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Preface to "Function of Polymers in Encapsulation
Process”

Encapsulation technology comprises enclosing active agents (core materials) within a
homogeneous/heterogeneous matrix (wall material) at the micro/nano scale. In the last few years
encapsulation has gained a lot of interest. Using this process, a physical barrier is developed
between the inner substance and the environment which, on one hand, prevents its degradation
and facilitates its handling and transportation and, on the other hand, allows the controlled release
of the core material in a certain ambiance. Polymers may be used to trap the material of interest
inside the micro/nano-capsules. Such encapsulated systems have many applications in the fields of
the food industry, drug delivery, agriculture, cosmetics, coatings, adhesives, and so forth. Various
biopolymers, such as alginate, chitosan, carrageenan, gums, gelatin, whey protein, or starch, act as
a barrier against external conditions. Encapsulation in biodegradable polymers can also enhance
the permeability and stability of the active agent and, thus, its bioavailability. Choosing the right
polymer is very important in this process due to its impact on target delivery and controlled release,
and, therefore, on the bioavailability of active agents. It should have the necessary properties,
such as being non-reactive with the active agent, flexibility, stability, strength, and impermeability.
If the active agent has application in the food industry, the used polymer should be “generally
recognized as safe” (GRAS), biodegradable, and capable of preserving the encapsulated material from
the atmosphere.

There are a number of chemical, physical or mechanical processes available for encapsulation
such as emulsion-solvent evaporation/extraction methods, coacervation-phase separation, spray
drying, interfacial and in situ polymerization. The choice of a particular technique depends on
the attributes of the polymer and the active agent. There are still many aspects to be developed
in this field, which offer new challenges and breakthrough opportunities. The main objective of
this interdisciplinary book is to bring together, at an international level, a high-quality collection of
reviews and original research articles dealing with the importance of natural or synthetic polymers
in encapsulation processes and their applications. A deep understanding and relevant theoretical
calculations for exploring the functions of the materials (involved in the formulations) have also been
obtained by fundamental investigations. We believe that the present book has explored the latest
research on the function of polymers in encapsulation technology including fundamental theory and
experiments together with reviews and articles. More efficient designs and preparation processes,
as well as further understandings of the interfacial chemistry of encapsulated materials within the
polymeric systems, are still needed.

The main aim of the book is to inspire and to guide scientists in this field. For the industrial
establishments, the book also presents easy-to-achieve approaches that have been developed so far
and could create a platform for industrial material production.

The Editors express their appreciation to all contributors from different parts of the world that
have cooperated in the preparation of this book. In this context, this international book gives the

active reader different perspectives on the subject and encourages him/her to read the entire book.

M. Ali Aboudzadeh and Shaghayegh Hamzehlou
Editors
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Abstract: Encapsulation of the chemotherapy agents within colloidal systems usually improves
drug efficiency and decreases its toxicity. In this study, lignin (LGN) (the second most abundant
biopolymer next to cellulose on earth) was employed to prepare novel doxorubicin (DOX)-loaded
oil-in-water (O/W) microemulsions with the aim of enhancing the bioavailability of DOX. The
droplet size of DOX-loaded microemulsion was obtained as ~ 7.5 nm by dynamic light scattering
(DLS) analysis. The entrapment efficiency (EE) % of LGN/DOX microemulsions was calculated to be
about 82%. In addition, a slow and sustainable release rate of DOX (68%) was observed after 24 h for
these microemulsions. The cytotoxic effects of standard DOX and LGN /DOX microemulsions on
non-malignant (HUVEC) and malignant (MCF7 and C152) cell lines were assessed by application
of a tetrazolium (MTT) colorimetric assay. Disruption of cell membrane integrity was investigated
by measuring intracellular lactate dehydrogenase (LDH) leakage. In vitro experiments showed
that LGN /DOX microemulsions induced noticeable morphological alterations and a greater cell-
killing effect than standard DOX. Moreover, LGN/DOX microemulsions significantly disrupted the
membrane integrity of C152 cells. These results demonstrate that encapsulation and slow release
of DOX improved the cytotoxic efficacy of this anthracycline agent against cancer cells but did not
improve its safety towards normal human cells. Overall, this study provides a scientific basis for
future studies on the encapsulation efficiency of microemulsions as a promising drug carrier for
overcoming pharmacokinetic limitations.

Keywords: microemulsion; doxorubicin; in vitro; cytotoxicity; lignin (LGN)

1. Introduction

Doxorubicin (DOX) is an anthracycline and active anticancer drug that contains a
naphthacenequinone nucleus with a glycosidic bond to an amino sugar [1]. DOX is struc-
turally similar to daunorubicin except that the former contains a hydroxyl acetyl group
instead of an acetyl group at the 8-position. DOX is slightly soluble in normal saline
and sparingly soluble in alcohol, and has broad-spectrum activity against neoplasms,
lymphomas, solid tumors, and breast tumors [2]. It has been widely used as a first-line
therapy in testicular, breast, and hepatocellular carcinoma. DOX has different biomedical
applications in various chemotherapeutic regimens. It was previously applied in combina-
tion with bleomycin, dacarbazine, cyclophosphamide vincristine, and prednisone for the
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treatment of non-Hodgkin’s and Hodgkin’s lymphomas. Another application of DOX and
cyclophosphamide can be used as adjuvant therapy with or without including fluorouracil
followed by paclitaxel for breast cancer. The combination of DOX with a greater dose of
cisplatin and methotrexate has been successfully applied to treat osteogenic sarcoma [34].
DOX attachment to DNA via intercalation could inhibit the function of topoisomerase
II, resulting in disruption of DNA and RNA. The quinone group of DOX is reduced by
cytochrome P450 reductase to produce semiquinone oxygen free radicals that can attack
the cells’ DNA.

Moreover, DOX binds to cell membranes and modifies the fluidity of ion transport [5,6].
The cell membranes are permeable to the lipid-soluble anthracycline molecules with an
unprotonated sugar amino group like DOX with a pKa value of about 8.2. These compounds
have direct access to the intracellular sites in all cells, including tumor cells.

The limitations in the application of conventional DOX are its bone marrow sup-
pression, nephrotoxicity, and cardiotoxicity. The toxicity issues related to DOX limit its
long-term use for clinical purposes [7,8]. P-glycoprotein (P-gp) also shows multidrug-
resistance-associated protein-1 (MRP1)-mediated efflux that makes the tumor less respon-
sive towards DOX. The other challenges are its short half-life, poor solubility, lack of oral
dosage formulations, instability of the drugs under gastric conditions, and hepatic first-pass
effect [9,10]. Several approaches have been used to reduce the toxicity and enhance the
oral efficacy of DOX. Some of them employ prolonged infusion along with simultaneous
administration with other cardioprotective agents (dexrazoxane) [11]. Furthermore, an-
thracycline analogs and other novel drug delivery systems can be applied to modify its
distribution and reduce its accumulation in the heart and lower its toxicity. DOX can be
incorporated within different carrier systems, for example, DOX-loaded liposomes for
efficient targeting against tumors [6]. Furthermore, encapsulation of DOX in dendrimers,
nanocrystals, nanogels, nanotubes, and nanoemulsions has been studied [12].

Microemulsion, as a potential drug delivery system, allows controlled or sustained
release of drugs for oral, topical, ocular, and percutaneous administration. In comparison
to other dosage forms, microemulsions offer the advantages of easy formation, high scale-
up, greater stability, the higher drug solubilization of hydrophobic drugs, and enhanced
bioavailability [13,14]. A microemulsion system composed of oil, surfactant (non-ionic
or anionic), co-surfactants, and water can form a large number of configurations and
phases via mixing different proportions of components to design the formulation [14,15].
Non-ionic surfactants are preferable because of their high tolerability, lower irritation and
toxicity, and they have the potential to enhance the biocompatibility of the colloidal system.
Microemulsions can be developed by applying single or double chain surfactants. Single
chains do not lower the interfacial tension, and that is why co-surfactants are needed.
The co-surfactants may exhibit toxicity in the formulation of microemulsions [16]. In this
context, the selection of surfactant and co-surfactant is of great significance. Phospholipids-
based microemulsions are preferred over other synthetic surfactants from a toxicity point of
view [17]. Green surfactants (GSs) provide benefits over other synthetic surfactants in many
drug delivery methods [18]. The most relevant properties of GSs are biodegradability, eco-
nomic production, environmental tolerance, specificity, and structural diversity [4,19,20].
Despite the many advantages of GSs such as the commercialization and economic availabil-
ity in industries, they are not productive enough due to the high operational and material
costs needed for their synthesis. Hence, the use of nanotechnological methods to increase
the production of GSs via microbial induction has been evaluated. A lot of research studies
have been carried out on decreasing the cost sources for manufacturing GSs [21].

Lignin (LGN) (a phenolic polymer derived from phenylpropanoid units,) is the type of
GS that we used in this study. This biodegradable natural polymer, which is the result of in-
dustrial wood processing, has widespread implementations as a renewable bioresource for
producing different end-products including detergents, surfactants, and dispersants [22].
LGNS are developed from different methods, including chemical modifications using alky-
lation, destruction, sulfonation, etc. [23]. LGN is also a potential material for biomedical
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applications because of its eco-friendly properties such as biodegradability, biocompatibil-
ity, and low toxicity [24,25]; due to its specific aromatic structure, it can be easily adsorbed
at various interfaces. That is why among the applications proposed for lignin particles,
interfacial stabilization is highly promising, especially for the encapsulation of sensitive
drugs such as DOX. For example, Zhou et al. developed LGN-based hollow nanoparticles
(NPs) to deliver DOX. The results showed that the folic magnetic functionalized LGN
hollow NPs could enhance the cellular uptake of NPs into HeLa cells [26]. In another
study, the same research group applied these LGN hollow NPs as useful vehicles for the
antineoplastic drug DOX. The authors related the enhanced encapsulation efficiency and
drug loading of the NPs to the surface area and pore volume. In this study, the focus was on
the mechanism of encapsulation of DOX into LGN hollow NP. The results of loading and
release behavior of DOX were due to the various structures, stabilities, and sizes of LGN
hollow NPs. The controlled release behavior of LGN hollow NPs, the access of DOX-loaded
LGN hollow NPs into cells, and the low pH environment of lysosomes can support the
release of DOX [27]. Whereas these pioneering reports made use of complex nanocarriers
such as hollow NPs, here, we report the facile encapsulation of DOX into microemulsion
systems which are more stable, easy-to-formulate, along with the greater potential for
industrial scale-up. This novel strategy formulates a novel green carrier (DOX-loaded
microemulsion) that has not been implemented before for these types of cancer cell lines
(MCF7 and C152). In addition, in this formulation, we used a low amount of surfactant
for the preparation of microemulsions, which can overcome the challenges and issues
related to the toxicity of synthetic surfactants. These findings may be further sculpted into
new cancer treatment strategies if this newly synthesized formulation induces desirable
cytotoxic activity.

2. Materials and Methods
2.1. Chemicals

Standard laboratory-grade chemicals, including DOX, lignin (alkali) with CAS 8068-
05-1, sodium caprylate, and ethyl butyrate, were provided by Sigma Chemical Co (St. Louis,
MI, USA). Fetal bovine serum (FBS) and culture media (RPMI1640 and Dulbecco’s modi-
fied Eagle’s medium (DMEM)) were all obtained from GIBCO (Grand Island, NY, USA).
Dimethyl sulfoxide (DMSO), 1% penicillin/streptomycin solution, and phosphate-buffered
saline (PBS) were purchased from KalaZist company (KalaZist Co., Tehran, Iran). Ampho-
tericin B and 3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) were
procured from Sigma-Aldrich Co. (St. Louis, MI, USA). All plastic materials were provided
by Sorfa Medical Plastic Co. (Hangzhou, China).

2.2. Cell Lines

Human oral squamous carcinoma (C152) and human umbilical vein endothelial (HU-
VECQC) cell lines were obtained from the cell bank of Pasteur Institute of Iran (Tehran, Iran)
and cultured in DMEM medium. Michigan Cancer Foundation-7 (MCF7) human breast can-
cer cells were obtained from the cell repository of the Research Institute of Biotechnology,
Ferdowsi University of Mashhad (Mashhad, Iran) and maintained in RPMI1640 medium.
MCEF7 and C152 were selected as appropriate in vitro models for solid tumors. Both cell
lines are well-suited for in vitro cytotoxic assessments and morphology evaluations since
they can be cultured easily. HUVEC was chosen as a widely studied non-cancerous cell
line for further assessments. Culture media were supplemented with 250 pug/mL of am-
photericin B, 50 U/mL of penicillin, 50 pg/mL of streptomycin, and 10% heat deactivated
FBS. Cells were maintained under standard culture conditions, described in our previous
work [28].

2.3. Formulation of DOX-Loaded Microemulsions

DOX-loaded O/W microemulsions were prepared according to a reported proce-
dure [29], as 1% w/w solutions of o0il by dissolving appropriate quantities of LGN, fatty
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acid (sodium caprylate), and finally, ethyl butyrate in PBS (pH 7.4) via vigorous stirring
at an oil-to-LGN molar ratio of 1. All the preparation steps were carried out in a room-
temperature environment. The microemulsions were subsequently allowed to equilibrate
for at least 1 day prior to use. A schematic depiction of the contents of the microemulsions
prepared in this work is shown in Scheme 1.

Water : ]
Ethyl butyrate

DOX A
Sodium
Caprylate

Lignin '(_3

Scheme 1. Schematic representation of DOX-loaded O/W microemulsion and its contents prepared in this study.

2.4. Characterization of DOX-Loaded Microemulsions by DLS

DLS characterization of DOX-loaded LNG microemulsions was carried out using an
ALV-5000F Goniometer System (Sartorius, Germany) coupled with a diode-pumped solid-
state laser. These measurements were performed at an angle of 6 = 90° to the incident ray
through calibrating the intensity scale by toluene against scattering. The system was also
integrated with a digital correlator (ALV SP-86, Sartorius, Germany) with a sample range of
25ns to 100 ms. A description of DLS and the mechanism of data analysis via this technique
are presented in the Supporting Information. The polydispersity index was calculated by
the average size of the droplets divided by the average number of measured droplets.

2.5. Entrapment Efficiency of DOX

To study the entrapment efficiency (EE), DOX was loaded into LGN-stabilized mi-
croemulsions, and the percentage of EE was determined by a UV spectrophotometric
approach (Agilent Technologies, Cary 50, Pittsburgh, USA) [30-32]. Stock solutions of DOX
with a concentration of 2 to 250 ug/mL were prepared with ethanol/PBS 7.4 (1:1). The
absorbance peak of DOX was recorded in the range 250 to 750 nm, where DOX showed
a characteristic peak at a wavelength of 480 nm. Based on this characteristic peak, the
calibration curve of standard DOX was achieved with an R? of 0.9894. LGN/DOX were
centrifuged at 20,000 rpm for 60 min (model MC-20,000, Medline, UK). The centrifuging
procedure was continued until a clear supernatant was obtained. The absorbance of the
supernatant was measured at 480, and the EE of the DOX in the LGN /DOX was determined
using Equation (1).

(Total Dox — Free Dox)

Entrapment effeciency% = Total Dox x 100 1)

2.6. Release Study

The release rate was evaluated using the dialysis technique with a 6000 Dalton pore
size dialysis membrane [30,31,33]. First, the dialysis bags were immersed in the PBS
buffer for 24 h (24 h). Then, 1 mL of standard DOX solution or LGN /DOX microemulsion
was placed in the dialysis bag and immersed in 50 mL PBS 7.4: ethanol (in 1:1 ratio as
the buffer solution). The dialysis bag was left to stir at 90 rpm at 37 °C using a heater
stirrer. At different time intervals up to 24 h, 1 mL of the buffer solution was removed
and then replaced by adding the same volume of fresh buffer (preheated at 37 °C). The
UV spectrophotometer recorded the absorbance of the samples at 480 nm to quantify
released DOX.
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To investigate the nature of the release mechanism, based on our previous studies, we
have fitted the in vitro DOX release with different kinetic methods [30-32,34].

2.7. Cell Viability Assay and Evaluation of Cell Morphology

The target cells used in this experiment were C152 and MCF?7, the two well-studied cell
lines for analyzing the in vitro growth-inhibitory effects of anticancer agents. Endothelial
HUVEC cells were used as target non-malignant cells. The cytotoxic effects of standard
DOX and LGN /DOX microemulsions were evaluated using the MTT reduction assay [35].

Cells (5x 103 cell/well) were seeded in 96-well microplates and incubated for 24 h to
obtain a monolayer culture. Next, cells were treated with increasing DOX concentrations in
standard or encapsulated state from 0.0625 to 1 pg/mL, and incubated for 48 h. Then, the
supernatant was removed from each well, and 200 pL MTT reagent (5 mg/mL) was placed
into each well and kept for another 3 h in a humidified incubator. The MTT solution was
then replaced with 200 pL of DMSO, and the plates were placed on a shaker to dissolve
the formazan crystals completely. The optical density (OD) of each well was measured
at a test wavelength of 570 nm using a microplate reader (Stat Fax 2100, Awareness,
Technologies Inc, Palm City, FL, USA). The percentage of viable cells was calculated using
the following formula:

Cell viability (%) = OD sample/OD control x 100 )

The half-maximal inhibitory concentration (IC50) of LGN/DOX microemulsions and
standard DOX was calculated via GraphPad Prism software version 7.0.

For morphology assessment, cells were plated in 6-well microplates at a density of
1 x 10° cell/well. Following overnight incubation, cells were treated with given MTT
concentrations for 48h, and untreated cells served as controls. Changes in cell morphology
were monitored by an inverted phase-contrast microscope (IX71, Olympus Inc., Japan) at
20x magnification and imaged using a digital camera.

2.8. Membrane Integrity

Lactic dehydrogenase (LDH) leakage was measured in the medium of cultivated
cells using a cytotoxicity assay kit (Cayman item no 601170) (Cayman Chemical Company,
Ann Arbor, MI, USA) to evaluate membrane integrity. Cells were inserted in 96-well
microplates (5 x 10° cell/well) and kept in an incubator for 24 h. Next, the culture medium
was removed, and cells were exposed to a concentration equal to IC50 concentrations of
both agents (standard DOX and LGN/DOX microemulsions). After treatment for 48 h,
100 pL of supernatant was placed into each well of a 96-well microplate for assessment.
The LDH leakage (% of total) as a marker of cytotoxicity was determined as percentage
of LDH in medium compared with total LDH in cell lysate for each microwell using the
following formula:

LDH leakage (%) = (ODtest — ODspontaneous release)/ (ODmaximum release — ODspontaneous release) X 100 ®3)

where ODyes is the absorbance of cells treated with our microemulsion, ODgpontaneous release
is the absorbance of microwells containing assay buffer, and ODyaximum release T€Presents
the absorbance of microwells containing cells.

Absorbance was read at 490 nm via a microplate reader (Spectra Max Gemini ®,
Molecular Devices Cooperation, Sunnyvale, CA, USA).

2.9. Statistical Analysis

Results were analyzed using SPSS software version 20 (SPSS Inc., Chicago, IL, USA).
Differences among treated and untreated cells were determined using the sample T-test
and non-parametric one-way analysis of variance (ANOVA) test. p < 0.05 was considered
statistically significant.
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3. Results
3.1. Characterization of DOX-Loaded Microemulsions by DLS

Figure S1 (in supplementary materials) shows an autocorrelation function (ACF)
against time for the prepared microemulsions. Fitting a curve to the ACF yielded a decay
rate from which the droplet size of DOX-based microemulsions was measured to be
approximately 7.4 nm based on the diffusion data (3.1938 x 10~!! m?/s) [30-32]. For
encapsulating drugs, without any doubt, a small particle would be an advantage since
it would carry only a small drug quantity, which will help in minimizing the onset of
abrupt toxic response [36]. The PDI obtained from DLS analysis showed values (0.1-0.2),
indicating a good size distribution of the oil droplet in the microemulsion system. This
parameter directly reflects the size homogeneity of the droplets in the total microemulsion.
The stability of the microemulsion was confirmed visually after passing three months of
preparation and no aggregation was observed (Figure S1b).

3.2. Entrapment Efficiency

Generally, an ideal drug carrier should have high encapsulation efficiency (EE) [33,37-39].
High EE (above 70%) can increase the efficacy of the drug delivery system and decrease the
side effects of the drug [33,39]. The EE% of the LGN /DOX microemulsion prepared in this
study was calculated to be about 82%. Interactions between DOX and LGN microemul-
sions can lead to this high EE. LGN molecules have a similar polyphenolic structure to
DOX, thus hydrogen bonding and 7— stacking enhance this interaction between them as
well. The microemulsion core is hydrophobic, and it could be concluded that DOX was
mainly entrapped in the core of the microemulsion. Moreover, the EE of our LGN/DOX
microemulsion system is well above the EE of LGN-based NPs that have been designed for
encapsulating different compounds [40]. For example, the EE of the pesticide avermectin
(AVM) in hollow lignin azo colloidal spheres was determined to be 61.49% (w/w) [41]. In
another similar study, Li et al. synthesized lignosulfonate-based colloidal spheres from
a mixture of sodium lignosulfonate and cetyltrimethylammonium bromide through self-
assembly for the encapsulation of AVM, and the EE of AVM reached up to 62.58% [42]. In
contrast, when (similar to our study) DOX was used as the active compound, its encapsula-
tion efficiency in LGN-based hollow nanoparticles (NPs) was obtained as 67.5% [26].

3.3. In Vitro Release Experiment

One of the crucial characteristics of drug delivery systems in biomedicine is to impart
the sustained release of a drug. Thus, the sustained drug release improves the accumulation
of DOX at the tumor site while enhancing its anticancer efficiency. The in vitro release
of DOX solution (standard DOX) and LGN /DOX microemulsions was performed using
dialysis methods at PBS 7.4/ethanol (1:1) and 37 °C up to 24 h. As shown in Figure 1, the
release rate of standard DOX was significantly faster than LGN /DOX microemulsions. The
DOX release reached 68% after 24 h for the LGN /DOX microemulsion that showed a slow
and sustainable release rate.

In a similar study, Heggannavar et al. prepared DOX-loaded magnetic silica-pluronic
F-127 nanocarriers and conjugated them with transferrin (Tf) to treat glioblastoma. The
release of DOX in these thermosensitive NPs was predominant during the first 24 h at
37 °C and reached around 17.2%. However, when the temperature was raised to 42 °C,
DOX release was significantly increased from 17.2 to 32.2% for 24 h and reached up to
51.4% for 120 h [43].

After matching the first-order, zero-order, Higuchi, and Korsmeyer-Peppas models
with the DOX release profile, it was found that the kinetics of release followed the Higuchi
model with an R? of 0.965 (Figure S2 in supplementary materials). This describes that
DOX release as a diffusion process is based on Fick’s law, which is square root time-
dependent [30].
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Figure 1. In vitro release behavior of free DOX and LGN /DOX microemulsions at PBS 7.4/ ethanol
(1:1) and 37 °C after 24 h. The error bars indicate the uncertainty.

The effect of different parameters on the release of active ingredients from nanocar-
riers has been evaluated in several studies [37-39]. Thus, the release of DOX from the
NPs was found to follow an anomalous type of behavior. For example, Heggannavar
et al. investigated the nature of the DOX release mechanism and obtained values of n (a
parameter that represents the nature of the release mechanism) varying from 0.6175 to
0.6589 [43]. Figure S2 shows profiles of different kinetic models for release of DOX from
LGN/DOX microemulsions.

3.4. Effects of Standard and Encapsulated DOX on Cells Viability and Morphology

Compared with untreated cells, incubation with different concentrations of standard
DOX significantly inhibited the proliferation of MCF7, C152, and HUVEC cells in a dose-
dependent fashion (Figure 2). Likewise, exposing these cells to gradually increasing
concentrations of LGN /DOX microemulsions exhibited a dose-dependent inhibitory effect
and a significant reduction in the number of MCF7, C152, and HUVEC cells compared
with untreated cells (p < 0.05), presenting cell viability that ranged from 6.14 to 76.23% (for
MCF7 cells), 6.16 to 60.95% (for C152 cells), and 9.82 to 75.78% (for HUVEC cells) (Figure 2).
IC50 values for 48 h treatment of MCF7, C152, and HUVEC cells with standard DOX were
0.798, 0.244, and 0.716 pg/mL, respectively. At the same time, the IC50 concentrations
of LGN/DOX microemulsions were 0.197 pg/mL (for HUVEC cells), 0.094 pg/mL (for
C152 cells), and 0.208 pg/mL (for MCF7 cells). Between the studied cell lines, C152
cells were most susceptible to encapsulated DOX. Our MTT assay results showed that
encapsulated DOX induced higher toxicity than standard DOX on normal HUVEC cells,
indicated by a lower IC50.

All three cell lines were characterized by altered morphology and proliferation rate.
MCEF?7 cells grew faster, and the cells were larger and more branched than the other two cell
lines. Among the studied cell lines, the HUVEC cells were relatively smaller and were more
compact. Gradual increasing concentrations of standard DOX could moderately decrease
the viability of C152 (Figure 3), MCF7 (Figure 4), and HUVEC (Figure 5) cells without
causing noticeable morphologic changes. Contrastingly, treatment with LGN/DOX mi-
croemulsions caused evident concentration-dependent morphological changes, specifically
in C152 cells (Figure 3). In this regard, treatment with 0.0625 g/ mL nano-DOX decreased
the number of living C152 cells, while higher concentrations of nano-DOX caused pro-
gressive nuclear shrinkage and formation of apoptotic bodies. Upon exposing MCF7 cells
to nano-DOX at a concentration of 0.5 pug/mL, cells were shrunk, and apoptotic bodies
were similarly formed (Figure 3). The highest concentration of LGN/DOX microemulsions
(1 ng/mL) led to the adhesion of MCF7, C152, and HUVEC cells to the plate, which was
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not observed when cells were treated with standard DOX at given concentrations (Figure 3,
Figure 4, and Figure 5).
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Figure 2. Cytotoxicity assessment of (a) standard DOX and (b) LGN/DOX microemulsions on malignant (MCF7, C152) and
non-malignant (HUVEC) cells following 48 h treatment. (** p < 0.05 compared with untreated cells).
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Figure 4. Optical microscopy images of malignant MCF?7 cells treated with standard DOX and LGN /DOX microemulsions

for 48 h.
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Figure 5. Optical microscopy images of non-malignant HUVEC cells treated with standard DOX and LGN/DOX microemul-

sions for 48 h.

The clinical success of nanomedicine relies on the synthesis of stable nanocarriers
that can expeditiously encapsulate chemotherapeutics and quickly release them into target
malignant cells. Anthracyclines entrapped in small-sized nanocarriers have the advantage
of reduced systematic toxicity and gradual release of the payload [44]. In the current study,
we observed that LGN /DOX microemulsions showed higher cytotoxic activity compared
to standard DOX, indicating that the different level of cytotoxic activity is due to the
encapsulation of DOX. It has been demonstrated that the encapsulation process boosts the
therapeutic efficacy and the intracellular uptake of DOX [45]. The incorporation of DOX
into long-circulating liposomes resulted in increased DOX accumulation in tumor tissue
associated with higher toxicity than unencapsulated DOX [46].

Lately, technological advancements have been made in controlling the release of
anticancer drugs and enhancing their solubility and stability by applying innovative drug
delivery systems, such as microemulsions [47]. Multiple surfactant-based delivery systems,
such as microemulsions, have recently been designed for efficient localization or systematic
delivery of antitumor drugs to tumor cells [48]. Shakeel and coworkers showed that 5-
fluorouracil (5-FU) in an optimized nanoemulsion inhibits the proliferation of SK-MEL-5
tumor cells more effectively than free 5-FU [49]. Chen et al. showed how Pluronic-based
functional polymer mixed nanomicelles could serve as a potential nanodrug delivery
system for efficient co-delivery of DOX and paclitaxel, two conventional chemotherapeutic
agents [50]. In our study, the enhanced antitumor activity of LGN/DOX microemulsions
might be due to the prolonged and controlled release of DOX by using this new formulation.

Similarly, few studies reported the desirable antitumor efficacy of DOX-loaded nanocar-
riers. In 2019, Abbasian et al. investigated the growth-inhibitory effects of newly de-
signed LA /chitosan/NaX/Fe3O4/DOX nanofibers. They observed that these nanofibers
decreased the number of viable H1355 cancer cells by 82% following a seven-day treat-
ment [51]. Hence, as a beneficial carrier for hydrophobic antitumor agents, LGN-based
microemulsions can be applied to treat solid tumors.

On the other hand, alkylating agents may cause adverse effects on normal cells;
therefore, their application for chemotherapy is limited [52]. Compared with standard
DOX treatment, we noticed a lower IC50 concentration for nano-DOX treated cells derived
from human umbilical vein endothelial cells. This might not be a desirable effect for our
newly developed encapsulated DOX since these microemulsions were cytotoxic at high
concentrations toward normal human cells. More studies are needed to fully elucidate the
cytotoxic activity of LGN-based microemulsions on normal cells derived from different
human tissues.
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3.5. LDH-Based Cytotoxicity Assay

If the cell membrane is disrupted, intracellular LDH is released from the cytosol
into the culture medium. Therefore, the percentage of LDH leakage is an indicator of
cell membrane damage as a result of necrosis or late-stage apoptosis. In comparison to
control cells, exposure to standard DOX and LGN /DOX microemulsions enhanced LDH
leakage by 1.48- and 1.71- (for MCF?7 cells), 1.32- and 2.31- (for C152 cells), and 1.24- and
1.28- (for HUVEC cells) fold, respectively (Figure 6). Interestingly, compared to standard
DOX, a significant increase in LDH leakage was observed following treatment of C152 cells
with LGN/DOX microemulsions (p < 0.05). This shows that encapsulated DOX induced
greater damage on cell membrane and might trigger necrosis as an alternative cell death
mechanism. Compared to standard DOX, LGN/DOX microemulsions did not augment
the leakage of cytosolic LDH in HUVEC and MCF7 cells (p > 0.05).
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Figure 6. Effect of standard DOX and LGN /DOX microemulsions on the membrane integrity of (a) HUVEC, (b) C152,
(c) MCF7, and cells after 48 h of exposure. ** p < 0.05.

Former studies demonstrated that apoptotic cell death could be the principal mecha-
nism of DOX-induced cell death [53]. Recently, it has been shown that Bcl-2-like 19kDa-
interacting protein 3 [54] and poly-ADP-ribose polymerase 1 [55] could mediate DOX-
induced necrosis as well. In the current study, cells were treated with standard DOX and
LGN/DOX microemulsions, and some hallmarks of apoptotic cell death, including the for-
mation of membrane-bound apoptotic bodies, cell shrinkage, and roundness, appeared as
evident morphological alterations. On the other hand, loss of membrane integrity and LDH
leakage are indications of necrosis [56], a type of cell-death that lacks features of apoptosis
and is generally considered to be uncontrolled [57]. In our study, changes in LDH leakage
were different for the investigated cell lines. In comparison to untreated cells, encapsulated
DOX did not enhance LDH leakage in HUVEC cells, which is a promising outcome. In
contrast, both agents did not significantly enhance LDH leakage in malignant MCF?7 cells,
recommending that apoptosis might be the primary mechanism of cell death in these cells.
This is in agreement with the findings of Pilco-Ferreto et al., suggesting that DOX activating
apoptosis in MCF7 cells is the main mechanism of cell death through inducing proteolytic
processing of anti-apoptotic proteins, i.e., B cell lymphoma 2 (BCL2) family members [58].
Additionally, Sharifi and coworkers confirmed that DOX induces mitochondrial-dependent
apoptosis by up-regulating caspase-9 and proapoptotic protein (Bax), and down-regulating
an anti-apoptotic protein (Bcl-xL) [59]. However, compared to untreated cells, we observed
enhanced LDH leakage like treated C152 cells with encapsulated DOX. To the best of our
knowledge, no study has already established the principal mechanism for DOX-induced
cell death in C152 oral carcinoma cells. Another study also reported that DOX treatment
causes necrotic cell death, mostly in cells that had floated from culture plates [60]. This
suggests that two modes of cell death might be induced by DOX in different cell lines. Thus,
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changes in LDH leakage between MCF7 and C152 cells might be due to the activation of
distinct cell death pathways within these cells. Furthermore, LGN/DOX microemulsions
induced more toxicity in C152 cells compared with standard DOX. This might explain the
significant enhancement in LDH leakage in C152 cells exposed to this formulation.

Overall, these findings suggest that LGN /DOX microemulsions might induce cell
death through activation of both apoptosis and necrosis mechanisms. Further studies are
needed to discover the underlying cell death mechanisms by which these microemulsions
kill cancer cells.

3.6. Practical Applications and Future Research Perspectives

Novel methods for preparing drug-loaded microemulsion systems and further in-
vestigation with the aim of expanding their practical applications are worth exploration.
However, in drug delivery technology, employing these systems is limited because of their
drug loading capacity and the used level of excipients [61]. In this context, surfactants
and co-surfactants can be toxic at high concentrations and may be limited in their uptake
levels. In the present study, we aimed to maximize DOX loading capacity while using
the minimum amount of surfactant for preparing LGN /DOX microemulsions. A sub-
stantial amount of work on physicochemical O/W formulations and in vitro assessments
are required to be performed before they can live up to their potential as widely used
drug carriers.

The diversity in lignin structure, chemical reactivity, and its safety profile can be further
exploited in different applications of lignin-based materials. Advances in genetics, bio-,
and analytical chemistry have resulted in a deeper understanding of lignin biosynthesis
and the structure of nanoparticles in the field of nanomedicines.

4. Conclusions

Our results indicated that novel synthesized LGN /DOX microemulsions exert cyto-
toxic effects on oral and breast carcinoma cells while inducing unfavorable toxic effects
on normal human cells. Performing more studies is encouraged to investigate the growth-
inhibitory activity of this novel formulation on other malignant and non-malignant cell
lines. Due to the toxic effects of LGN /DOX microemulsions on normal human cells, multi-
ple considerations should be undertaken before using these microemulsions to treat cancer
patients. The take-home message of the current research is that DOX encapsulation in
O/W microemulsions enhanced its therapeutic efficacy against solid tumors. This could be
further sculpted into new approaches for treating different types of cancers.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
360/13/4/641/s1, Figure S1: Dynamic light scattering autocorrelation function of microemulsions
Figure S2: Profiles of different kinetic models for release of DOX from LGN /DOX microemulsions.
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Abstract: Olmesartan medoxomil (OLM) is one of the prominent antihypertensive drug that suffers
from low aqueous solubility and dissolution rate leading to its low bioavailability. To improve the
oral bioavailability of OLM, a delivery system based on ethylcellulose (EC, a biobased polymer)
nanosponges (NSs) was developed and evaluated for cytotoxicity against the A549 lung cell lines
and antihypertensive potential in a rat model. Four OLM-loaded NSs (ONS1-ONS4) were prepared
and fully evaluated in terms of physicochemical properties. Among these formulations, ONS4
was regarded as the optimized formulation with particle size (487 nm), PDI (0.386), zeta potential
(CP = —18.1 mV), entrapment efficiency (EE = 91.2%) and drug loading (DL = 0.88%). In addition, a
nanosized porous morphology was detected for this optimized system with NS surface area of about
63.512 m2/ g, pore volume and pore radius Dv(r) of 0.149 cc/g and 15.274 A, respectively, measured
by nitrogen adsorption/desorption analysis. The observed morphology plus sustained release rate of
OLM caused that the optimized formulation showed higher cytotoxicity against A549 lung cell lines
in comparison to the pure OLM. Finally, this system (ONS4) reduced the systolic blood pressure (SBP)
significantly (p < 0.01) as compared to control and pure OLM drug in spontaneously hypertensive
rats. Overall, this study provides a scientific basis for future studies on the encapsulation efficiency
of NSs as promising drug carriers for overcoming pharmacokinetic limitations.

Keywords: ethylcellulose; encapsulation; lung cancer; nanosponge; oral bioavailability; systolic
blood pressure

1. Introduction

Globally, lung cancer is one of the leading causes of the cancer-related mortality and
palliative care could bring about up the survival rate to 5 years for 15% of patients suffering
from it [1]. Female breast cancer, colorectal, stomach and lung cancer make the 40% of the
total cancer cases reported. Life-style modification shows an increase in the number of
female smokers and smoking habits are relatively correlated for lung cancer due to the
presence of mutagens in the inhaled smoke [2]. The prevalence of lung cancer is classically
categorized into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC)
which is typically based on the histological features [3]. Among lung cancer patients, 85%
exhibit non-small cell lung cancer (NSCLC) while the rest (15%) of the patients have small
cell lung cancer (SCLC). Due to the fast metastasis and quick metabolism of SCLC, if left
untreated, the mean survival rate would be about 120 days [4]. On the other hand, NSCLC
is any type of epithelial lung cancer other than SCLC, which can be further, divided into
lung adenocarcinoma (LUAD), broncho-alveolar, lung squamous cell carcinoma (LUSC),
large cell carcinoma and bronchial carcinoid tumor [5]. Generally, cancer can be treated
by surgery, radiation therapy, chemotherapy, immunotherapy, targeted therapy, hormone
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therapy, stem cell transplant, precision medicine and biomarker testing as suggested by
the National Institutes of Health (NIH). Due to numerous limitations associated with
these conventional methods, several researchers have exploited nanotechnology-based
approaches for the efficient diagnosis and delivery of therapeutic agents [6]. In this
context, nanomedicine has been applied successfully in developing novel nanocarriers,
such as gold-nanoparticles, silver-nanoparticles, polymeric nanoparticles, nanoemulsion,
self-emulsifying nanoemulsion and nanosponges [7].

Nanosponges (NSs) are porous nanocarriers with a particle size <1000 nm which is
favorable for increasing the solubility, dissolution rate and sustained drug release action for
temporal and targeted purposes [8]. The porous nature of the NSs could accommodate more
drugs and diffusion of the solvent will be easy [9]. NS carriers are implicated in numerous
disease conditions and early trials considered this nanotechnology five-folds more effective
in comparison to conventional drug delivery systems, especially in malignant cancer
treatment [10-12]. For example, it was shown in a study that the therapeutic efficacy of the
anticancer drug was increased by the fabrication of ethylcellulose-based NSs containing
brigatinib [13]. In another report, Zhang et al. introduced NSs as an antagonistic actuator
to a viral mutation that successfully helped to neutralize the virus and inhibit SARS-CoV-2
infectivity [14]. Recently, we developed apremilast-loaded NSs as an efficient nanocarrier
for the effective treatment of psoriasis and psoriatic arthritis condition. We observed
that the pharmacokinetic profile of these carriers was increased 1.64-fold in terms of
bioavailability compared to the pure apremilast suspension [8]. Moreover, in another
study, we demonstrated that butenafine-loaded NSs could enhance the therapeutic efficacy
through channeling the drug deeper into the skin layers at the target site to completely
eradicate fungal infections [15]. In addition, starch derivatives and especially, cyclodextrin-
based NSs have recently emerged due to the excellent properties owing to their distinct
structure [16,17].

Drugs such as olmesartan medoxomil (OLM), which have been used in this study, have
some intrinsic biopharmaceutical drawbacks that could be overcome by nanomedicine
technology. Fast metabolism and poor water solubility of this drug result in its poor
bioavailability (~28%). Along this portentous dissociation of OLM causes enteropathy
due to direct facing of intestinal villi to free olmesartan that stimulate the cell-mediated
immune reaction on prolong usage of this medicine [18,19]. Due to numerous therapeutic
applications of OLM over commercially available antihypertensive drugs, formulators are
exploring novel nanocarriers to improve the intestinal permeability, oral bioavailability and
therapeutic effectiveness of OLM through its encapsulation in nanocarriers with the aim of
achieving a sustained drug release pattern. PLGA nanoparticles [19,20], self-emulsifying
drug delivery systems (SEDDS) [21,22], nanosuspension [23], nanocrystal [24] and other
conventional and novel drug delivery systems [25,26] have been developed in this regard.
It is worth remarking here that OLM exhibits anti-proliferative and anti-metastatic effects
on tumors too [27]. For example, a study conducted in a mouse model by Vassiliou et.al [28]
reported that OLM could reduce levels of plasminogen activator inhibitor-1 (PAI-1), whose
high levels could cause oral cancer. Besides, another study reports the effectiveness of
OLM against the A549 cell lines indicating lung cancer [29].

OLM, chemically named as 2,3-dihydroxy-2-butenyl4-(1-hydroxy-1-methylethyl)-2-
propyl-1-[p-(o-1Htetrazol-5-ylphenyl)benzyl]imidazole-5-carboxylate, cyclic-2,3-carbonate,
is a potent orally active angiotensin II receptor blocker. It is a prodrug that is hydrolyzed
to the active olmesartan throughout absorption from the gastrointestinal tract (GIT) [30].
Angiotensin II receptor blockers are major regulators of blood pressure that competitively
inhibit the binding of angiotensin II to its receptor. OLM is an angiotensin-II receptor
antagonist (AIIRA) that acts selectively by binding angiotensin receptor 1 (AT1), thereby,
preventing the protein angiotensin-II from binding, responsible for vasoconstriction. Physi-
ologically, olmesartan reduces blood pressure (BP), cardiac activity, and aldosterone level
and increases sodium excretion [31-33]. Hypertension is a high pressure exerted by circulat-
ing blood against the walls of the body’s arteries. If the measured pressure is >140 mmHg
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in the heart contract (systolic) and >90 mmHg for diastolic pressure at the heart rest, is
considered as hypertension (HPT) also called as high blood pressure (HBP). HBP often
referred as the silent killer with the prevalence of 972 million people globally accounted for
about 26% of the world’s population which is expected to grow up to 29% by 2025. The
global mortality of this disease is about 7.6 million deaths per year (13.5% of the total). The
global antihypertensive drugs accounted for $26.3 billion in 2018 to $27.8 billion by 2023
with a compound annual growth rate (CAGR) of 1.1% for the period of 2018-2023 [34].

The primary aim of this work is to promote the oral bioavailability of OLM through its
encapsulation in nanosponge carriers and secondly to investigate the ability of OLM-loaded
ethylcellulose-based nanosponges to improve the antihypertensive and cytotoxicity activity
against A549 lung cancer cell lines. The specific A549 cell lines were selected because OLM
represents established in vitro experimental model to study the cytotoxicity potential
of OLM [29]. Therefore, four different OLM-loaded nanosponges (ONS1-ONS4) were
developed by varying the content of ethylcellulose polymer. Analyzing the formulations in
terms of physicochemical properties and the encapsulation efficiency allowed us to select
the optimized nanosponge carrier which was investigated further for antihypertensive
activity and cytotoxicity against A549 lung cancer cell lines. The findings in this study may
be further sculpted into new cancer and hypertension treatment strategies if this newly
synthesized formulation induces desirable cytotoxic activity.

2. Materials and Methods
2.1. Materials

Olmesartan medoxomil (OLM) was purchased from “Mesochem Technology Co. Ltd.,
Beijing, China”. Ethylcellulose (EC), polyvinyl alcohol (PVA) and dichloromethane (DCM)
were purchased from Sigma-Aldrich, St. Louis, MO, USA. All the other chemicals were of
analytical grade.

2.2. Preparation of OLM-Loaded Nanosponges

OLM-loaded NSs were prepared by emulsion-solvent evaporation method [8]. Four
NSs developed by dissolving EC (50-200 mg) and OLM (40 mg) in 5 mL of DCM and
ultra-sonicated (Ultrasonic-Water Bath; Daihan Scientific, Model: WUG-D06H, Gangwon,
Korea) for 3 min, after which this organic phase was emulsified by adding dropwise
into 100 mL of aqueous phase (PVA, 0.2%, w/v) solution using probe-sonication (SONIC
DISMEMBRATOR Model-FB120, Fisher scientific, Waltham, MA, USA) attached with probe
(435 A) working at 60% power for 3 min (Figure 1). Thereafter, the organic solvent was
evaporated by keeping the dispersion under stirring (Isotemp®, Fisher scientific, Model-
DLM 1886 x 3, Waltham, MA, USA) over night at 700 rpm under atmospheric condition.
Once the solvent was completely evaporated, the dispersion was centrifuged at 12,000 rpm,
25 °C for 15 min (Hermle Labortechnik GMBH, Model-Z216MK, Wehingen, Germany).
The pellet of OLM-loaded NSs were then washed several times with milli-Q water to avoid
adsorption of PVA on the surface of NSs. Stabilizer-free NSs were lyophilized (Millrock
Technology, Kingston, NY, USA) and preserved for particle analysis and evaluations. The
composition and precursors of the four NSs composition are tabulated in Table 1.

2.3. Measurement of Particle Size, Polydispersity Index (PDI) and Zeta-Potential ({P)

The size, PDI and (P of OLM-loaded NSs were evaluated by dynamic light scatter-
ing (DLS) technique using Malvern-Nano ZS-Zetasizer, Malvern, UK. This instrument
determines the particle size from intensity—time fluctuations of a laser beam (633 nm)
scattered from a sample at an angle of 173°. To avoid multiple scattering, the samples
under investigation were dispersed into Milli-Q water in (1:200) dilution concentration and
ultra-sonicated (Ultrasonic-Water Bath; DaihanbScientific, Model: WUG-D06H, Gangwon,
Korea) for three min in order to break the agglomerates and separate adherents. The
sample is then filled in the disposable cuvettes (Folded capillary zeta cell—DT51070) and
kept in the machine with calibrated temperature of 25 °C [35]. Three measurements were

17



Polymers 2021, 13, 2272

performed with 100 cycles in each measurement for both size and PDI together followed
by ¢P.

= =

e it \‘5:::\::__:___:_&' : 3
Organic phase Aqueous phase Emulsification by probe sonicator NANOSPONGE
(EC and OLM in DCM) (0.2% wiv, PVA)

Figure 1. Schematic representation of nanosponge preparation.

Table 1. Composition of OLM-loaded nanosponges.

Nanosponges OLM (mg) EC (mg) PVA (w/v%)
ONS1 40 50 0.2
ONS2 40 100 0.2
ONS3 40 150 0.2
ONS4 40 200 0.2

2.4. Measurement of Percent Entrapment Efficiency (%EE) and Drug Loading (%DL)

An indirect method was followed in order to measure the %EE and %DL. The aqueous
dispersion of NSs were centrifuged (Hermle Labortechnik GMBH, Model-Z216MK, Wehin-
gen, Germany) in order to separate nanosponge particles, and supernatant was analyzed
for free OLM drug by UV-spectroscopy (Jasco-UV-visible spectrophotometer, Model: V-630,
Tokyo, Japan) at wavelength 255 nm. Each sample was analyzed chemically for drug
content in supernatant (n = 3). The %EE and %DL of the OLM-loaded NSs were calculated
using Equations (1) and (2), respectively [36].

Amount of drug added — amount of drug in supernatant

%EE =
/ Amount of drug added

x 100 (1)

Amount of drug in nanosponge

DL = Total amount of polymer added

x 100 @)

2.5. Fourier Transform Infra-Red (FTIR) Spectroscopy

The FTIR spectra of pure OLM and OLM-loaded NSs (ONS1-ONS4) were recorded
using FTIR spectrometer (Jasco FTIR Spectrophotometer, Tokyo, Japan). Each samples
were diluted with crystalline potassium bromide (sample:KBr, 1:10 wt/wt), and pressed
into transparent film. The film was kept on sample holder and spectra was recorded using
spectra manager software [37].

2.6. Differential Scanning Calorimetry (DSC) Studies

The DSC thermal spectra of pure OLM and their developed nanosponges (ONS1-
ONS4) were recorded using a DSC instrument (N-650, Scinco, Seoul, Korea). Each sample
(approx. 5 mg) was pressed in aluminum pan covered with a lid. The pressed pan was
placed in DSC sample holder and heated in the temperature range of 25 to 200 °C at a rate
of 20 °C/min with continuous purge of nitrogen gas during the analysis [37].
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2.7. Powder X-ray Diffraction (PXRD) Studies

PXRD of pure OLM and their developed nanosponges (ONS1-ONS4) were recorded
using a X-ray Diffractometer (Ultima-IV, Rigaku, Japan) in the range of 0-90° (20) at a scan
rate of 4°/min. The PXRD spectra of each sample were taken at voltage and current 30 kV
and 25 mA, respectively [37].

2.8. In Vitro Release and Kinetic Studies

In vitro release study was performed as reported based on a previous study [8].
Briefly, pure OLM (50 mg) and the optimized NS drug carrier (ONS4) were suspended in
5 mL of phosphate buffer (pH-6.8) and enclosed in diffusion semipermeable cellophane
membrane (Hi-media Mol. 12,000 Dalton). The dialysis bag is then dipped into 50 mL
of buffer medium, maintained at 37 °C under stirring at 50 rpm on thermostatically
controlled magnetic stirrer (Isotemp®, Fisher scientific, Model-DLM 1886 x 3, Waltham,
MA, USA). The samples were withdrawn (1 mL) and replaced with equal amount with
the freshly prepared buffer at predetermined time intervals. The aliquots were analyzed
spectrophotometrically at 255 nm (Jasco-UV-visible spectrophotometer, Model: V-630,
made in Japan) [20]. The concentration was determined, and cumulative (%) release curve
was plotted against time intervals (0, 0.5, 1, 2, 3, 4, 5, 6, 12 and 24 h). The release data
were fitted to various release kinetic models, viz., zero order, first order, Higuchi and
Krosmayer—Peppas kinetic models by imposing relation between % drug release vs. time,
% log cumulative drug release vs. time, % log cumulative drug release vs. square root time
and % log cumulative drug release vs. log time, respectively [36].

2.9. Scanning Electron Microscopy (SEM) Studies

Based on the physicochemical parameter and in vitro release studies, the NS (ONS4)
was optimized and further examined for the surface morphology and nanocarrier diameter
using SEM imaging (Joel JSM-SEM, model: JSM6330 LV, Tokyo, Japan). The lyophilized NSs
(ONS4) was cautiously mounted on the SEM stubs and coated with Au (gold). Scanning
was carried out at different magnifications and zones were captured and further processed
to elucidate the surface property [37].

2.10. Nitrogen Adsorption/Desorption Characterization of OLM-Loaded NSs

The surface area, pore volume and pore radius of the optimized nanosponge drug
carrier (ONS4) were analyzed by nitrogen sorption isotherm using Brunauer Emmett
Teller (BET) method [38] (Quantachrome Instruments-version 5.0, Anton Paar, FL,, USA),
whereby the under investigation powdered sample was first put in the glass-bulb sample
holder followed by heating overnight at 50 °C under negative pressure of 0.1 MPa in
order to remove the moisture. Surface area was calculated by BET analysis from the
nitrogen sorption data over a relative pressure (P/PO) of 1.003-5.047 range. However, the
pore volume and pore radius were also obtained from the Barrett-Joiner—-Halenda (BJH)
summary data.

2.11. Cell Viability MTT Test

Lung cell lines A549 cells were seeded in 96-well plates (Thermo Scientific™ PCR
Plate, 96-well, Waltham, MA USA) at a density of 5000 cell/well and were treated at
different concentrations (6.25, 12.5, 25, and 50 pg/mL) of OLM-pure, ONS4 as well as
the blank-NSs for 24 h. The cells added with the respective samples were treated with
10.0 uL of a 5.0 mg/mL MTT solution, incubated at 37 °C in presence of CO;. Precipitate
of pre-washed PBS (phosphate buffer saline) was dissolved in 150 pL. DMSO for 20 min
and analyzed at 563 nm [39]. Cell viability (%) of the blank NS and the pure OLM and
ONS4 carrier were compared for each concentration followed by processing the data for
calculation of IC50.
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2.12. In Vivo Antihypertensive Studies

The antihypertensive efficacy of the developed optimized nanosponge system (ONS4)
was evaluated on spontaneous hypertensive rats (SHRs). The study protocol was reviewed
and approved by “Animal Ethics Committee (Approval number: BERC 005-05-19), College
of Pharmacy, Prince Satam Bin Abdulaziz University, Alkharj, Saudi Arabia”. The rats
were divided into three groups (n = 6 per group) and they were kept for 7 days in con-
trolled conditions, temperature (22 °C), RH (55 £ 5%), 12 h light/dark cycle and fed with
standard diet with water ad libitum. Group I (control) received 0.5% w/v, sodium carboxy
methylcellulose, group II received pure OLM drug suspension (1 mg/kg) and group III
received the optimized nanosponge drug carrier (ONS4) (equivalent to 1 mg/kg of OLM).
The rats were kept in a holder, pre-warmed and systolic blood pressure (SBP) of animals
were measured using non-invasive tail cuff device (Kent Scientific Corp, Torrington, CT,
USA) at 0 h, before the treatment and then at 0.5, 1, 2, 4, 6, 8, 10 and 12 h after treatment
with drug and formulation [40].

2.13. Statistical Analysis

Results of physicochemical characterizations were expressed as the mean + standard
error of the mean (SEM). For in vivo antihypertensive studies, statistical variations of differ-
ent treatment groups were analyzed according to one-way analysis of variance (ANOVA)
followed by post-hoc Tukey’s test. p < 0.05 was considered statistically significant. Statis-
tical analysis was performed using the GraphPad Prism program (version 4) (GraphPad
Software, San Diego, CA, USA).

3. Results and Discussions
3.1. Measurement of Size, PDI and (P

The particle size (PS), PDI and (P of the developed OLM-loaded NSs (ONS1-ONS4)
are presented in Table 2. The particle size of ONS1-ONS4 was measured in the range
of 381-487 nm. The smaller (381 nm) and bigger size (487 nm) of OLM-loaded NS were
measured for ONS1 and ONS4, respectively. It was observed that the size of NS was
increased with the increase in amount of EC polymer. For encapsulating drugs, a small
particle undoubtedly would be an advantage as it would carry only a small drug quantity,
which will help in minimizing the onset of abrupt toxic response [41]. The PDI values of the
NSs were measured in the range of 0.312-0.446, which is considered to be acceptable in drug
delivery applications and indicates a homogenous population of particles. The aqueous
dispersion was used to determine zeta potential in order to get stability of prepared NSs.
The (P of the OLM-loaded NSs were found in the range of —15.7 to —19.0 mV. It is believed
that the values of (P > 30 mV indicate formation of a stable dispersion, however it has to
be remarked that the usual Smoluchowski method to calculate (P is only valid for hard
spheres. In this case, due to the soft nature of NSs, (P calculated by conventional analysis
does not reflect the state of agglomeration or stability. Our soft NS particles were stable
despite (P < £30 mV [42].

Table 2. Characterization of developed OLM-loaded nanosponges.

Physicochemical Properties *

Nanosponges
pons PS + SD PDI ¢P + 5D %EE 4+ SD %DL + SD
(nm) (mV)
ONS1 381 £8.2* 0312 4+£0.02* —-157+16* 87.1+4.1 1.89 £ 0.15
ONS2 387 £9.5*% 0.446 £0.02* —-19.0+21* 879 +52 1.61 +0.28
ONS3 404 +124* 03554+ 0.06* —182+1.2* 88.6 £4.6 1.52 +0.16
ONS4 487 £12.8* 0386 +£0.03* —181+18* 912+ 19 0.88 + 0.35

* Data are not statistically different (p > 0.05). Values are presented in mean =+ SD (n = 3) in each column.
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3.2. Measurement of %EE and %DL

Generally, an ideal drug carrier should have high entrapment efficiency (EE). High
EE (above 70%) can increase the efficacy of the drug delivery system and decrease the
side effects of the drug [35,43,44]. The %EE and %DL of developed OLM-loaded NSs
(ONS1-ONS4) were measured in the range of 86.6-91.2% and 0.88-1.89%, respectively
(Table 2). Nanosponges can encapsulate drug up to three times to their weight due higher
porosity [45]. The highest drug encapsulation was detected in ONS4, probably due to
presence of large amount of EC polymer that prevents the leakage of drug from NSs,
therefore, we selected this formulation as the optimized carrier system. Due to poor
aqueous solubility, the OLM and ehylcellulose polymer were solubilized in DCM forming
a viscous solution, which prevents the drug molecules from coming out to aqueous phase.
That resulted in more drug encapsulation in polymeric system [46]. It is revealed that the
more EC polymer content, the higher drug entrapment. As polymer content increased, the
binding capacity or matrix forming ability of polymer with the drug also increased, due
to this the maximum amounts of drug get entrapped in NSs producing more percentage
of EE in higher drug to polymer ratio than lower ratio [47]. In this context, Maji et al.
found that the drug %EE of EC microparticles surronding metformin HCl prepared by
solvent-evaporation technique increased with increasing polymer concentration, when
the surfactant content and the stirring speed were constant, increasing polymer content
induced better coating onto the drug particles [48].

3.3. FTIR Studies

The interactions between drug and excipients were analyzed by comparing the FTIR
spectra of the pure OLM and the obtained OLM-loaded nanosponges (ONS1-ONS4)
(Figure S1). The FTIR spectra of pure OLM showed its sharp characteristic peaks assigned
at 3289 cm~! for O-H stretching vibrations, 2954 cm ! for C-H stretching of aromatic rings,
1764 cm ™! for C=0 stretching of the carboxylic group and 1173 cm~! for C-N stretching
vibrations, all these peaks were identical to the OLM confirming its purity [20]. Compared
to the pure OLM, the characteristic peaks of OLM were present, weakened or shifted
in OLM-loaded nanosponges (ONS1-ONS4). The FTIR interpretation of pure OLM and
nanosponges (ONS1-ONS4) confirmed no significant interaction of OLM with excipient
and therefore suggested successful entrapment and dispersion of OLM inside EC poly-
mer [20]. From this spectral analysis, the OH and carbonyl groups were affected by possible
host/guest hydrogen bond formation. In fact, when a carbonyl group and/or hydroxyl
groups connect to a hydroxylic compound by hydrogen bonds, the stretching band shifts
or weakens in intensity. This appears clearly in the spectrums of ONS1-ONS4 where there
are a clear shift and fall in the intensity of the characteristic OH and C=0 stretchings of
the hydrate, respectively. Moreover, the characteristic peaks of OLM in the wavelenght
range 1000 to 2000 cm ! were weakened due to intermolecular interaction between C=0
and C-N groups, resulting from higher electronegativity of oxygen and nitrogen. These
findings stated that in different spectra of nanosponges no new peaks appeared which
indicate that no chemical bonds were created in the developed formulations.

3.4. DSC Studies

DSC analysis confirmed the structural changes observed by FTIR measurements. DSC
thermal behavior of the pure OLM and the developed nanosponges drug carriers (ONS1-
ONS4) were presented in Figure 2. A sharp endothermic peak at 188 °C was observed in
the free OLM drug, which was corresponded to the melting temperature of the drug [20]. A
reduced intensity in endothermic peak could be seen in ONS1 formulation compared to the
pure OLM, probably due to the less amount of EC used in formulating ONS1 nanosponges.
However, in the systems ONS2, ONS3 and ONS4, complete disappearance of endothermic
peak corresponding to 188 °C was observed, which was probably due to conversion of
crystalline into amorphous OLM or molecularly dispersed into polymer matrix that could
confirm complete encapsulation of drug inside EC polymer.
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Figure 2. Comparative DSC spectra of OLM-loaded nanosponges.

3.5. PXRD Studies

X-ray diffractograms of pure OLM and the developed OLM-loaded nanosponges
(ONS1-ONS4) were presented in Figure S2. The XRD results strongly supported the data
of DSC analysis. The XRD pattern of the pure OLM drug showed various intense peaks
at 20 values of 7.20°, 9.20°, 10.60°, 11.60°, 12.80°, 14.50°, 16.60°, 18.50°, 19.70°, 21.90°,
22.10°, 23.40°, 24.70°, 25.20°, 38.10°, 44.30° and 77.5°, confirming the crystalline nature of
the drug [20]. However, the OLM-loaded nanosponges (ONS1-ONS4) were evaluated by
weakening or disappearance of intense peaks when compared to the pure OLM drug. This
clearly reveals conversion of crystals to amorphous form due to the dispersion of OLM
drug in EC polymer. The polymeric encapsulation layers confine the drug film, which is
then unable to crystallize at the solid—air interface. As a consequence, the coating layer
introduces another solid-solid boundary. This process is called amorphous solid dispersion
and is certainly the result of disrupting intermolecular interactions in the drug’s crystal
lattice and forming drug—polymer interactions [49].

3.6. In Vitro Release and Kinetic Studies

One of the important characteristics of drug delivery systems in biomedicine is to
impart the sustained release of a drug [50]. Thus, the sustained drug release improves
the accumulation of OLM at the tumor site while enhancing its anticancer performance.
In vitro release profile of OLM and the optimized NS drug carrier (ONS4) are presented in
Figure 3. The rate of OLM drug release depends on the content of EC polymer. ONS4 carrier
showed the sustained release pattern, 89.5% of OLM was released in 24 h, probably due to
viscous and swelling nature of EC polymer. In contrast, free OLM drug released 97.36%
in the first 4 h. The decreased release rate of OLM-loaded NSs might be due to reduction
of drug crystallinity (confirmed by PXRD studies), carrier solubilization effect, reduction
of drug agglomeration, conversion of amorphous state and increased drug wettability. In
addition, EC guarantees drug dissolution in entire gastrointestinal tract that maintains the
constant release of drug for longer period of time and eliminates multiple dosing in a day;
hence it improves the efficacy of drug [51]. Furthermore, EC is a non-toxic, hydrophobic,
viscous and biocompatible polymer with good compressibility that make it suitable for
developing sustained drug release formulations [51,52]. The in vitro release data were
fitted to various kinetic models and highest correlation of coefficient (R?) was found for
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Higuchi model (R% = 0.9908) (Figure S3), this reveals that the drug release mechanism is
governed by diffusion process [53].
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Figure 3. Comparative in vitro release profile of the pure OLM and the optimized nanosponges drug
carrier (ONS4) at pH-6.8 and 37 °C after 24 h.

3.7. SEM Studies

The SEM images of optimized NS (ONS4) are shown in Figure 4, which revealed a
nanosized, spongy spherical NSs with a porous surface. Numerous tiny pores could be
seen on the surface of nanosponge. The formation of pore was probably due to inward
diffusion of DCM solvent [54]. The size of particles observed from SEM confirmed the
findings observed by DLS method.
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Figure 4. SEM images of the optimized nanosponge system (ONS4).
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3.8. Nitrogen Adsorption/Desorption Characterization of OLM-Loaded NSs

Nitrogen adsorption/desorption analysis of the optimized NS fomulation (ONS4) re-
vealed a surface area of 63.512 m? /g, with pore volume and pore radius Dv(r) of 0.149 cc/g,
15.274 A, respectively. The nitrogen sorption curve (Figure 5) demonstrates hysteresis
loop due to the mono and multilayer adsorption of nitrogen on the ONS4. The ramified
hysteresis loop was observed from relative pressure (p/pg-value) of 0.5-0.9 which reflects
condensation of nitrogen in different size inter-connected nanopores of NS. The pore size
distribution curve exhibits that most of the pores were found to be in the range between
3.05 and 441.80 nm. In our results, ONS4 showed very low surface area, less pore size
and volume probably due to use of ethylcellulose polymer in comparison to previously
reported work on cyclodextrin nanosponges [55].
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Figure 5. The Nitrogen adsorption—desorption isotherms for the optimized ONS4 system.

3.9. Cell Viability MTT Test

The chemical-colorimetric assay based on the MTT test exhibited concentration de-
pendent reduction in the cell viability. This test measures the cellular metabolic activity,
correlated with the darkness of the solution indicates greater metabolic activity and cell
viability. The concentration versus percent cell viability data for the cells incubated with
blank NSs, free OLM drug and the optimized NS carrier are presented in Figure 6. The
optimized ONS4 carrier produced the lowest cell viability (31.44 + 0.40%, 48.10 & 1.21%,
59.91 £+ 1.13% and 83.27 £ 1.10%) at concentrations of 50, 25, 12.5 and 6.25 pug/mL, re-
spectively in comparison to free OLM (51.25 &£ 1.12%, 58.42 £ 1.25%, 69.92 + 1.36% and
90.39 £ 0.87%) and (72.29 £ 1.43%, 81.71 & 1.67%, 92.07 £ 0.87% and 97.43 &+ 1.76%) for the
blank NSs prepared without any drug. The efficacy between ONS4 and the free OLM was
much more marked at higher concentrations. The IC50 values for ONS4, OLM, blank-NSs
were found to be 14.80 + 1.21, 35.96 & 0.45, 40.29 £+ 1.17 pg/mL, respectively. IC50 is a
half maximal inhibitory concentration, which represents 50% inhibition of the cell growth
in vitro indicating the effectiveness of the cytotoxic entity. The optimized ONS4 carrier
showed the significant cytotoxicity due to the sustained release of OLM and nano-range of
NSs. It has been reported that RAS (renin-angiotensin system) and NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) signaling is key factor for the survival
of cancer cells, which causes therapeutic intervention. OLM blocks the RAS and NF-«B
pathway [56] that could be the reason for significant cytotoxicity activity against A549 cell
lines in our studies.
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3.10. In Vivo Antihypertensive Studies

The systolic blood pressure (SBP) after oral administration of control, pure OLM and
ONS4 was shown in Figure 7. The SBP was decreased significantly (p < 0.05) at each time
point as compared to the control. The oral administration of the optimized nanosponge
carrier (ONS4) reduced SBP highly significantly (p < 0.01) as compared to the control and
the pure OLM drug. A sustained antihypertensive effect was observed in nanosponge
carrier (ONS4) administered group during 12 h of the experiment, probably due to drug
release retardation by ethylcellulose polymer. The maximum SBP lowering of pure OLM
and ONS4 were observed as 180.3 £ 2.07 mmHg and 169.3 & 1.37 mmHg at 10 h and 6 h,
respectively. The OLM-loaded NSs (ONS4) controlled the SBP in hypertensive rats for
prolong period of time by minimizing the limitation of oral delivery of OLM. The sustained
release and reduced first pass metabolism by ethylcellulose polymer could be the reason of
reduction in SBP.
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Figure 7. Systolic blood pressure lowering effect of the control, pure OLM and ONS4 samples after
oral administration of in SHRs.
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These data suggest that when this formulation is administered orally, it can sustain
the release of OLM in human body and will produce effective therapeutic action in hyper-
tension and lung cancer, and simultaneously will reduce the side effects of OLM drug.

4. Conclusions

Ehtylcellulose-based OLM-loaded nanosponges (ONS1-ONS4) have been successfully
developed using emulsion-solvent evaporation method and was further evaluated by
DSC, FTIR, XRD, SEM and in vitro release studies. Based on preliminary characterization,
OLM-loaded nanosponges (ONS4) was considered as the optimized formulation and was
evaluated for morphology, porosity, in vitro MTT assay against A549 cell line and in vivo
antihypertensive activity in rat model. The optimized nanosponges (ONS4) presented a
better sustained release with improved antihypertensive efficacy and antitumor activity
against A549 cell lines. Hence, it was concluded that the developed nanosponges benefits
from its nanosize, porous nature and promises better therapeutic efficacy. The proposed
study proved that OLM-loaded nanosponges could have promising application for the
treatment of systolic blood pressure and lung cancer; however, further discoveries need to
be done in this regard which deserves to be deeply explored.
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.3390/polym13142272/s1. Figure S1: FTIR spectrum of the pure OLM and OLM-loaded nanosponge
carriers. The main characteristic peaks of the pure OLM are shown with dotted vertical lines. These
peaks are present, weakened or shifted in OLM-loaded nanosponges (ONS1-ONS4); Figure S2:
Comparative XRD diffractograms of the pure OLM and OLM-loaded nanosponge; Figure S3: Profiles
of different kinetic models for release mechanism of OLM from OLM-loaded nanosponges.
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Abstract: Sildenafil citrate (SLC) is a frequently used medication (Viagra®) for the treatment of
erectile dysfunction (ED). Due to its poor solubility, SLC suffers from a delayed onset of action
and poor bioavailability. Hence, the aim of the proposed work was to prepare and evaluate solid
dispersions (SDs) with hydrophilic polymers (Kolliphor®P188, Kollidon®30, and Kollidon®-VA64),
in order to enhance the dissolution and efficacy of SLC. The SLC-SDs were prepared using a solvent
evaporation method (at the ratio drug/polymer, 1:1, w/w) and characterized by Differential Scanning
Calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning
electron microscope (SEM), drug content, yield, and in vitro release studies. Based on this evaluation,
SDs (SLC-KVA64) were optimized, with a maximum release of drug (99.74%) after 2 h for all the
developed formulas. The SDs (SLC-KVA64) were further tested for sexual behavior activity in male
rats, and significant enhancements in copulatory efficiency (81.6%) and inter-copulatory efficiency
(44.9%) were noted in comparison to the pure SLC drug, when exposed to the optimized SLC-
KVAG64 formulae. Therefore, SD using Kollidon®-VA64 could be regarded as a potential strategy for
improving the solubility, in vitro dissolution, and therapeutic efficacy of SLC.

Keywords: erectile dysfunction; Kolliphor®P188; Kollidon®30; Kollidon®-VA64; polymer; silde-
nafil citrate

1. Introduction

Erectile dysfunction (ED) is the inability of a male to achieve and maintain erection for
a sufficient period of time for satisfactory intercourse with a counterpart female partner [1].
It is also referred to as male impotence. ED is common medical problem that directly affects
sexual wellbeing and quality of life. Presently, millions of men around the world have
some degree of ED, and more than twice that number are anticipated to be affected by
2025 [2,3]. Men suffer from ED due to the rise in synthetic hormone levels present in our
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diet/environment and a nutritionally poor and imbalanced diet, resulting in low levels of
testosterone formation in the body.

Sildenafil citrate (SLC) is a potent phophodiasterase-5 inhibitor, marketed under
the brand name of Viagra. SLC is an orally administered medication, selectively used
to treat ED and pulmonary hypertension (PH). SLC absorbs quickly and acts within
1 h of oral administration, but due to a low aqueous solubility and hepatic first pass
metabolism (~ 80% of administered dose), its relative bioavailability is 41% [4,5]. The
solubility and bioavailability of SLC can improved by various means, such as, cyclodextrin
complex [6,7], orodissovable films [8], dry foam tablets [9], salts and co-crystals [10], Self-
nanoemulsifying drug delivery systems (SNEDDS) [11], and spray dried amorphous solid
dispersions [12]. The advantages of SD have been mentioned in many investigations,
including the improvement of dissolution rate and efficacy of poorly water insoluble
drugs [13,14].

Solid dispersion (SD) is an efficient approach to improve the solubility and bioavailabil-
ity of Biopharmaceutical classification system (BCS) Il and IV class drugs, which involves
dispersion of active ingredients within an inert carrier in a solid state [15,16]. The selection
of carrier for the preparation of SDs is very important and directly affects the efficacy and
stability of the formulation. Thermodynamically unstable SDs have the tendency to recrys-
tallize into amorphous drug during storage, even with traces of crystalline drug left during
preparation and long storage periods [17]. Therefore, complete amorphous SD formation
is important, to avoid recrystallization and hence improve the physical properties of the
drug. The encapsulation of drugs within hydrophilic polymeric carriers induces better
wettability and particle micronization; the main procedure by which SDs improve the
solubility and bioavailability of poorly soluble drugs. Hydrophilic polymer carriers play
a vital role in increasing the dissolution and bioavalibility of poorly soluble drugs. The
function of polymers in formulating SDs is to impart stability and solubility, and modify
the dissolution rate. Various polymeric carriers, notably water soluble drug carriers such
as polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP), with different molecular
weight grades have been used for the preparation of SDs and solid solutions. Cellulose
derived natural polymers such as hydroxy propyl methyl cellulose acetate succinate (HPM-
CAS), ethyl cellulose (EC), and hydroxypropyl methyl cellulose (HPMC) have the desired
physicochemical properties, and, hence, they are extensively used in formulating SDs. PEG
enables a disordered crystalline state of the drug and forms amorphous interstitial solid
solutions by encompassing the drug entity in the interstitial spaces of the polymeric carrier.
Glass solution is the term devised for SDs in which hydrophilic polymeric carriers are used
to increase the solubility; especially for BCS class II and IV. In order to molecularly dissolve
the drug, a large quantity of the hydrophilic polymer is used, which in turn increases the
physical instability of the dispersions due to phase separation. The mechanisms involved
in the improved solubility and dissolution include the detachment of drug molecules as
the hydrophilic carrier dissolves, subsequently forming a supersaturated solution of the
drug [18-22]. A study on SDs using a ibuprofen model drug revealed that polymers under
the trade names “poloxamer 407" and “poloxamer 188” could increase the solubility and
reduce the crystal growth of the drug with their coexistence in the polymeric dispersion,
which could have been due to the disruption of the ibuprofen and formation of hydrogen
bonds between the drug and polymer [23].

Another polymeric carrier, produced under the trade name Kolliphor®P 188 and
commercially available through the BASF corporation, acts as a co-emulsifier in creams,
an emulsifier for skin delivery applications, and solid and liquid dispersions [24]. It is a
synthetic tri-block copolymer, containing a central hydrophobic chain of polyoxypropylene
linked by two hydrophilic chains of polyoxyethylene. The generic name of this nonionic
linear copolymer is poloxamer 188 (P188), the letter P indicates the state of the polymer (as
a powder). Poloxamer 188 (P188) copolymer has been approved by the FDA as a blood
thinner and is used pharmaceutically as a surfactant in toothpastes and mouth washes.
The nature of the conforming blocks gives Kolliphor®P 188 amphiphilic and surface active
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properties, which vary depending on its poly(propylene oxide) and poly(ethylene oxide)
contents. Poloxamer 188 containing 80% ethylene oxide acts as a water soluble polymeric
carrier, used in solid dispersions to improve the solubility and dissolution rate of poorly
water soluble active pharmaceutical ingredients (APIs). Kolliphor®P 188 facilitates solubi-
lization process by micelle formation, in which the drug is enclosed in a hydrophobic core
externally covered by a polar hydrophilic head. SDs prepared with ploxamer are reported
to enhance the solubility and dissolution rate of the hydrophobic drug, Ebastine [25].

Kollidon®30 is another water soluble drug carrier (from BASF Germany) that is a
polyvinyl-pyrrolidone derivative with a molecular weight of 44,000-54,000 g/mol, transi-
tion temperature of 149 °C, and soluble in both aqueous and organic solvents. Commonly
called povidon(e), poly(1-vinyl-2-pyrrolidone), povidonum, and polyvidone. Kollidon®30
is widely used in SDs to improve the solubility and dissolution rate of the drugs by forming
a water soluble complex with insoluble drugs. Co-precipitation and co-milling technolo-
gies are reported to increase the dissolution rate and bioavailability of water insoluble
drugs with the usage of Kollidon®30. Amorphous solid dispersions (ASDs) prepared by
Kollidon®30 were reported to improve the efficiency of nifedipine [26,27].

A copovidone with an exceptionally high binding capacity, traded as Kollidon®VA 64
and produced by BASF, Germany, has applications as a dry binder for direct compression
tableting and as a soluble binder for granulation. These properties make it an attractive
and cost-effective alternative to natural binders. Kollidon VA 64 was first used to prepare
Lopinavir-Ritonavir combination SDs by Abbott laboratories; thereafter, the solubility of
many APIs was increased thanks to copovidone. This copolymer of vinyl-pyrrolidone and
vinyl-acetate in a ratio of 6:4 possess a transition temperature (100 °C) and degrades at
temperature (230 °C) that allow using APIs of varied polarity and with a wide melting
temperature range, and it is extensively employed in hot melt extrusion (HME) and spray
drying solid dispersions (SDSDs). Single-phase glassy solutions formed by copovidone,
in which API was amorphously lodged and dissolved along with the water soluble car-
rier, controlling the process polymer, improved the dissolution rate [28,29]. Moreover,
copovidone-based SDs have also been found to generate nanoparticles during the process
of mass conversion from solid to liquid (dissolution), contributing to the improved solubil-
ity and bioavailability of the drug. Recently, Moseson et al. [30] reported that copovidone
act as crystal nucleation and growth inhibitor by polymer adsorption on the crystalline
drug surface, thus improving the dissolution profile.

This study focuses on the influence of hydrophilic polymers in the dissolution en-
hancement of SLC. Here, the prepared SDs transformed the crystalline SLC drug into an
amorphous state. The interaction of polymers and SLC in SDs was evaluated and opti-
mized by DSC, FTIR, XRD, SEM, and in vitro release studies. The optimized SD (SLC-K64)
showed enhanced dissolution, due to the improve wetting properties of the drug. The
SLC-K64 formulae significantly improved the sexual behavior in male rats. The goal of the
current study was to develop and optimize a SD that could extend the penile erection in
male rats and be a potential approach for the treatment of erectile dysfunction.

2. Materials and Methods
2.1. Materials

Sildenafil citrate (SLC) was obtained as a gift sample from Jazeera Pharmaceutical
Industry (JPI), Riyadh, Saudi Arabia. Kolliphor®P188 (K188), Kollidon®30 (K30) and
Kollidon®-VA64 (KVA64) were received as a gift sample from BASF Co., Ltd. (Lud-
wigshafen, Germany). All solvents and chemicals used for the study were pure and
analytical grade.

2.2. Preparation of SLC Solid Dispersion by Solvent Evaporation

The solid dispersions of SLC with each of the polymers (Kolliphor®P188, Kollidon®30
or Kollidon®-VA64) were prepared (at the ratio drug/polymer, 1:1, w/w) using a solvent
evaporation method [31]. Briefly, an accurately weighed amount of SLC and polymer
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was dissolved in 60 mL of ethanol and water mixture (1:1, v/v). The resultant solution
was transferred into round bottom flask and evaporated on a rotary evaporator “(Buchi
Rotavapor R-215, Essen, Germany)” at 60 °C and 50 rpm for 4 h (Figure 1). The solids
retained in the flask were dried under a vacuum overnight to remove residual solvent. The
final powder was ground into fine particles and stored for further use.

o ®e
e o
SL.C 4 .

Drug and Polymer solution
Solid Dispersion
N .
¢ g |
A « E:
Time (min)
Sexual behaviour actiVity Drug release profile

Figure 1. Schematic diagram of preparation of solid dispersion.

2.3. Practical Percentage Yield

The yield of the process was calculated to determine the efficiency of the prepa-
ration process. SDs were collected and the percentage yield was estimated using the

following equation.
Yield (%) = (Practical weight of the SD)/(Theoretical weight of SLC + Polymer) x 100

2.4. Drug Content Estimation

Drug content was estimated by dissolving 50 mg equivalent weight of SLC in methanol.
The solution was then filtered through a syringe filter (0.45 pm), the filtrate was suitably
diluted with distilled water and analyzed for the quantity of drug using a UV spectropho-
tometer at 291 nm against a blank using distilled water (UV-visible spectrophotometer,
Jasco 645, Tokyo, Japan).

2.5. Differential Scanning Calorimetry (DSC) Studies

DSC spectra of pure SLC, and their solid dispersions (SLC-K188, SLC-K30, and SLC-
KVA64) were recorded using a DSC instrument (SCINCO, DSC N-650, Seoul, Korea) at the
temperature range of 50.0-250.0 °C, at a heating rate of 10 °C/min. The instrument was
purged with nitrogen gas at a flow rate of 20 mL/min. The DSC apparatus was connected
with a sample holder and cooling chamber [32]. Each sample was weighed accurately
(approx. 5 mg) and pressed into a hermetically sealed aluminum pan.

2.6. Fourier Transform Infra-Red (FTIR) Spectroscopy

The FTIR spectra of pure SLC and their solid dispersions (SLC-K188, SLC-K30, and
SLC-KVAG64) were recorded using an FTIR spectrometer (Jasco FTIR Spectrophotometer,
Tokyo, Japan). Each sample was ground with crystalline potassium bromide using a
glass mortar and pestle into a very fine particles, and pressed into transparent film. The
transparent film was kept on a sample holder and the spectra was recorded using spectra
manager software (Jasco, Tokyo, Japan) [33].
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2.7. Powder X-ray Diffraction (PXRD) Studies

The PXRD pattern of pure SLC and solid dispersions (SLC-K188, SLC-K30, and SLC-
KVAG64) were recorded with an Ultima IV Diffractometer (Rigaku Inc. Tokyo, Japan at
College of Pharmacy, King Saud University, Riyadh, KSA). The set parameters for PXRD
were 0-60° (26) at a 10°/min scan speed. The anode tube of the instrument used was
“Cu with Ka = 0.1540562 nm with mono-chromatized graphite crystal”. The spectra was
recorded using a voltage and current of 40 kV and 40 mA, respectively [34].

2.8. Scanning Electron Microscopy (SEM)

The morphology of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64 was observed
under SEM equipment (JEOL JSM-5900-LV, Tokyo, Japan) operated at 15 KV. The samples
were coated with gold using a sputter coater under a vacuum and analyzed using SEM [33].

2.9. In Vitro Release Studies

In vitro release studies of SCL from the prepared solid dispersions (SLC-K188, SLC-
K30, and SLC-KVA64) compared to pure SLC drug were performed using an USP-2
dissolution apparatus (Fiber optic dissolution system, Model Distek 2500i, Software Rev
1.02, North Brunswick, NJ, USA). Briefly, an accurately weighed sample (equivalent to
50 mg of SLC) was dispersed in a dissolution basket containing 900 mL of phosphate
buffer (pH 6.8). The dissolution apparatus was set to run at 100 rpm at 37 £ 0.5 °C. At
a predetermined time interval, 5 mL of sample was withdrawn, compensated with fresh
media, and analyzed for drug content using UV spectroscopy at 291 nm [35]. Each sample
was analyzed in triplicate.

2.9.1. Mean Dissolution Time (MDT)

Model independent approaches such as mean dissolution time (MDT) were assessed
to study the effect of different polymers within the SDs [36]. The rate of drug dissolved of
each SD was expressed by MDT and was calculated using the following equation:

1AM,

=1 j
MDT = L~

j=1M;

where, (j) is the number of the sample (SDs), () is the number of samples in the dissolution
study, (t*j) is the midpoint time between t and ¢ (j — 1), and (AM,j) is the additional amount
of drug dissolved between t and f (j — 1).

2.9.2. Similarity Index (F2)

The similarity index or fit factor of the prepared SDs was assessed, as suggested by
Moore and Flanner, comparing the dissolution profiles of the test (SDs) with the reference
(SLC). The following equation was used to calculate the f, value.

=50 Xlog{[1 + (1/n) " (Rt —T¢)?] " x 100}

where, f» means similarity index, n stands for dissolution time, and Rt and Tt denote
reference (pure drug) and test (SDs) dissolution values at time ¢. If f, values were <50,
this suggests a significant difference between the dissolution profiles under comparative
study [34,36].

2.9.3. Drug Release Kinetics

To study the release kinetics, dissolution data were then fit to the drug release kinetic
models, and the correlation coefficient (R) was calculated using regression analysis. The
zero-order rate describes the concentration independent release kinetics from the SDs,
first-order specifies the concentration dependent release rate, the Higuchi’ model depicts
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the release of drug based on Fickian diffusion, whereas the Korsmeyer-Peppas model
equation demonstrates a relationship between the drug release from the polymeric SDs.

Qt = Qo + kot (Zero-order)

logQ; = logQo — kqt / 2.303 (First-order)
Qt= kHtl/ 2 (Matrix diffusion)
Mt/Moo = kt" (Korsmeyer-Peppas)

where Q; (dissolution of drug over time t), Qp (amount of drug dissolved in diffusion
medium at zero time), kg (zero order constant), k; (first-order constant), and ky (Higuchi
model constant). Mt and Moo are the cumulative drug release at time f and infinite time,
respectively; k is the rate constant of drug-polymer particle’s feature, t is the release time.
Diffusional exponent (1) indicates the drug release mechanism. When n = 0.45 (Case I or
Fickian diffusion), 0.45 < n < 0.89 (anomalous behavior or non-Fickian transport), n = 0.89
(Case II transport) and n > 0.89 (Super Case II), based on the exponent value release
mechanisms reported.

2.10. In Vivo Sexual Behavior Studies
2.10.1. Animals

Male (250-300 g) and female albino rats (150-200 g) were used for the sexual behavior
study [37]. All animals were bred in the lab care unit at the College of Pharmacy, Prince
Sattam Bin Abdulaziz University, Alkharj, Saudi Arabia. Rats were kept in separate
cages with access to food and water ad libitum. The study protocol was reviewed and
approved by the “Animal Ethics Committee (Approval number: BERC 005-05-19), College
of Pharmacy, Prince Satam Bin Abdulaziz University, Alkharj, Saudi Arabia”.

2.10.2. Preparation of Male and Female Rats

The male rats were trained sexually with receptive females three times a day for four
days before commencement of the experiment. The male rats that did not show any sexual
activity during training were excluded from experiment. Eighteen sexually active male rats
were selected for the sexual activity of sildenafil citrate and its optimized solid dispersion.
The female rats were made receptive by administering estradiol benzoate (10 mg/kg body
weight) and progesterone (1.5 mg/kg body weight) subcutaneously, 48 h and 4 h prior to
pairing with male rats, respectively. The sexual activity of the female rats was confirmed
prior to the test by exposing them to male rats. The most receptive female rats were marked
and selected for the study.

2.10.3. Experimental Procedure

The aphrodisiac experiments were performed as per a previously reported method [35].
Eighteen healthy and sexually active male rats (250-300 g) were selected for the study. They
were divided into three groups of 6 animals, each group was isolated alone in separate
cages during the study. Group I (Control) received 1% w/v sodium carboxymethyl cellulose
(Na-CMC) as a vehicle at rate of 5 mL/kg. Group II (reference) received SLC at a dose of
5 mg/kg, and, finally, group III (optimized formulation) received formulation (equivalent
to 5 mg/kg SLC pure). The control vehicle, SLC and formulation were administered as a
single dose by orogastric cannula one hour before the start of the study.

2.10.4. Monitoring of Sexual Behavior

The most sexually active female rats were selected for the study. The experiment was
performed at 19:00 h in a noiseless room under dim red light in transparent cages. The
single female rat was introduced into the cage of single male rat for 15 min, considered
as an adaptive period, and after this period, the females were separated from the male
cages, then control (Na-CMC), SLC suspension, and formulation were administered orally.
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The treated female rat was again paired with same male rat in the cage, and the sexual
behavior of the male rat was immediately started and continued for the first two matings.
The following sexual behavior parameters were monitored and noted as described in a
previous study [35,38].

The following definitions were considered for this test: mounting latency (ML), the
time from the pairing of the female and male in one cage and first mount; intromission
latency (IL), the time from the pairing of a female and male in one cage and first intromission
(vaginal penetration) by the male; mount frequency (MF), the number of mounts before
ejaculation, that is lifting of the male’s fore body over the hind body of the female and
clasping her flanks with his forepaw; intromission frequency (IF), the number of vaginal
penetrations before ejaculation; ejaculation latency (EL), the time from the first vaginal
penetration of a series to the ejaculation; post-ejaculatory interval (PEI), the time from
ejaculation to the first vaginal penetration of the next copulatory series. In the second
mating only the EL was recorded. Percentage copulatory efficiency (%CE) was calculated
using the following equation:

%CE = IF/MF x 100
%ICE = IF/IF + MF x 100

2.11. Statistical Evaluation

The significance of difference between the means was determined by one-way analysis
of variance (ANOVA) with a post-hoc test. A p-value < 0.05 was considered significant.

3. Results and Discussion
3.1. Practical Percentage Yield

The percentage yield of prepared SDs was determined, to ascertain the loss during the
solvent evaporation process. SDs prepared by solvent evaporation showed percentage yield
values ranging between 93 and 95.8%. The high percentage yield indicates the minimum
loss, homogeneity, and accuracy of the process, and hence the suitability for scale-up.

3.2. Drug Content Estimation of Solid Dispersions

Drug content estimation determined the uniformity of the drug in the polymeric
dispersion, the value of drug estimation was found to be in the range of 97-98.99%.

3.3. DSC Studies

DSC is a thermal analytical technique used in formulation development to understand
the physicochemical properties of pure drugs and their formulations. The presence of crys-
tallinity of pure SLC was detected by DSC spectra, because of a sharp endothermic peak at
207 °C (Figure 2), which was close to the previous reported data [39]. The DSC peaks indi-
cate that SLC does not have any exothermic/degradation peaks, confirming its stability up
to a temperature of 250 °C. The solid dispersions SLC-K188 and SLC-K30 showed a broad
endothermic peak at 198 °C and 192 °C with reduced intensity, respectively, indicating
their partial crystallinity. However, SLC-KVA64 showed the complete disappearance of
endothermic peaks corresponding to SLC drug peaks, indicating the transformation of
crystalline phase to amorphous phase, due to dissolution into the KVA64 polymer matrix.
The SLC drug did not crystallize in the SLC-KVA64 system, due to complete dispersion in
the polymer matrix.
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Figure 2. Comparative DSC thermogram of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.

3.4. FTIR Studies

FTIR spectra of pure SLC and solid dispersions SLC-K188, SLC-K30, and SLC-KVA64
are presented in Figure 3. The pure SLC showed characteristic peaks in frequency at
1170 cm~! and 1265 cm ™! for asymmetric and symmetric SO, bands. A strong peak at
1495 cm ™! could be assigned to the -COOH group present in citric acid. The two strong
peaks could be attributed to the -N-H bend and -N-H stretching at frequency 1582 cm ™!
and 3301 cm™!; these assigned peaks confirmed the purity of the drug [35,40]. Compared to
the pure SLC, the characteristic peak of SLC was absent or weakened in the prepared solid
dispersions (SLC-K188, SLC-K30, and SLC-KVA64), confirming the successful dispersion
of polymers with drug [41].

3.5. PXRD Studies

PXRD spectral analysis is a useful tool for identifying the crystalline/amorphous
nature of a solid state powder. The PXRD patterns of pure SLC, SLC-K188, SLC-K30,
and SLC-KVAG64 are shown in Figure 4. The PXRD pattern of pure SLC revealed several
diffraction peaks between 0 and 60° (20), which confirmed the crystalline nature of the
drug [37,41]. The solid dispersions SLC-K188 and SLC-K30 showed a few diffraction peaks
corresponding to SLC with reduced intensity, indicating partial crystallinity. However, the
PXRD pattern of the SD, SLC-KV64, showed a typical profile of an amorphous compound,
suggesting that the polymer KVA64 inhibited the drug crystallization by reordering of
the crystal lattice; this findings strongly supports the DSC analysis [42]. The amorphous
powder influenced the faster dissolution of the drug, due to increased internal energy and
molecular motion, which improved the thermodynamic property as compared to the pure
SLC crystalline drug. The reduction of crystallinity of the drug could have been due to
dispersion of the polymers (K188, K30, and KVA64) with the SLC drug [43].
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Figure 3. Comparative FTIR spectra of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.
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Figure 4. Comparative PXRD spectra of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.

3.6. SEM

Crystalline and amorphous solid dispersion can be differentiated visually using SEM
images. According to the SEM images, the high crystallinity of SCL evidenced a large
needle shaped powder. The SEM images of SDs (SLC-K188, SLC-K30, and SLC-KVA64)
did not show any crystalline structure and the SDs appeared as aggregates of irregular
shape. As can be seen, these polymers strongly disrupted the morphology of the SDs, due
to transformation from a crystalline to amorphous state (Figure 5). The crystallinity of SLC
was already confirmed by the XRD and DSC studies.
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Figure 5. SEM images of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.
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3.7. In Vitro Release Studies

Researchers have explored solid dispersion/inclusion complexation to improve the
solubility, permeability, oral bioavailability, and therapeutic effectiveness of SLC through
its encapsulation with polymers, with the aim of achieving an enhanced drug release [8].
In vitro release profiles of SLC from the prepared solid dispersions (SLC-K188, SLC-K30,
and SLC-KVAG64) are presented in Figure 6. Enhanced dissolution of SLC was noted in
all solid dispersions. The pure SLC drug showed a much lower and incomplete release
(29.08%) during the time-scale of the study (2 h). However, an almost complete release of
SLC was observed from all the prepared solid dispersions. The maximum drug release was
recorded by the SLC-KVA64 system (99.74%) after 2 h. The improvement in dissolution rate
of SLC in a solid dispersion can be attributed to the dispersion of hydrophilic polymers,
due to the wettability of the drug, which resulted in an enhancement in solubility [44].
These results suggest that the use of hydrophilic polymers as the carrier transformed the
SLC crystals into an amorphous state, which improved the solubility of the drug. However,
the highest release of SLC from SLC-KVA64 could possibly have been due to the maximum
amorphization of SLC, wetting properties of SLC-KVA64 polymer with SLC.

100 —&— Pure-Drug
~ —e—SLC-K188
S 80 SLC-K30
= —e—SLC-KV64
2 60
= 40
3
7 20

0

0 20 40 60 80 100 120
Time (min)

Figure 6. In vitro release profile of pure SLC, SLC-K188, SLC-K30, and SLC-KVA64.

The estimated values of similarity factor (f2) and MDT for all solid dispersions are
summarized in Table 1. It was found that the 2 values for all formulae (SLC-K188, SLC-K30,
and SLC-KVA64) were less than 50, suggesting all formulae are statistically not different
(p > 0.05). The mean dissolution time is an indication of the dissolution process. The MDT
for SLC-K188, SLC-K30, and SLC-KVA64 were estimated as 39.61, 37.65, and 35.52 min.
The lowest MDT was measured for SLC-KVA64 among all the formulae, indicating a faster
release of drug compared to the other formulae. However, the release kinetic models of
fitted f and coefficient of correlation (R?) values were obtained as first order (R? = 0.999),
matrix diffusion (R? = 0.996), and matrix diffusion (R? = 0.998) for the formulae SLC-K188,
SLC-K30, and SLC-KVA64, respectively.

3.8. In Vivo Sexual Behavior Studies

In this study, the SLC-KV64 formulation was tested and compared with pure SLC
for its aphrodisiac effect on male rats. The male rats showed an improved sexual activity
towards their female rat partner, shown by their eager and quick movement and visible
signs of pre-copulatory action, such as anogenital exploration, body sniffing, and moving
around, which finally resulted in mounting [35]. The data presented in Tables 2 and 3 show
that SLC (5 mg/kg) significantly reduced the ML (67.27 £ 2.18 s) and IL (108.15 £ 3.52 s)
and caused a significant increment in the MF (8.57 £ 0.37) and IF (5.36 = 0.36) compared
to the control. MF and IF are important indicators to measure the vigor, libido, and
potency and that reflect the sexual motivation and efficiency of erection, respectively. The
increase in MF and IF following administration of SLC-KV64 formulation was observed,
suggesting the improved sexual behavior of rats [45]. As ML and IL values decreased
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following administration of SLC-KV64, this suggests stimulation of sexual motivation
and arousal [46]. One formulation (SLC-KV64) also prolonged ejaculatory latency in the
first and second series (EL-1 and EL-2) and caused a significant reduction in the post
ejaculatory interval (PEI) compared to the control group. Due to EL and PEI events, the
refractory period between the first and second series of mating, revealed that SLC in
the formulation improved the sexual activity. The CE (%) and ICE (%) are presented
in Figures 7 and 8. Improvements in CE (81.6%) and ICE (44.9%) were observed when
rats were exposed to optimized SLC-KVA64 formulae in comparison to the pure SLC
drug [37]. All observed sexual activity parameters of the optimized SLC-KVA64 were
remarkably improved compared to the control and pure SLC drug; these parameters are
statistically significant.

Table 1. Similarity factors and release kinetics of prepared SDs.

Correlation Coefficient
Solid MDT o R?)
Dispersions  (min)

Zero First Matrix Korsmeyer-

Order Order Diffusions Peppas N
SLC-K188 39.61 25.22 0.910 0.999 0.996 0.991 0.524
SLC-K30 37.65 21.68 0.907 0.989 0.996 0.992 0.495
SLC-KVA64 35.52 18.59 0.876 0.840 0.998 0.995 0.411

Table 2. Effect of SLC-KV64 on the mount latency (ML), mount frequency (MF), intromission latency
(IL), intromission frequency (IF), and copulatory efficiency (CE) of male rats.

Groups ML (s) MF IL (s) IF
NC 122.71 £5.27 424 +0.48 24515 +7.27 242 +0.15
SLC-STD 67.27 £2.18*% 8.57 £ 0.37 * 108.15 +3.52 * 5.36 £0.36 *
SKV64 59.16 £ 2.11 *f 10.36 + 0.42 *f 97.78 £ 3.16 *1 8.45 £ 0.50 *f

Values are expressed as mean + S.E.M., n = 6 rats/group. * indicates significance compared to NC
group at p < 0.05. f indicates significance compared to SLC-STD group at p < 0.05.

Table 3. Effect of SLC-KV64 on the ejaculation latency in the 1st series (EL-1), post ejaculatory interval
(PEI) and ejaculation latency in the 2nd series (EL-2) of male rats.

Groups EL-1 (s) PEI (s) EL-2 (s)
NC 376.62 + 8.72 496.64 £+ 14.73 395.20 £7.12
SDL-STD 42316 £11.46 * 397.84 £ 8.46* 421.22 £825*
SKVe64 458.38 £+ 10.27 *t 370.50 £ 8.50 *f 449.20 4+ 9.28 *f

Values are expressed as mean + S.E.M., n = 6 rats/group. * indicates significance compared to NC
group at p < 0.05. f indicates significance compared to SLC-STD group at p < 0.05.
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Figure 7. Effect of pure SLC and SLC-KV64 on CE.
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4. Conclusions

In this study, SDs of SLC were prepared by solvent evaporation method using three hy-
drophilic polymers as drug carriers, namely Kolliphor®P188, Kollidon®30, and Kollidon®-
VA 64. The prepared SDs succeeded in improving the dissolution rate and sexual behavior
in male rats. A marked influence of the polymers on SCL dissolution was noted. All SDs
significantly improved the SCL dissolution compared to the pure drug. The optimized
SD (SLC-KV64) system showed the maximum enhancement in dissolution rate compared
to the pure SLC drug. The DSC and PXRD studies revealed the transformation of the
crystalline state of SLC to an amorphous state, which required the lowest energy for drug
solubilization. A significant improvement in sexual activity was observed in optimized SD
(SLC-KV64) administered male rats, compared to pure SLC drug. Finally, we concluded
from this research that the optimized SDs (SLC-KVA64) exhibited superior activity and
are a promising strategy for improving solubility, dissolution rate, and aphrodisiac effects
on male rats. Hence, the results suggest that the hydrophilic polymer Kollidon®-VA 64
could be an excellent carrier for enhancing the dissolution and therapeutic performance of
SLC drug.
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Abstract: Age-related macular degeneration is a multifactorial disease affecting the posterior segment
of the eye and is characterized by aberrant nascent blood vessels that leak blood and fluid. It
ends with vision loss. In the present study, artemisinin which is poorly water-soluble and has
potent anti-angiogenic and anti-inflammatory properties was formulated into nanomicelles and
characterized for its ocular application and anti-angiogenic activity using a CAM assay. Artemisinin-
loaded nanomicelles were prepared by varying the concentrations of PVP k90 and poloxamer 407 at
different ratios and showed spherical shape particles in the size range of 41-51 nm. The transparency
and cloud point of the developed artemisinin-loaded nanomicelles was found to be 99-94% and
68-70 °C, respectively. The in vitro release of artemisinin from the nanomicelles was found to be
96.0-99.0% within 8 h. The trans-corneal permeation studies exhibited a 1.717-2.169 ug permeation
of the artemisinin from nanomicelles through the excised rabbit eye cornea for 2 h. Drug-free
nanomicelles did not exhibit noticeable DNA damage and showed an acceptable level of hemolytic
potential. Artemisinin-loaded nanomicelles exhibited remarkable anti-angiogenic activity compared
to artemisinin suspension. Hence, the formulated artemisinin-loaded nanomicelles might have the
potential for the treatment of AMD.

Keywords: nanomicelles; artemisinin; cornea; toxicity

1. Introduction

Current treatment options adopted for posterior segment eye diseases such as age-
related macular degeneration (AMD) are far from satisfactory due to the limited exposure
of therapeutic drugs to the posterior segment of the eye with poor bioavailability [1,2].
Attempts to increase the dose of drugs may lead to posterior segment toxicity [3,4]. Site
specific intravitreal injections/implants may improve the localized drug concentration
which ultimately results in cataract development, endophthalmitis, haemorrhage and
retinal detachment [5]. Topical drops, the most widely adopted method for ocular drug
delivery, also suffer from precorneal clearance, lacrimation, tear dilution and tear turnover
and result in a low bioavailability [6,7]. Topically administered drugs are penetrated and
distributed into the posterior segment of the eye through diffusion across ocular tissues,
trans-corneal permeation, direct entry through uvea and lateral diffusion across sclera
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and conjunctiva [8,9]. The topical application of particulate drug delivery systems such
as nanosuspension, nanodispersion, nanocrystals, nanogels and nanomicelles has shown
enhanced ocular bioavailability by minimizing the precorneal loss, increasing the corneal
residence time, improving the corneal penetration and providing controlled or prolonged
drug delivery to the disease site [10].

Nanomicelles are colloidal dispersions of surfactant (s) or polymeric surfactant (s)
molecule aggregates with a fairly narrow size distribution of spherically shaped particles
(10 to 100 nm). These systems have been reported to improve the solubility of poorly
water-soluble drugs by encapsulating them into shells with improved stability [11,12].
Polymeric micelles are generally more stable compared to surfactant micelles and they are
mainly used to treat the affected areas due to their bio adhesive properties [13].

Polyvinylpyrrolidone, a synthetic polymer, with the chemical term 1-Ethenyl-2-
pyrrolidinone homopolymer, is widely used as a dissolution enhancer for poorly sol-
uble drugs. Due to its strong hydrophilic characteristics, it may improve water penetration
and the wettability of the hydrophobic drugs. Poloxamer 407, made up of nonionic polyoxy
ethylene—polyoxy propylene copolymers, is used to enhance the solubilization of poorly
water-soluble drugs and prolong the drug release [14,15]. The gel to sol transition has
been reported for the poloxamers-based ocular delivery of (timolol maleate) upon topical
administration [14,16].

Artemisinin is a poorly water-soluble cadinene-type sesquiterpene lactone isolated from
Artemisia annua (Family-Compositae), chemically known as (3R, 5aS, 6R, 8aS, 9R, 125, 12aR)-
octahydro-3, 6, 9-trimethyl-3, 12-epoxy-12H-pyrano [4,3-j]-1,2-benzodioxepin-10 (3H)-one.
Artemisinin possesses anti-inflammatory and anti-angiogenic activities along with its potent
anti-malarial activity. The presence of the endoperoxide bridge (-C-O-O-C-) is responsible for
its potent anti-cancer and anti-malarial activities with low toxicity. The endoperoxide bond in
artemisinin forms an alkoxyl radical by accepting an electron from heme, thereby artemisinin
becomes activated and exerts its anti-angiogenic effect [17-19]. Artemisinin has been reported
to inhibit both NF-kB activation and the vascular endothelial growth factor (VEGF) which
are the main factors in the development of AMD [20,21]. Hence, it is hypothesized that
artemisinin can be useful for the treatment of AMD [20-22]. Further corneal permeation of
artemisinin through the rabbit cornea has not been reported to best of our knowledge.

The aim of the present study was to enhance the aqueous solubility of artemisinin by
using the combination of PVP K90 and poloxamer 407 nanomicelles and to evaluate its
corneal permeability. Furthermore, the hemolytic potential, genotoxicity and critical micel-
lar concentration of the developed nanomicelles were also evaluated. The anti-angiogenic
potential of the developed nanomicelles was evaluated by chick embryo chorioallantoic
membrane (CAM) assay.

2. Materials and Methods
2.1. Materials

Artemisinin was obtained from Herbochem, (Hyderabad, India). Polyvinylpyrroli-
done (PVP K90) (Molecular weight—40,000 Da) and Poloxamer 407 (Molecular weight—
95,000-110,000 Da) were procured from BASF Corporation, Mumbai, India. Potassium
dihydrogen orthophosphate and sodium hydroxide were purchased from SD fine chemi-
cals, Mumbeai, India. All other solvents and reagents used were of HPLC grade. Milli Q
water was used for HPLC analysis.

2.2. Compatibility Study

The drug and excipient compatibility were assessed by the Fourier Transform Infra-
Red spectrometer (Spectrum Two, Perkinelmer, Waltham, MA, USA). The potassium bro-
mide (KBr) pellets were prepared by grinding KBr with respective samples (artemisinin/PVP
K90/poloxamer 407/ physical mixture of artemisinin with excipients, processed mixture
and/artemisinin loaded nanomicelles) and pressed into transparent pellets using a hy-
draulic press [22]. The IR spectra were recorded at the region of 4000-400 cm .
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2.3. Preliminary Screening for Nanomicelles Formation Capacity

Different mass ratios of PVP K90 and poloxamer 407 (1:1, 1:2, 1:3, 1:4, 1:5, 2:1,
2:2 etc., [1 = 5%]) and 100 mg of artemisinin were dissolved in ethanol, stirred to form
homogeneous ethanolic solution and dried under vacuum to form artemisinin-loaded
polymeric particles. The obtained mass was treated with sterile water, vortexed to form
stable nanomicelles and examined for turbidity after 24 h.

2.4. Design of Experiment (DoE)

The central composite rotatable design-response surface methodology (CCRD-RSM)
at two factor and three levels (i.e.,, —1, 0, +1) was used to optimize the artemisinin-loaded
nanomicelles. The polymer (PVP K90) and polymeric surfactant (Poloxamer 407) concen-
trations were kept as input variables. The particle size and transparency of the developed
formulations were kept as the response variables. The concentrations of the PVP K 90
(0-10% w/v) and poloxamer 407 (0-5% w/v) were selected based on the acceptable levels
reported by USFDA for ophthalmic use [16,17]. The experimental design and statistical
analysis of the obtained data were performed using the Design Expert Software (Version 6,
Stat-Ease Inc., Minneapolis, MN, USA).

2.5. Preparation of Artemisinin Loaded Nanomicelles

A weighed amount of artemisinin was dissolved along with PVP K90 and Poloxamer
407 (2:1) in ethanol and was spray dried to form artemisinin-loaded polymeric particles.
These polymeric particles were dissolved in a phosphate buffer with a pH of 7.4 and were
vortexed to form stable artemisinin-loaded nanomicelles (Table 1).

Table 1. Composition of artemisinin nanomicelles (ANM) and blank nanomicelles (BNM).

Composition (%)

Nanomicelles Pyi‘ﬁg‘;ﬁ?’ll(% Poloxamer 407 Artemisinin
ANM 1 5 2.5 0.05
ANM 2 8 4 0.05
ANM 3 10 5 0.05
BNM 1 5 2.5 -
BNM 2 8 4 -
BNM 3 10 5 -

2.6. Determination of the Critical Micellar Concentration (CMC)

The critical micellar concentration (CMC) of artemisinin-loaded nanomicelles was
determined by the pyrene-based fluorescent probe method clearly described by Li et al.
and Mohr et al. [23,24]. In this method, a solution of 10 mM pyrene was prepared using
a phosphate buffer saline (PBS). Artemisinin nanomicelles and blank nanomicelles were
prepared at a concentration of 30-1500 pg/mL using a saline phosphate buffer. Pyrene
was added in order to achieve a 0.1 uM solution in concentration and was incubated for
30 min at room temperature in the dark. The sample was excited at 336 nm and fluorescence
intensity was measured with dual emission at 375/384 nm using a microplate reader
(Molecular Devices, San Jose, CA, USA). The ratio of intensity (1384/1375) was computed
and compared to the nanomicelles’ log concentrations.
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2.7. Characterization of Artemisinin-Loaded Nanomicelles
2.7.1. Transparency

The transparency of the formulated artemisinin-loaded nanomicelles was evaluated
at 400 nm by a UV spectrophotometer using distilled water as a blank [25].

2.7.2. Cloud Point

The cloud point of artemisinin-loaded nanomicelles was examined by placing a
100-fold diluted sample with water in a water bath and subjecting it to increases in tem-
perature gradually. The temperature at which a decrease in transmittance occurred due to
cloudiness formation was noted visually as the cloud point [26].

2.7.3. Particle Size and Zeta Potential

The average particle size and zeta potential of the developed artemisinin-loaded
nanomicelles was determined by using a Zetasizer (Nano ZS, Malvern Instruments,
Malvern, UK). The homogeneity of the particle size distribution was indicated by its
polydispersity index (PDI).

2.7.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (Philips EM-430; Philips Electronics, Eindhoven,
The Netherlands) was employed to investigate the surface morphology of nanomicelles
and it was operated at a driving voltage of 200 kV. A drop of 1.3% phosphotungstic acid
was applied to the samples before they were placed over the carbon-coated copper grid.
The grid was vacuum dried before being mounted on a grid holder and its morphology
was examined.

2.7.5. Drug Content

The amount of artemisinin present in the artemisinin-loaded nanomicelles was checked
by RP-HPLC (Shimadzu Corporation, Kyoto, Japan, LC- 20AD). Data acquisition was
performed using spinchrome-1 software. A reverse phase phenomenex-C18 (5 pm,
4.6 mm x 250 mm) analytical column was used. The mobile phase consisting of the
mixture of acetonitrile: water (65:35% v/v) was used at a flow rate of 1.0 mL/min and the
UV detection was carried out at 219 nm [27].

2.8. In Vitro Hemolytic Potential

The in vitro hemolytic potential of the nanomicelles was evaluated by the method
described by Amin et al. (2006) [28]. Briefly, 100 puL of blank nanomicelles were combined
with 900 pL of fresh peripheral blood from healthy human volunteers and equilibrated
at 25 °C for 2 min and centrifuged at 1900x g at 25 °C for 5 min. The precipitates were
washed 4 times with 5 mL of normal saline after discarding the supernatant. The unlysed
red blood cells were treated and vortexed with 4 mL of sterile water for supplementation
with haemoglobin release and had a centrifugal effect for 5 min at 1900 g. The obtained
supernatant was diluted with distilled water and absorbance was measured at 540 nm.
Normal saline (0% lysis) and a 1% sodium carbonate solution (100% lysis) were used as
negative and positive controls, respectively. The hemolytic capacity of the nanomicelles
was estimated by the formula:

Negative Control — Blank Nanomicelles
Negative Control — Positive Control

% Hemolysis = % 100 (1)
2.9. Evaluation of the Genotoxicity of the Nanomicelles (Alkaline Comet Assay)

The toxic effect of the blank nanomicelles (BNM 2 and BNM 3) on the genetic ma-
terials of the cells was evaluated by the alkaline comet assay as previously described by
Natesan et al. [29] using cells treated with HyO, (100 pM) as the positive control.
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2.10. In Vitro Drug Release

The in vitro drug release of the artemisinin-loaded nanomicelles was evaluated using
a dialysis bag method (cut off 5000 Da, Himedia, Mumbai, India). The drug-loaded
nanomicelles (1.0 mL) were placed in a dialysis bag which was hermetically sealed and
suspended in 50 mL of a phosphate buffer solution at a pH of 7.4. The temperature
was maintained at 34 &+ 0.1 °C using a closed double jacketed thermostatic chamber and
stirred at 600 RPM using a magnetic stirrer [30,31]. Aliquots (2.0 mL) were withdrawn at
predetermined intervals and replaced by an equal volume of the fresh dialyzing medium.
The samples were analyzed using RP-HPLC.

2.11. In Vitro Trans-Corneal Permeation Studies

The in vitro trans-corneal permeation effect of artemisinin-enriched nanomicelles
were studied with a modified side-by-side of a Franz diffusion cell. Both chambers (donor
and receptor) were built with an internal water jacket for water circulation and side braces
to keep the system temperature constant. The protocol for animal research was authorized
by the Institutional Animal Ethical Committee and animals were kept in accordance with
approved guidance. In combination with the 2-4 mm surrounding scleral tissue, the male
albino rabbit cornea was carefully removed and rinsed with cold saline. The excised cornea
was positioned between the cells of the donor and the receivers in such a manner to allow
the cornea’s epidermal surface to face the donor compartment with a diffusion area of
0.78 cm?. The phosphate buffer with a pH of 7.4 was deposited into the compartment and
maintained at 34 & 0.1 °C followed by a magnetic stirring of 150 rpm. The pre-heated
(34 °C) drug-loaded nanomicelles were inserted into the donor cell at specified time
intervals and the samples of the reservoir cell (0.3 mL) were removed and replaced by fresh
media. The samples were evaluated using the RP-HPLC technique as previously described
by Chandrasekar et al. [27].

2.12. Apparent Permeability Coefficient
The apparent permeability coefficient was calculated using the following formula:

AQ 1

Pavre = "8t - (a.co0) @

where, AQ/ At is the flux across the cornea (ng/min), A is the diffusion area exposed, Co is
the starting concentration of the artemisinin in a donor region, and 60 is regarded as the
minute-to-second factor. The corneal flux was derived from the path of the regression line,
which was drawn for the amount of drug (Q) penetrated by time (¢) [32,33].

2.13. Histological Examination of the Drug-Permeated Cornea

The corneal permeate tissue obtained after the permeation study was washed with a
phosphate buffer with a pH of 7.4 and was stored in a 10% formalin solution. The corneal
permeate tissue was dehydrated with ethanol, embedded in paraffin, cut into vertical
sections using microtome, stained with hematoxylin eosin and observed under a light
microscope for any pathological change using untreated corneal tissue as a control [34].

2.14. Evaluation of the Anti-Angiogenic Effect of Artemisinin Nanomicelles Using a
Chorioallantoic Membrane Assay (CAM Assay)

The anti-angiogenic effect of the nanomicelles formulation was evaluated using
a Chorioallantoic Membrane Assay (CAM) as described by Ponnusamy et al. and
Velpandian et al. [22,35]. Fertilized chicken eggs were incubated in an incubator at
37 °C for 3 days. The eggs were turned horizontally many times and then swabbed
with 70% alcohol on the third day. By withdrawing the albumin (2.0 mL) from the fertilized
eggs, the growing CAM was separated from the eggshell and an incision was made to
create a window which was utilized as an entry point to the CAM. Sterile parafilm was used
to close the window. The viable eggs were horizontally inserted and incubated for up to
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5 days. On the 5th day the embryos were imaged by digital camera to reveal excising blood
vessels on the window. A solution of artemisinin/blank nanomicelles/artemisinin-loaded
nanomicelles on an impregnated filter paper disc (each 50 pg/disk) was put directly onto
an exposed blood vessel using sterile surgical forceps on an increasing CAM and further
incubated for 2 days. On day 7, the filter paper discs were carefully removed from the CAM
and their anti-angiogenic impact was assessed and photographed at the sample applied
area. A semi-quantitative score system was used to access the anti-angiogenic impact.

2.15. Stability Studies

The stability study of the artemisinin-loaded nanomicelles was carried out based on
ICH guidelines by storing the samples at 40 &+ 2 °C/75 £+ 5% RH for 180 days in the
stability chamber.

2.16. Statistical Analysis

Triplication of all experiments were completed and the data are given as a
mean =+ standard deviation. The student’s “t” test was used to examine statistical data.

3. Results and Discussions
3.1. Compatibility Studies (FTIR)

The interactions between the drug and the excipients were analyzed by comparing
the FTIR spectra of the pure drug, the individual excipients, the physical mixture, the
processed mixture of the polymer and the polymeric surfactant and the artemisinin-loaded
nanomicelles.

An artemisinin IR spectrum contains unique bands of IR regions such as, 1116 cm™
for the C-O-O-C bending vibrations of the endoperoxide ring, 1736 cm ™! for the C=0O
lactone ring stretching and 1012 cm ™!, 1200 cm~! and 3455 cm™! stretching for the C-O,
C-O-C and O-H stretching vibrations, respectively (Figure 1). The symmetric CHj stretch
was marked by identifying the fermi resonance at 2952 cm™! with overtones of methyl
bending. The IR absorption bands at 883 cm™! and 831 cm™ were responsible for O-O-C
and O-O stretching as the boat/twist form of 1, 2, 4-trioxane [36]. The characteristic IR
absorption pattern of PVP K90 was shown in the bands of 3447 cm~! with O-H stretching
vibrations, C-H stretching vibration at 2886 cm~!, C=0 carbonyl stretching at 1655 cm !,
C-H stretching at 1375 cm 1, and C-N stretching vibration at 1281 cm 1 [18]. The prop-
erties of Poloxamer 407 include the absorption bands for aliphatic IR vibration C-H at
2921 cm !, the vibration C—O stretches at 1117 cm ! and the vibration O-H stretches at
3452 em 1 [37,38].
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Figure 1. FTIR spectrum of artemisinin, PVP K 90, poloxamer 407, physical mixture, processed
mixture and artemisinin nanomicelles.

50



Polymers 2021, 13, 3038

The IR spectra of artemisinin nanomicelles and the processed mixture shows the
presence of C=0 stretching at 1644 and 1653 cm~! (carbonyl bond) and 1117 cm~! for
C-O (ether bands) stretching vibrations which confirms the interaction between the polox-
amer and PVP; this interaction was absent in the physical mixture [39]. The artemisinin-
loaded nanomicelles exhibited a shift at the C=O stretching vibrations from 1736 cm~! to
1644 cm ! and 1653 cm ™!, respectively. The changes in the carbonyl (C=0) group of the
lactone ring in artemisinin might contribute towards the artemisinin solubility.

The formation of a weaker hydrogen bond between the lactone ring carbonyl group
(C=0) and the poloxamer hydroxy group could contribute to the enhancement of artemisinin
solubility [40]. Moreover, the muster between the poloxamer hydroxy group and the
PVP ketone group might increase the hydrophobic micelle corona, which might increase
artemisinin solubility.

3.2. Preliminary Screening for Nanomicelles Formation Capacity

The stable nanomicelles were screened based on the transparency and the formation
of a precipitate upon storage for up to 24 h. Poloxamar 407 and PVP k90 (1:2) produced
clear nanomicelles, whereas other lower ratios produced unclear nanomicelles. The higher
ratio of poloxamer 407 to PVP K 90 produced visually clear nanomicelles, but the amount
required for the formation of nanomicelles was higher than the amount permitted to be used
for ocular application as per USFDA [41,42]. The preliminary trial experiments indicated
that the polymer and the polymeric surfactant concentration affects the transparency and
particle size of the nanomicelles.

3.3. Experimental Design

The optimization to screen the smaller particle size with transparent artemisinin-
loaded nanomicelles was obtained using central composite rotatable design-response
surface methodology (CCRD-RSM). The optimization layout is shown in Table 2, and
three-dimensional (3D) RSM graphs and contour graphs are shown in Figures 2 and 3,
respectively. The mathematical relationships constructed for the studied response variables
of particle size and transparency are expressed as given below in Equations (2) and (3). The
best fitting was obtained with the quadratic model. The R-Squared, adjusted R-Squared,
predicted R-Squared and adequate precision of the particle size were 0.5818, 0.2830, —1.9741
and 3.269, respectively. Similarly, the R-Squared, adjusted R-Squared, predicted R-Squared
and adequate precision of the transparency of the systems were 0.7968, 0.6517, —0.4449
and 5.865, respectively.

Table 2. Experimental design variables and the observed responses in the response surface method-
ology for the formulation of nanomicelles.

Factor 1 A: Factor 2 B: PVP Rfesporfse 1 Response 2
Run Particle Size nm
Poloxamer 407 K90 Transparency %
(PDI)
1 0.00 0.00 44 (0.36) 96
2 —1.00 1.00 106 (0.54) 44
3 1.00 1.00 51 (0.42) 94
4 0.00 0.00 44 (0.36) 96
5 0.00 0.00 44 (0.36) 96
6 0.00 141 98 (0.43) 46
7 —1.00 —1.00 41 (0.35) 99
8 1.00 —1.00 78 (0.33) 44
9 -1.41 0.00 156 (0.41) 33
10 1.41 0.00 143 (0.56) 38
11 0.00 —1.41 139 (0.86) 37
12 0.00 0.00 44 (0.36) 96
13 0.00 0.00 44 (0.36) 96
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Figure 2. Three-dimensional (3D) and Contour plots of the response surface method graph for the
effect of PVP K 90 and poloxamer 407 concentrations on the particle size of nanomicelles.
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Figure 3. Three-dimensional (3D) and Contour plots of the response surface method graph for the
effect of PVP K 90 and poloxamer 407 concentrations on the transparency of nanomicelles.

Final Equation in Terms of Coded Factors:
Particle size = + 44.31 — 455 x A — 2.50 x B — 23.00 x A x B+ 36.35 x A2 +20.85 x B2 (3)
Transparency = + 96.00 + 0.26 x A +0.97 x B +26.25 x A x B — 2231 x A2 — 19.31 x B2 (4)

where A = Concentration of poloxamer, B = Concentration of PVP K 90.

The increasing concentration of poloxamer 407 contributed negatively towards the
particle size and positively towards the transparency of nanomicelles, whereas PVP K90
exhibited opposite results. RSM diagrams showed that the higher the concentration <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>