2. Variation of the apparent viscosity as a function of the shear rate at 37 °C.

Table 1 shows the apparent viscosity values for all the obtained formulations, in the
absence and in the presence of liposomes, as a function of temperature.

Table 1. Apparent viscosity values as a function of shear rate and temperature.

Viscosity x 10-% (mPa.s)

Parameter G1 G114 G2 G214 c1 Cl-14
50 412 411 0.97 091 3.63 3.62
. 100 227 225 0.97 092 1.82 1.82
Shear/:;’ te 200 1.52 151 0.98 092 0.77 0.78
300 118 117 0.97 091 0.50 0.49
400 099 0.98 0.97 092 038 037
Temveratures 20 643 591 022 024 155 150
Pfg ure 30 671 6.01 0.12 0.14 141 128
( 40 633 557 0.09 0.09 145 136

2 performed at 37 °C, b performed at a shear rate of 50 s

The study of the rheological properties of these drug-loaded formulations as a func-
tion of shear rate and temperature is important because the rheological properties of drug-
loaded formulations may affect the release kinetics of the drug.

From Figure 2 it appears that the incorporation of liposomes has no influence on the
viscosity of the G1 gel. Moreover, it can also be observed that the apparent viscosity de-
creases with the increase of the shear rate, for both analyzed samples, which demonstrates
a shear thinning behavior. The change of the obstacle and the friction between the polymer
chains can produce this tendency of viscosity. Moreover, this shear thinning behavior can
be an advantage for the topical application of the obtained formulations. The data re-
ported in Table 1, for shear rate values at 37 °C between 50 and 400 (s), indicate that the
formulation G1 and C1, in the absence or with incorporated liposomes, have a shear thin-
ning effect with an important decrease of the viscosity as a function of the shear rate. In
contrast, sample G2 gel has a Newtonian behavior characterized by a constant viscosity
in the studied shear rate range. As a function of the temperature at a shear rate of 50 s, it
can be noted that formulations G1 and C1 have almost similar behaviors, with an almost
constant viscosity in the temperature range from 20 to 40 °C. On the contrary, the viscosity
of the G2 formulation decreased drastically with temperature. Given that G2 is a physical
gel obtained by intra and intermolecular hydrogen bonds we can conclude that this de-
crease may be due to the destruction of hydrogen bonds in the gel structure [37].
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3.2. In vitro Transdermal Diffusion Assays

The 5-FU permeation profiles across the artificial membrane Strat-M® from free 5-FU
solution and drug-loaded liposomes over a time period of 24 h is presented in Figure S1.

Figure 3 presents the 5-FU permeation profiles across the artificial membrane Strat-
M® from drug-loaded liposomes incorporated into the topical formulations over a time
period of 24 h.

4 N
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Figure 3. In vitro permeation profiles (ug/cm?) of 5-FU across Strat-M membrane in phosphate buffer solution (pH 7.4)
from topical formulations with drug loaded liposomes.

Synthetic membranes for in vitro permeation studies were originally developed to be
used as an alternative to animal or human skin models. Some advantages of using a syn-
thetic membrane are: controlled membrane thickness, faster membrane preparation time,
low storage space and relatively low cost [44]. In this study, 5-FU-loaded aptamer func-
tionalized liposomes were incorporated in gel/cream formulations and tested in order to
demonstrate the potential applicability in cancer treatment.

As can be observed from the Figure 3, the permeability of 5-FU decreased when the
drug-loaded functionalized liposomes are incorporated into G1 and C1 formulations and
increase when are incorporated into G2 formulations.

3.3. Mathematical Modeling

The Korsmeyer Peppas equation was considered the most appropriate to model the
drug release because the experimental release kinetics showed that, in the considered time
interval, the drug release does not reach the equilibrium phase, the hydration process be-
ing in progress, i.e., the swelling degree has not reached the plateau [31,45]. The efficiency
of drug release was calculated considering the diffusion surface between compartments
equal with 1.766 cm? and approximating that the total amount of drug delivered after an
infinite time interval is equal with the amount of loaded drug, i.e., 0.4 mg.

The Korsmeyer Peppas parameters achieved by fitting are presented in Table 2:

Table 2. The Korsmeyer Peppas parameters achieved by fitting.

Sample kkp n
G1-L4 1.088 x 103 0.518
G2-1L4 3.245 % 103 0.510
C1-L4 1.986 x 103 0.521

L4 2.963 x 103 0.492

The theoretical and experimental release profiles, with correlation factors higher than
0.985, are shown in Figure 4.
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Figure 4. The theoretical and experimental release profiles for G1-L4 (A), G2-L4 (B), C1-L4 (C) and L4 (D).

One can see from Table 2 that the sample that exhibited a drug release mechanism
different from the othersis the 5-FU-loaded L4 suspension. In this case, 5-FU diffused only
through liposomes membrane whereas for the other ones (G1-L4, G2-L4 gels and C1-L4
cream) an anomalous (non-Fickian) drug transport takes place through simultaneous dif-
fusion and chain relaxation mechanisms.

In addition, the Korsmeyer Peppas equation offers information about the release rate,
through kke. The highest value was obtained for the G2-L4 sample, comparable with L4,
suggesting that G2 gel accelerates the drug release. For the other two samples, the release
rate was much lower, indicating that the G1 gel and C1 cream slowed down the release
rate.

3.4. In Vitro Evaluation of Topical Formulations Biocompatibility with Blood Components

Results of hemolytic toxicity assay of drug-loaded liposomes and gel/cream formu-
lations after 5 h of incubation, at concentration of 0.2 mg/mL are reported in Figure S2.

The results showed that all tested formulations were found to be lower than 5% he-
molysis for all tested concentrations, at all three tested time intervals.

The hemolysis test was performed in order to determine if the formulations obtained
can be used as safe topical formulations even if the surface on which they are applied has
lesions that reach to the dermis, the deeper layer of the skin that is very well vascularized.
This test can also provide information on the biocompatibility of these topical formulations.

A sample is considered as hemolytic if the hemolytic percentage is above 5% [46].
The hemolysis caused by the tested samples was less than 5% for all tested concentrations,
at all tested times, thus proving that the obtained topical formulations are biocompatible
and can be safely spread on the skin.

3.5. The Skin Irritation Potential of the Topical Formulations

In vitro irritation tests were carried out in order to evaluate the skin irritation potency
of the obtained topical formulations by evaluating the cell viability. The reduction of cell
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viability in treated tissues was compared to negative control (NgC) and expressed as a
percentage value.

In Figure 5 are represented the viability percentages obtained after tissue treatments
with 10 uL from each topical formulation.

4 N

Mean tissue viability >50% — Non Irritant (NI)
Mean tissue viability <50% — Irritant (I)

67.83

Viability %

N Vv N
SEEPC S ST G O S

X
i o
N N N N

O\' C;\/ O\

Figure 5. In vitro cell viability in SkinEthic™ RHE tissues treated with different formulations.

Irritant formulations have been identified by their capacity to decrease cell viability be-
low established threshold levels (below or equal to 50%, for UN GHS Category 2) [47,48]. As
illustrated in Figure 5, the sample L4 without 5-FU, G1 and G1-L4, G2 and G2-L4 proved
to be non-irritant whereas the samples L4 loaded with 5-FU, C1, C1-L4 and free 5-FU have
an irritant effect. These results demonstrate that the obtained gel formulations G1 and G2,
with and without immobilized liposomes, are safe to be use in contact with the skin.

3.6. Cell Viability Assessment by the MTT Method

In vitro studies on TE 354.T tumor cell cultures were carried out in order to investi-
gate the biocompatibility of the prepared formulations, using several doses ranging from
25 to 200 pug/mL. Moreover, the efficacy of cytostatic activity of these 5-FU-loaded formu-
lations for targeted antitumor therapy was assessed. The samples tested, for 24 and 48 h,
were the carriers: L4, C1, G1, G2 and the topical formulations: C1-L4, G1-L4 and G2-L4.
The obtained results are presented in Figures S3 and 6.

Treatment for 24 h with the studied samples was materialized by a negligible cyto-
toxic effect on the TE 354.T tumor cells, the values of the cell viability being included, at
the maximum doses administered for each compound, in the range of 77.80-90.74%, the
most cytotoxic being the G1 gel, situation, which is also maintained after 48 h of treatment,
as illustrated in Figure S3.
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Figure 6. Effect of 24 and 48 h treatment, with different concentrations (ug/mL) of 5-FU and C1-L4, G1-L4 and G2-L4
complexes on the viability of TE 354.T neoplastic cell cultures (significance different from control: * p <0.05, ** p <0.01 and

***p <0.001).

Treatment for 24 h with tested formulations resulted in a progressive decrease, in a
dose-dependent manner, of cell viability, the tendency becoming more pronounced for
the 48 h treatment. Thus, analyzing Figure 6, it was found, at the maximum used doses, a
cytotoxic effect of 65.42% for C1-L4, of 56.53% for G1-L4—values above the 50% mini-
mum threshold recommended by in vitro screening programs [49-51] and of 40.4% for
G2-14.

5-FU strongly interfered, especially after 48 h of treatment, with cell viability, having
a noticeable cytotoxic effect, of 73.93%, at a maximum dose of 200 ug/mL. As expected,
this value exceeds by far the minimum threshold of 50% recommended by in vitro screen-
ing programs.

These results are in accordance with the literature data concerning the optimization
of the antitumor efficiency of 5-FU by loading in different types of liposomes. Thus, recent
studies have formulated 5-FU-loaded pH-sensitive liposomal nanoparticles (pHLNps-5-
FU) and have demonstrated their effectiveness against HCT-116 and HT-29 cell lines [52].
These two cell lines treated with pHLNps-5-FU have manifested reduced viability, two or
three times lower than that of 5-FU-treated cells. Another recent study, focused on iden-
tification of new carriers for drug delivery systems with a high level of biocompatibility,
revealed that some lipid nanocapsules (LNCs) loaded with 5-FU had an increased cyto-
toxic effect on 9L glioma and HTC-116 human colorectal cancer cell line compared to 5-
FU or 5-FU modified with lauric acid (5-FU-C12) [53].

Recent studies are focused on the use of two or more antitumor compounds by en-
capsulating them in colloidal structures that allow the release of drugs in a specific area.
Thus, Cosco et al. [54] by coencapsulation of 5-FU and resveratrol in ultradeformable lip-
osomes enhanced the anticancer activity on skin cancer cells both compared to the free
drug and compared to single entrapped agents by blocking the cell proliferation in the
G1/ S phase leading to intensification of resveratrol activity and modulation of the 5-FU
effect. Similar results were obtained by Calienni et al. [55] by incorporating 5-FU into ul-
tradeformable liposomes based of soy phosphatidylcholine and sodium cholate (UDL-
5FU), the nanoformulation being more toxic on human melanoma than on a human
keratinocyte cell line.
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3.7. Apoptosis Assay

The treatment, during 48 h (Figure 7B), with the carriers L4 100, G1 200 and G2 200,
has induced only a minor effect on cell viability but also on the other correlated parame-
ters (dead, preapoptotic and apoptotic cells). The cell viability in the presence of sample
C1 was reduced with a corresponding increase in the frequency of apoptotic cells (Figure
7B). The loading of the carriers with 5-FU determined the reduction of cell viability due
to the increase in frequency of preapoptotic and apoptotic cells, with variable amplitudes
between the analyzed samples, the largest being induced by the C1-L4 and G1-L4 formu-
lations at a dose of 200 pg/mL.

The treatment with 5-FU at a dose of 200 pg/mL resulted in a significant reduction in
cell viability and a considerable increase in the frequency of dead and apoptotic cells, ac-
companied by a small amplitude reduction in the case of the preapoptotic cells, thereby
confirming the expression of the cytotoxic effect through the apoptosis mechanism.
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Figure 7. Percentage distribution of the viable, dead, apoptotic and preapoptotic cells after 24 h (A) and 48 h (B) as quan-
tified by Annexin V-FITC and propidium iodide in apoptosis assay according to every experimental treatment.

The analysis of the apoptosis process in the case of different topical formulations al-
lowed the recording of variations in the intensity of the apoptotic process, but the effects
are transient, and compared to those induced by 5-FU, of smaller amplitude.

A cytotoxic impact similar to that of free 5-FU was recorded after 48 h of incubation
with the samples C1-L4 and G1-L4 (Figure 7B). This result may recommend the applica-
tion of these two samples as potential drug delivery systems for antitumor therapy.

Cosco et al. [54], using the TUNEL assay and evaluation of caspase 3 activity, showed
anticancer synergistic effect of 5-FU and RSV coencapsulated in ultradeformable vesicles
by promoting a significant apoptotic effect upon Colo-38 human cancer cells, the process
being correlated to a high incidence of DNA fragmentation. Moreover, Calienni et al. [55]
proved that 5-FU loaded into ultradeformable liposomes composed of soy phosphatidyl-
choline and sodium cholate (UDL-5FU) determinates a higher level of apoptosis process
than free 5FU in the SK-Mel-28 melanoma cell lines.

4. Conclusions

This study aimed to found the optimum topical formulation designed to actively tar-
get tumor cells and to deliver in a sustained and controlled manner an antitumoral drug
to the tumor site in order to increase the compliance of patients with basal cell carcinoma.
All tested topical formulations have good compatibility with the bloodstream but not all
have demonstrated non-irritating potential, 5FU-loaded liposomes and the cream-like
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formulation showed a weak irritating potential. The permeability tests of the drug
through the artificial membrane Strat M revealed an increase of the permeability of the
drug in the case of liposomes incorporated in the G2 gel compared to the free liposomes.
The apoptosis tests confirm the good compatibility of the new synthesized complex sys-
tems, the degree of tolerability being in the order L4 > C1 = G2 > G1. It can be seen that the
incorporation of AS1411 aptamer-functionalized liposomes with the C1 cream and G1 gel
exerts a cytotoxic impact closer to that of free 5-FU, which recommends them to be used
as efficient drug delivery systems, thus contributing to the improvement of the therapeu-
tic efficacy of antitumor therapy. Finally, it can be admitted that the optimum topical for-
mulation from all points of view is the G1 gel based on biocompatible AG and HA, which
appeared to have favorable biosafety effects and may be used as a new therapeutic ap-
proach for the treatment of basal cell carcinoma.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/pharmaceutics13060866/s1, Figure S1: In vitro permeation profiles (ug/cm?) of 5-FU
across Strat-M membrane in phosphate buffer solution (pH 7.4) from free 5-FU solution and drug-
loaded liposomes L4, Figure S2: In vitro RBCs lysis of liposome and liposomes formulation loaded
with 5-FU, Figure S3.: Effect of 24 and 48 h treatment, with different concentrations (ug/mL) of L4,
Cl1, G1, and G2 formulations on the viability of TE 354.T tumor cell cultures (significance different
from control: * p <0.05, ** p <0.01, and ** p <0.001).

Author Contributions: Conceptualization and methodology, A.N.C., D.M.R,, LI.A. and M.P.; for-
mal analysis and investigation, AN.C., D.M.R,, C.T.M., S.EB., LILA. and M.P.; writing —original
draft preparation, A.N.C.; writing —review and editing, D.M.R., L.LA. and M.P.; supervision, M.P.;
project administration, M.P.; funding acquisition, M.P. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This work was supported by a grant of Romanian Ministry of Research and Innovation,
CNCS-UEFISCD], project number PN-III-P4-ID-PCE-2016-0613, within PNCDI III.

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

Data Availability: The raw/processed data required to reproduce these findings cannot be shared
at this time due to technical or time limitations. Data will be made available on request.

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

References

1.

10.
11.
12.
13.

Skin cancer statistics. Available online: https://www.wcrf.org/dietandcancer/cancer-trends/skin-cancer-statistics (accessed on
03/05/2021).

Alam, M.; Goldber, L.H.; Silapunt, S.; Gardner, E.S.; Strom, S.S.; Rademaker, A.W.; Margolis, D.]J. Delayed treatment and con-
tinued growth of nonmelanoma skin cancer. J. Am. Acad. Dermatol. 2011, 64, 839-848.

Cives, M.; Mannavola, F.; Lospalluti, L.; Sergi, M.C.; Cazzato, G.; Filoni, E.; Cavallo, F.; Giudice, G.; Stucci, L.S.; Porta, C.; et al.
Non-Melanoma Skin Cancers: Biological and Clinical Features. Int. J. Mol. Sci. 2020, 21, 5394.

McGillis, S.T.; Fein, H. Topical treatment strategies for non-melanoma skin cancer and precursor lesions. Semin. Cutan. Med.
Surg. 2004, 23, 174-183.

Firnhaber, ].M. Diagnosis and treatment of basal cell and squamous cell carcinoma. Am. Fam. Physician. 2012, 86, 161-168.
Sharquie, K.E.; Noaimi, A.A. Basal cell carcinoma: Topical therapy versus surgical treatment. J. Dermatol. Dermatol. Surg. 2012,
16,41-51.

Lopez, RF.; Lange, N.; Guy, R.; Bentley, M.V. Photodynamic therapy of skin cancer: Controlled drug delivery of 5-ALA and its
esters. Adv. Drug Deliv. Rev. 2004, 56, 77-94.

Taveira, S.F.; Lopez, RF.V. Topical administration of anticancer drugs for skin cancer treatment. In Skin Cancer —Risk Factors,
Prevention and Therapy; La Porta, C., Ed.; InTech: Rijeka, Croatia, 2011; pp. 247-272.

Shende, P.; Vaidya, J.; Gaud, R.S. Pharmacotherapeutic approaches for transportation of anticancer agents via skin. Artif. Cells
Nanomed. Biotechnol. 2018, 46, S423-5433.

Aldara. Available online: https://www.drugs.com/aldara.html (accessed on 03/05/2021).

Carac. Available online: https://www.drugs.com/mtm/carac.html (accessed on 03/05/2021).

Fluoroplex. Available online: https://www.drugs.com/mtm/fluoroplex.html (accessed on 03/05/2021).

Efudex. Available online: https://www.drugs.com/mtm/efudex.html (accessed on 03/05/2021).



Pharmaceutics 2021, 13, 866 14 of 15

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

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

Uchechi, O.; Ogbonna JDNAttama, A.A. Nanoparticles for dermal and transdermal drug delivery. In Application of Nanotechnol-
ogy in Drug Delivery; Sezer, A.D., Ed.; InTech, Rijeka, Croatia, 2014; pp. 193-235.

Gupta, S.; Bansal, R.; Gupta, S.; Jindal, N.; Jindal, A. Nanocarriers and nanoparticles for skin care and dermatological treatments.
Indian Dermatol. Online J. 2013, 4, 267-272.

Gupta, V.; Trivedi, P. Dermal Drug Delivery for Cutaneous Malignancies: Literature at a Glance. J. Pharm. Innov. 2016, 11, 1-33.
Sapkota, R.; Dash, A.K. Liposomes and transferosomes: A breakthrough in topical and transdermal delivery. Ther Deliv. 2021,
12, 2.

Sabitha, M.; Rejinold, N.S.; Nair, A.; Lakshmanan, V.-K.; Nair, S.V.; Jayakumar, R. Development and evaluation of 5-fluorouracil
loaded chitin nanogels for treatment of skin cancer. Carbohydr. Polym. 2013, 91, 48-57.

Tiwari, R; Tiwari, G.; Wal, A.; Gupta, C. Liposomal delivery of 5 Fluorouracil and Tretinoin: An Aspect of Topical treatment of
skin warts. ARS Pharm. 2019, 60,,139-146.

Maghfour, J.; Kuraitis, D.; Murina, A. Intralesional 5-Fluorouracil for Treatment of Non-Melanoma Skin Cancer: A Systematic
Review. J. Drugs Dermatol. 2021, 20, 192-198.

Manalo, LF.; Lowe, M.C.; Nelson, K.C.; Chen, S.C. Triple therapy with intralesional 5-fluorouracil, chemowraps, and acitretin:
A well-tolerated option for treatment of widespread cutaneous squamous cell carcinomas on the legs. JAAD Case Rep. 2019, 5,
1051-1054.

Voiculescu, V.M,; Lisievici, C.V.; Lupu, M.; Vajaitu, C.; Draghici, C.C.; Popa, A.V.; Solomon, L; Sebe, T.I.; Constantin, M.M.;
Caruntu, C. Mediators of Inflammation in Topical Therapy of Skin Cancers. Mediat. Inflamm. 2019, 2019, 8369690.

Morse, L.G.; Kendrick, C.; Hooper, D.; Ward, H.; Parry, E. Treatment of Squamous Cell Carcinoma with Intralesional 5-Fluor-
ouracil. Dermatol. Surg. 2003, 29, 1150-1153.

Mercuri, S.R.; Brianti, P.; Dattola, A.; Bennardo, L.; Silvestri, M.; Schipani, G.; Nistico, S.P. COz2 laser and photodynamic therapy:
Study of efficacy in periocular BCC. Dermatol. Ther. 2018, 31, e12616.

Cadinoiu, A.N.; Rata, D.M.; Atanase, L.I.; Daraba, O.M.; Gherghel, D.; Vochita, G.; Popa, M. Aptamer-Functionalized Liposomes
as a Potential Treatment for Basal Cell Carcinoma. Polymers 2019, 11, 1515.

Guideline on the Pharmacokinetic and Clinical Evaluation of Modified Release Dosage forms (EMA/CPMP/EWP/280/96 Corr1). Avail-
able online: https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-pharmacokinetic-clinical-evaluation-modified-
release-dosage-forms_en.pdf (accessed on 03/05/2021).

ICH Guideline Q8 (R2) on Pharmaceutical Development (EMA/CHMP/ICH/167068/2004). Available online: https://www.ema.eu-
ropa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuti-
cals-human-use_en-11.pdf (accessed on 03/05/2021) .

Guideline on Quality of Transdermal Patches (EMA/CHMP/QWP/ 608924/2014). Available online: https://www.ema.eu-
ropa.eu/en/documents/scientific-guideline/guideline-quality-transdermal-patches_en.pdf (accessed on 03/05/2021).

Daraba, O.M.; Cadinoiu, A.N.; Rata, D.M.; Atanase, L.I.; Vochita, G. Antitumoral Drug-Loaded Biocompatible Polymeric Nano-
particles Obtained by Non-Aqueous Emulsion Polymerization. Polymers. 2020, 12, 1018.

Bacaita, E.S.; Ciobanu, B.C.; Popa, M.; Agop, M.; Desbrieres, J. Phases in the temporal multiscale evolution of the drug release
mechanism in IPN-type chitosan based hydrogels. Phys. Chem. Chem. Phys. 2014, 16, 25896—25905.

Korsmeyer, RW.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanism of solute release from porous hydrophilic polymers.
Int. ]. Pharm. 1983, 15, 25-35.

Ozyazici, M.; Gokge, E.H.; Ertan, G. Release and diffusional modeling of metronidazole lipid matrices. Eur. . Pharm. Biopharm.
2006, 63, 331-339.

Ratd, D.M.; Cadinoiu, A.N.; Atanase, L.I; Bacaita, S.E.; Mihalache, C.; Daraba, O.M.; Popa, M. “In vitro” behaviour of aptamer-
functionalized polymeric nanocapsules loaded with 5-fluorouracil for targeted therapy. Mater. Sci. Eng. C 2019, 103, 109828.
Alupei, L,; Lisa, G.; Butnariu, A.; Desbrieres, ].; Cadinoiu, A.N.; Peptu, C.A.; Calin, G.; Popa, M. New folic acid-chitosan deriva-
tives based nanoparticles—Potential applications in cancer therapy. Cell Chem. Technol. 2017, 51, 631-648.

Severino, P.; Fangueiro, J.F.; Ferreira, S.V.; Basso, R.; Chaud, M.V_; Santana, M.H.A.; Rosmaninho, A.; Souto, E.B. Nanoemulsions
and nanoparticles for non-melanoma skin cancer: Effects of lipid materials. Clin. Transl. Oncol. 2013, 15, 417-424.

Rata, D.M.; Cadinoiu, A.N.; Atanase, L.I.; Popa, M.; Mihai, C.T.; Solcan, C.; Ochiuz, L.; Vochita, G. Topical formulations contain-
ing aptamer-functionalized nanocapsules loaded with 5-fluorouracil — An innovative concept for the skin cancer therapy. Mater.
Sci. Eng. C 2021, 119, 111591.

The Episkin Validated Protocol for EpiSkin™ Small Model. Available online: https://www.episkin.com/skin-irritation (accessed
on 03/05/2021).

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55-63.

Laville, N.; Ait-Aissa, S.; Gomez, E.; Casellas, C.; Porcher, ].M. Effects of human pharmaceuticals on cytotoxicity, EROD activity
and ROS production in fish hepatocytes. Toxicology 2004, 196, 41-55.

Stockert, ].C.; Blazquez-Castro, A.; Canete, M.; Horobin, R.W.; Villanueva, A. MTT assay for cell viability: Intracellular localiza-
tion of the formazan product is in lipid droplets. Acta Histochem. 2012,114, 785-796.

Pozarowski, P.; Grabarek, J.; Darzynkiewicz, Z. Flow Cytometry of Apoptosis. Curr. Protoc. Cell Biol. 2003, 21, 18.8.1-18.8.33.



Pharmaceutics 2021, 13, 866 15 of 15

43.
44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

Cann, A.]. Maths from Scratch for Biologists; Jon Willey & Sons Ltd.: Hoboken, NJ, USA, 2002.

Hagq, A.; Goodyear, B.; Ameen, D.; Joshi, V.; Michniak-Kohn, B. Strat-M® synthetic membrane: Permeability comparison to hu-
man cadaver skin. Int. J. Pharm. 2018, 547, 432-437.

Bacaita, E.S.; Agop, M. A multiscale mechanism of drug release from polymeric matrices: Confirmation through a nonlinear
theoretical model. Phys. Chem. Chem. Phys. 2016, 18, 21809-21816.

Li, X,; Yang, Z.; Yang, K.; Zhou, Y.; Chen, X.; Zhang, Y.; Wang, F.; Liu, Y.; Ren, L. Self-Assembled Polymeric Micellar Nanopar-
ticles as Nanocarriers for Poorly Soluble Anticancer Drug Ethaselen. Nanoscale Res. Lett. 2009, 4, 1502-1511.

OECD Guidelines for the Testing of Chemicals. Available online: http://www.oecd.org/env/ehs/testing/tg439-revised-in-
vitro-skin-irritation-reconstructed-human-epidermis-test-method.pdf (accessed on 03/05/2021).

United Nations (UN). Globally Harmonised System of Classification and Labelling of Chemicals (GHS); New York and Geneva.
Seventh Revised Edition. Available online: https://www.unece.org/trans/danger/publi/ghs/ghs_rev07/07files_e0.html (ac-
cessed on 03/05/2021).

Leiter, J.; Abbott, D.].; Schepartz, S.A. Screening data from the Cancer Chemotherapy National Service Center Screening Labor-
atories. XXVIII. Cancer Res. Supp. 1965, 25, 1626-1769.

Dold, U. Criteria for the evaluation of cytostatic chemotherapy. Int. J. Clin. Pharmacol. Biopharm. 1978, 16, 68-71.

De Vita, V.T., Jr.; Hellman, S.; Rosenberg, S.A. Cancer: Principles and Practice of Oncology, 7th ed.; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2004.

Udofot, O.; Affram, K.; Israel, B.; Agyare, E. Cytotoxicity of 5-fluorouracil-loaded pH-sensitive liposomal nanoparticles in colo-
rectal cancer cell lines. Integr. Cancer Sci. Therap. 2015, 2, 245-252.

Lollo, G.; Matha, K.; Bocchiardo, M.; Bejaud, J.; Marigo, L; Virgone-Carlotta, A.; Dehoux, T.; Riviere, C.; Rieu, ].P.; Briancon, S.;
et al. Drug delivery to tumours using a novel 5-FU derivative encapsulated into lipid nanocapsules. ]. Drug Target. 2019, 27, 634
645.

Cosco, D.; Paolino, D.; Maiuolo, J.; Di Marzio, L.; Carafa, M.; Ventura, C.A.; Fresta, M. Ultradeformable liposomes as multidrug
carrier of resveratrol and 5-fluorouracil for their topical delivery. Int. . Pharm. 2015, 489, 1-10.

Calienni, M.N.; Temprana, C.F.; Prieto, M.]; Paolino, D.; Fresta, M.; Tekinay, A.Y.; Del Valle Alonso, S.; Montanari, J. Nano-
formulation for topical treatment of precancerous lesions: Skinpenetration, in vitro, and in vivo toxicological evaluation. Drug
Deliv. Transl. Res. 2018, 8, 496-514.



