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Introduction: There is an unmet need to develop potent therapeutics against cancer with minimal side effects and systemic toxicity.
Thymol (TH) is an herbal medicine with anti-cancer properties that has been investigated scientifically. This study shows that TH
induces apoptosis in cancerous cell lines such as MCF-7, AGS, and HepG2. Furthermore, this study reveals that TH can be
encapsulated in a Polyvinyl alcohol (PVA)-coated niosome (Nio-TH/PVA) to enhance its stability and enable its controlled release
as a model drug in the cancerous region.

Materials and Methods: TH-loaded niosome (Nio-TH) was fabricated and optimized using Box—Behnken method and the size,
polydispersity index (PDI) and entrapment efficiency (EE) were characterized by employing DLS, TEM and SEM, respectively.
Additionally, in vitro drug release and kinetic studies were performed. Cytotoxicity, antiproliferative activity, and the mechanism were
assessed by MTT assay, quantitative real-time PCR, flow cytometry, cell cycle, caspase activity evaluation, reactive oxygen species
investigation, and cell migration assays.

Results: This study demonstrated the exceptional stability of Nio-TH/PVA at 4 °C for two months and its pH-dependent release
profile. It also showed its high toxicity on cancerous cell lines and high compatibility with HFF cells. It revealed the modulation of
Caspase-3/Caspase-9, MMP-2/MMP-9 and Cyclin D/ Cyclin E genes by Nio-TH/PVA on the studied cell lines. It confirmed the
induction of apoptosis by Nio-TH/PVA in flow cytometry, caspase activity, ROS level, and DAPI staining assays. It also verified the
inhibition of metastasis by Nio-TH/PVA in migration assays.

Conclusion: Overall, the results of this study revealed that Nio-TH/PVA may effectively transport hydrophobic drugs to cancer cells with
a controlled-release profile to induce apoptosis while exhibiting no detectable side effects due to their biocompatibility with normal cells.
Keywords: herbal anticancer drug, thymol, cancerous cell lines, pH-dependent release, niosome, polyvinyl alcohol, apoptosis

Introduction

Cancer is a prominent cause of death and a significant impediment to extending life expectancy and its treatment is
a global challenge.'* Currently, major focus areas of cancer therapy are chimeric antigen receptor (CAR) T cell therapy,’
cell-based and biologics-based immunotherapy,*> as well as traditional chemotherapy and radiation-based treatments. In
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parallel to these approaches, medicinal herbs have also been investigated for their anti-cancer properties.®® Availability,
ease of scale-up, and potential engineering methods to obtain more potent and less toxic structures are among the
favorable aspects of herbal medicine. Another beneficial facet of herbal medicine compared to classical chemotherapy is
its limited acute or chronic toxic side effects.”'”

Although known to be less toxic, herbal medicine could be overdosed systematically to achieve appropriate
pharmacodynamics, leading to unwanted toxicities. In addition, sustained release of therapeutic herbals is generally
desired since it can address the low bioavailability of herbal medicine, mainly originating from their hydrophobic nature.
A chemical therapeutic procedure faces various obstacles, including drug resistance and extreme side effects.''
Therefore, we need novel, more effective, selective, and less toxic alternative therapeutics not just for cancer prevention
but also for cancer treatment. In this study, we focused our attention on a designed treatment for the three most common
cancer cell lines; MCF-7 (breast cancer), AGS (stomach cancer), and HepG2 (liver cancer).

Thymol (2-isopropyl-5-methylphenol) is a significant phenolic component, a natural monoterpenoid, found in
numerous plants’ essential oils, notably Thymus vulgaris. According to various experimental models, TH and its
derivatives have been shown to inhibit cell growth, induce apoptosis, producing intracellular reactive oxygen species,
depolarize mitochondrial membrane potential, activate the proapoptotic mitochondrial proteins, interact with cysteine
aspartases (caspases), or interact with poly ADP ribose polymerase.'>'* Herbal compounds are generally hydrophobic
and also not stable in the body, and they should be protected by carriers.'* Therefore, the advantages of nanoparticle
(NP)-based drug delivery systems, including excellent pharmacokinetics, accurate tumor cell targeting, reduced side
effects, and drug resistance are desirable.'>?

Niosomes, non-ionic surfactant-based vesicles that exhibit extraordinary behavior in encasing both hydrophilic and hydro-
phobic compounds, have attracted a great deal of interest in the pharmaceutical industry.”*** These vesicles have recently been

discovered to boost drug bioavailability and may function as a new technique for delivering several types of therapeutic agents,

3460 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Abdihaji et al

with minimal toxicity and outstanding targeting efficiency.>* > Niosomes are considerably more stable during the formulation
and storage procedure than liposomes. Surface modification or component optimization can be used to achieve the desired
pharmacokinetic qualities.”**’ In this study, we implemented a novel technique in niosome formulation by utilizing Vitamin
E instead of the cholesterol, and the addition of polyvinyl alcohol (PVA) which increased the stability, specificity of targeted
delivery, and controlled release of the drug. Vitamin E has hydrophobic properties and attaches to the hydrophobic heads of lipids
of the niosomes. As a result, hydrophobic heads may start to move toward each other, reducing the size of the niosomes. Also, TH
can react from the hydrophobic part with vitamin E, resulting in improved loading efficiency. PVA is a semicrystalline
biodegradable synthetic polymer that has been employed in biomedical applications for several years. PVA has long been utilized
in the pharmaceutical industry to prepare solid dispersions which improve drug solubility. In addition, in vitro and in vivo research
have shown that PVA is non-toxic and highly biocompatible.? In 2018, Amiri et al delivered a synthetic chemotherapeutic drug to
lung cancer cell lines using niosomes. The goal of the study was to improve the therapeutic effectiveness of vinblastine by using
drug delivery systems, and the results showed that niosomes, a drug carrier, are crucial for enhancing physiochemical
characteristics and therapeutic efficiency.”” The same cell lines as this study’s (ie MCF-7 and HepG2) were employed by
Baranei et al in 2021 to deliver anticancer herbal drugs via niosomes. The aim was to design and introduce a new, stable plasma,
pH-sensitive niosomal (Nio) formulation of green tea extract (GTE) and it was concluded that niosomes will improve bioavail-
ability and strengthen GTE’s cytotoxic effect.*® Nevertheless, both span 60/40 and cholesterol were utilized in the synthesis of
niosome. In contrast to others, this study was innovative in that it used vitamin E rather than cholesterol.

Although the delivery of Thymol via nanocarriers has been researched in the past, there is no proof that Thymol is
delivered using niosomes. Taherkhani et al in 2021 have studied the application of Janus Magnetic Nanoparticle
Fe304@SiN functionalized with beta-cyclodextrin in thymol drug delivery procedure;®' however, only in vitro studies
were conducted, no bioassays were performed, and the primary focus was on the characterization of the nanoparticle.
Although polymeric nanoparticle modified by oleic acid (NPMO) was employed in another work by Karimi et al in
2019,% it was primarily focused on the angiogenic effects on rat’s olfactory ensheathing cells and it was concluded that
in higher concentrations, the encapsulated thymol had shown more toxicity and resulted in increased the production of
ROS. As a result, no publication has examined the cytotoxicity of thymol when it is formulated with niosomes.
Moreover, niosomes were coated with PVA in this work for a more controlled release, improved biocompatibility, and
stability, and there is no prior literature evidence of coating niosomes with PVA.

Based on the above reasons, the purpose of this study was to develop a niosome containing Vitamin E and Span 60
with a PVA coat and load it with TH, an herbal anticancer drug. This novel formulation of niosome enhances the loading
efficiency and drug release in order to be used as a nano-carrier for topical cancer treatment. The vehicle was
characterized by DLS, TEM and SEM. The effect of the anticancer drug was studied through in vitro tests on MCF-7,
AGS, and HepG2 as cancer cell lines and HFF as a normal cell line.

Materials and Methods

Materials
For detailed materials see SI.

Optimization of Niosomal Formulations Using Response Surface Methodology
Response surface methodology (RSM) was used for optimization of niosomal formulations via a Box—Behnken method.
To investigate the relationship between a set of independent variables and the dependent variables by fitting the data
using a polynomial equation, three numerical parameters (Lipid (umol), Hydration time (min), and Vitamin E: Span 60
(molar ratio)) were selected to study the impact of them on niosomal particle size (nm), polydispersity index (PDI), and
entrapment efficacy percentage (EE %). The polynomial equation was obtained using Design-Expert software (Version
10.0.10, Stat-Ease, Inc., Minneapolis, MN, USA). The best-fitted model for the statistical analysis was considered
significant when P-value<0.05 and the equations of the most accurate model were achieved.® Data optimization was
performed to obtain the smallest particle size and PDI and the highest EE%. Table S1 represented these factors and their
levels.
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Synthesis of Niosomal Formulations

Niosomes loaded with Thymol (Nio-TH) were prepared using the thin-layer film hydration technique.**** Briefly,
Thymol, and lipids (The amount of lipid in three levels 200, 250, and 300 pmol) containing Vitamin E and Span® 60
(mol ratio of Vitamin E: Span 60 in three levels 0.5, 1, and 2) were dissolved in 9 mL of chloroform/methanol (2:1; v/v).
The solution was transferred to a 250 mL round bottom flask. The organic solvent was evaporated under vacuum via
a rotary evaporator (Heidolph Instruments, Schwabach, Germany) at 60 °C and 150 rpm for 30 min until a thin dried film
was formed in the bottom of the flask. The thin film was rehydrated using PBS (1X, 10 mL, pH 7.4). The reactants were
subsequently dried at 60 °C and 150 rpm for 30, 45, and 60 min to obtain dried specimens. Subsequently, the niosomal
suspensions were sonicated by probe sonicator (UPS0H compact laboratory homogenizer, Hielscher Ultrasonics, Teltow,
Germany) for 7 min to ensure that the Nio-TH had an optimal size distribution. The specimens were kept at 4 °C for

characterization of the different niosomal formulations listed in Table 1.

Surface Functionalization of the Optimized Niosomal Formulation

Functionalized thymol loaded niosomes (Nio-TH/PVA) were made in the same way, but after the final step, Polyvinyl
alcohol (PVA) were added to the Nio-TH. Niosomes coated with PVA (Nio-TH/PVA) was prepared by mixing 0.5 mg
PVA into the optimized niosomal formulation (Nio-TH) and sonicating for 15 min. The sonicated solution was

homogenized for 10 min at 12,000 rpm.*>’

Table 1 Optimization of Nio-TH Using Box—Behnken Method

Run Variables Responses
Lipid, pmol | Hydration | Vitamin E: Span | Average Size PDI EE (%)
Time, Min | 60, Molar Ratio (nm)
| 0 -1 | 2325 0.251 64.49
2 -1 0 | 220.5 0.305 70.25
3 -1 0 =l 2493 0.325 63.52
4 0 0 0 162.9 0.178 67.54
5 [ 0 =1 322.1 0.295 6841
6 [ | 0 195.4 0.243 7291
7 0 0 0 170.1 0.194 66.04
8 -1 -1 0 265.9 0.291 66.31
9 | 0 | 275.4 0.342 7743
10 0 -1 =1 367.9 0.334 59.75
I -1 | 0 191.1 0.234 63.75
12 0 | | 162.7 0.223 74.59
13 0 0 0 156.4 0.165 64.45
14 0 | -1 208.6 0.29 54.39
I5 | -1 0 329.7 0.369 81.95
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Characterization of the Synthesized Niosomes

Size, Polydispersity Index (PDI), and Zeta Potential

The dynamic particle diameter and size distribution were determined by the dynamic light scattering method (DLS),
using a computerized inspection system (Zetasizer, HAS 3000; Malvern Instruments, Malvern, United Kingdom) at 25°C
and 633 nm wavelength.

Morphology

Morphology of Nio-TH and Nio-TH/PVA was visualized by using a transmission electron microscope (TEM, Zeiss
EM900 Transmission Electron Microscope, Germany, accelerating voltage of 80 kV), and Scanning Electron Microscope
(SEM, NOVA NANOSEM 450 FEI model). The sample for TEM observation was prepared by placing few drops of
optimized samples dispersion onto a 300-mesh carbon-formvar grid and allowed 2 minutes to absorb. Then the extra
liquid is removed by filter paper. Next, the grade was washed and stained with ten drops of 2% uranyl acetate. For
imaging by SEM, a thin layer of gold or graphite is deposited on the surface to make the surface conductive, and fine
samples spread on a conductive film such as aluminium and thoroughly dried.

Entrapment Efficacy

The niosomal formulations were ultra-filtered (Eppendorf® 580R centrifuge, Hamburg, Germany) at 4000xg for 20 min
using an Amicon Ultra-15-membrane at 4°C. The non-entrapped TH was separated from entrapped TH to determine the
percentage entrapment efficacy (EE%). The niosomes containing drug remained in the top chamber during filtering,
while free drugs passed through the filter membrane. The free drug concentration was calculated at 260 nm using a UV-
Visible light spectrophotometer (UV-1700 PharmaSpec, Shimadzu, Kyoto, Japan). The following equation was used to
calculate EE%.®

EE% = [(4 — B)/A] x 100

Where (A) denotes the initial TH concentration for niosomal preparation and (B) denotes the concentration of non-
entrapped TH after centrifugation.

In vitro Drug Release and Kinetic Study

The release of TH from Nio-TH and Nio-TH/PVA was investigated using in vitro dialysis. To begin, 2 mL of each sample
(The concentration of thymol in free form, as well as Nio-TH and Nio-TH/PVA, was considered 0.5 mg/mL) was placed
in a 12 kDa dialysis membrane and placed in 50 mL of PBS-SDS (0.5% w/v; release medium) solution at 37°C with
stirring at pH = 5.4 and 7.4. (50 rpm) for 72 h. At a specific time (1, 2, 4, 8, 24, 48, and 72 h), 1 mL of the release
medium was withdrawn and replenished with the same volume of fresh PBS-SDS.*’ The amount of released drug at pre-
determined intervals was estimated at 260 nm using an ultraviolet light spectrophotometer. The test was repeated using
a free drug as control, in which the drug concentration was equivalent inside and outside the dialysis bag.

Different mathematical models were used to evaluate the release kinetics of TH from the samples: the Korsmeyer-
Peppa model (log cumulative % drug release vs log time), the Higuchi model (cumulative % drug release vs square root
of time), first-order model (cumulative % drug remaining vs time) and zero-order model (cumulative % drug release vs
time).*

Stability

The Nio-TH and Nio-TH/PVA samples (suspension) were stored at 25 + 1°C (room temperature) or 4 + 1°C (refrigera-
tion temperature), at 60 + 5% relative humidity for two month. After storage, the samples were analyzed for particle size,
PDI, and percentage of drug remaining at certain time intervals (0, 30 and 60 days) for evaluation of the stability of the
formulations. The samples were maintained undisturbed (no shaking or mixing) for the stability test.

Culture of MCF-7, AGS, HepG2 and HFF Cell Lines
The MCF-7, AGS, HepG2 and HFF cell lines were purchased from Pasteur Institute Cell Bank (Tehran, Iran) and
cultured at 37 °C in an atmospheric supplemented with 5% CO,. The culture medium consisted of RPMI-1640 fresh
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medium supplemented with 10% FBS and 1% penicillin/streptomycin (complete growth medium). The medium was
aspirated after the cells reached 85-95% confluence. Detachment of the cell monolayer was performed using 0.25% (w/
v) trypsin-EDTA. A complete growth medium was used for resuspend the detached cells, which were then labeled trypan
blue and counted using a hemocytometer.

Cell Viability

The cytotoxicity and viability of the drug delivery system were evaluated using the MTT assay on three different cancer
cell lines (MCF-7, AGS, and HepG2) and one normal cell line (HFF). The cells (2 x 10’ cells per well) were seeded onto
96-well culture plates and treated with various concentrations (0, 10, 20, 40, 80 and 160 pg/mL) of TH, Nio-TH, and
Nio-TH/PVA for 48 h. The HFF cell line was used as a control and exposed to the same concentrations of the drug
delivery system as well as different dilutions of the vehicle. After 48 h of incubation, the cells were incubated with
0.5 mg/mL of MTT for another 4 h. The MTT assay is based on the reduction of the yellow tetrazolium salt MTT to
purple formazan crystals by the mitochondrial dehydrogenases of viable cells. The formazan crystals were then dissolved
in 100 pL. of DMSO and the absorbance was measured at 570 nm using a microplate reader. The absorbance reflects the
oxidoreductase enzymatic activity of the cells, which is proportional to their viability and proliferation. Quantification
was performed using the formula:

Percentage cell viability (%) = Optical Density s7¢ treatment/Optical Density 570 control x 100%

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

MCF-7, AGS, and HepG2 cancer cells (1 x 10 cells per well in 96-well plate) were treated with IC50 concentration of Vehicle,
TH, Nio-TH, and Nio-TH/PVA for 48 h. Ice-cold RNX TM—-PLUS solution was added to tubes containing the treated cells,
vortexed, and incubated at room temperature for 5 min. Chloroform was then added to the tubes. After incubating the cells on ice
for 5 min, the samples were centrifuged at 12,000 rpm at 4 °C for 15 min. The contents were transferred to RNase-free 1.5 mL
tubes that contained an equal volume of isopropanol and centrifuged. The pellet of extracted RNA was re-suspended in 75%
ethanol, re-centrifuged, and resuspended in diethylpyrocarbonate (DEPC)-treated H,O.

Complementary DNA (cDNA) was prepared from the extracted RNA by adding 10 pL of reaction buffer (2X), 5 pg
of the extracted RNA, 2 pL of Enzyme-Mix to enough DEPC-treated water in RNase-free tubes to make up 20 pL of
solution. The mixture was incubated for 10 min at 25 °C and 60 min at 47 °C. The reaction was stopped by heating at 85
°C for 5 min and the mixture was kept on ice until use.

The primers for Caspase 3, Caspase 9, MMP-2, MMP-9, CyclinD, CyclinE, and f3-actin were designed using the National
Center for Biotechnology Information database. Forward and reverse primer sequences for the aforementioned genes are listed in
Table S2. The qRT-PCR was performed with the sense and antisense primers using a 7500 Real-time PCR System (Applied

27AACT

Biosystems, Carlsbard, CA, USA). f-actin was used as the housekeeping gene. The method was used to determine fold

changes relative to the control group. Experiments were conducted in triplicate.

Flow Cytometry

The induction of apoptosis in MCF-7, AGS, and HepG2 cells by the drug delivery system was assessed using flow
cytometry assay. The cells were cultured and exposed to the IC50 concentration of Vehicle, TH, Nio-TH, and Nio-TH
/PVA for 48 h. Then, the cells were harvested and washed twice with PBS. The cell suspension was adjusted to 5 x10°
cells/mL (seeded onto 6-well) in 1X binding buffer. The Apoptosis Quantitation Kit was employed to stain the cells
with annexin V-FITC and propidium iodide. Annexin V-FITC binds to phosphatidylserine on the surface of apoptotic
cells and emits green fluorescence. Propidium iodide penetrates the compromised membranes of necrotic cells and
intercalates with DNA, emitting red fluorescence. The stained cells were analyzed using a benchtop flow cytometer
(FACSCalibur, D Biosciences, Franklin Lakes NJ, USA) to determine the percentage of apoptotic and necrotic cells in
each sample.
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Cell Cycle

Evaluation of cell proliferation was estimated utilizing propidium iodide (PI) staining. The binding of PI to DNA is
proportional to the DNA content, which is used to determine the cell cycle stage. Cells were seeded at a density of 1x10°
cells per well in complete medium in 6-well plates and incubated overnight. After plating and washing the cells three
times with PBS, then they were treated with the drug-loaded patches for 48 hours in complete medium. After incubation,
the cells were detached and fixed with 70% cold ethanol overnight at 4°C, then stained in the dark for 20 minutes at room
temperature with 500uL of PI solution (including RNase) and evaluated by flow cytometry. This procedure was repeated
three times. All of these experiments were conducted using IC50 concentration.

Caspase Activity Evaluation

The activity of Caspase-3 and Caspase-9 enzymes, which play a crucial role in the apoptotic pathway, was assessed by
employing the enzyme-linked immunosorbent assay (ELISA) technique. This technique enables the detection and quanti-
fication of specific molecules in a liquid sample by utilizing antibodies that specifically recognize them and enzymes that
catalyze a colorimetric reaction. The protocol supplied by the manufacturer of the ELISA kits (Roche, Germany) was strictly
adhered to by the researchers. Samples from three distinct cancer cell lines (MCF-7, AGS, HepG2) that were exposed to
a particular concentration of a drug (IC50) that was anticipated to trigger apoptosis were applied by them. The impact of the
drug was evaluated by contrasting the enzyme activity in the exposed samples with the control sample.

Reactive Oxygen Species

The culture of both types of cancer cells, namely MCF-7, AGS, and HepG2 was carried out by placing coverslips inside
a 4-well plate that contained RPMI-1640 medium, which is a nutrient-rich solution that supports the growth of cells. After the
culture process was completed, the cells were incubated with a fluorescent dye called 2',7'-dichlorodihydrofluorescein
diacetate (H2ZDCFDA) at a temperature of 37 °C for a duration of 30 minutes. This dye is used to measure the level of
reactive oxygen species (ROS) in the cells, which are molecules that can cause oxidative stress and damage. The cells were
then washed with a solution of buffered saline, which is a salt solution that maintains the pH and osmolarity of the cells, and
subsequently treated with different compounds, namely Vehicle, TH, Nio-TH, and Nio-TH/PVA, for 48 hours. The cells were
washed again in phosphate-buffered saline (PBS), which is another salt solution that stabilizes the cells, before being
incubated for another 30 minutes at 37 °C with 80 mM of H2DCFDA. This was done to measure the change in ROS level
after the treatment. A microplate reader was used to determine the fluorescence intensity at a wavelength of 530 nm. This
intensity reflects the amount of ROS in the cells, which indicates the level of oxidative stress and cell death.

Cell Migration

The effect of the drug delivery system on cell migration and invasion was evaluated using the scratch assay. The
MCF-7, AGS, and HepG2 cells were cultured until they reached 70% confluence. Then, a sterile 200 pL pipette tip
was used to create a linear “wound” across the cell monolayers. The cells were washed with serum-free culture
medium to remove any detached cells. The wounded cell monolayers were incubated with IC50 concentration of
Vehicle, TH, Nio-TH, and Nio-TH/PVA for 48 h. After the incubation period, the cells were washed with PBS and
observed under a microscope. The images of the scratched area were captured and analyzed using the Image
Processing and Analysis Java (ImagelJ) software (National institutes of health, Bethesda, MD, USA). The extent of
cell migration and invasion was quantified by measuring the area of open scratch in each image.

DAPI Staining

The nuclear morphology of apoptotic cells was investigated using DAPI staining. MCF-7, AGS, and HepG2 cells were
plated onto a 24-well plate and exposed to the IC50 concentration of formulations for 48 h. The MCF7 and 4T1 cells were
then fixed with 4% paraformaldehyde. The cells were then washed in PBS and permeated for 10 minutes with 0.1% Triton X-100.
The cells were stained with DAPI for 10 minutes after being washed in PBS. Ultimately, the cell morphologies were studied using
an Olympus IX81 inverted fluorescence microscope with a DP72 digital camera (Olympus, Hamburg, Germany).*'
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Statistical Analysis
For detailed statistical analysis see SI.

Results and Discussion

Optimization of Niosomal Formulations Using Box—Behnken Method

We first attempted to optimize the formulation by modeling and verifying the design outputs. We simulated the
interdependent impact of three numerical parameters ie, the content of lipid (A), the hydration duration (B), and the
molar ratio of Vitamin E: Span60 (C) on an average size, PDI, and EE for the optimization process. According to Table 1,
which displays the output of the Box—Behnken trials, niosomal formulations’ average size ranges from 156.4 nm to 367.9
nm, PDI varies between 0.165 and 0.369 and the EE% in Nio-TH ranges from 54.39% to 81.95%. Figures 1A and S1A
and B represent the 3D surface plot of the average size of Nio-TH. Figure S1A shows that an increase in the lipid content
leads to a slight decrease in average size followed by an increase, whereas the average size is inversely related to
hydration duration. Figure 1A displays how average size is a function of lipid content and the Vitamin E: Span60 ratio.
Lipid content slightly reduces the average size but higher lipid contents eventually increase the average size. Size is
inversely proportional to the molar ratio of Vitamin E: Span60. Figure S1B illustrates the impacts of hydration duration
and the molar ratio of Vitamin E: Span60, where both parameters are inversely related to the average size. Figures 1B
and S1C and D demonstrate the 3D response surface plot of PDI of niosomal formulations. Figure S1C shows how lipid
content and the hydration duration affect polydispersity index (PDI), where the lipid content initially had a reducing
effect on PDI but, with its further increase, PDI increases whereas hydration duration decreases the PDI. Figure 1B
demonstrates lipid content and the molar ratio of Vitamin E: Span60 initially reduces PDI followed by increasing the
PDI. Figure S1D indicates a reduction in PDI with the increase in hydration duration, and shows that the molar ratio of
Vitamin E: Span60 decreases PDI up to a certain point, after which the higher molar ratio increases the PDI. Figures 1C
and S1E and F illustrate the 3D response surface plot of entrapment efficiency in Nio-TH as a function of lipid content,
the molar ratio of Vitamin E: Span60, and hydration duration. Figure S1E represents the increase in EE% with increasing
lipid content and a reduction in EE% with increasing hydration duration. Figure 1C shows a rise in EE% by increasing
lipid content and the molar ratio of Vitamin E: Span60. Figure S1F represents that as the duration of hydration increases,
EE% decreases, but an increase in the Vitamin E: Span60 ratio elevates EE%. In summary, lipid content is directly
proportional to average size, PDI, and EE%, whereas the hydration duration is inversely related to these three factors.
Also, the higher the Vitamin E: Span60 molar ratio the lower the average size and PDI, and the higher the EE%.

An increase in the lipid content could expand the bilayer, which leads to the increase in the average size of the
niosome.*? This increase in turn could elevate the EE% where more content could be loaded.** Longer hydration duration
could compromise the integrity of the niosomes structure, which may lead to the outward secretion of the drug, and
reduction in the size and EE%.** The higher amount of Vitamin E could reduce the niosome size, since the hydrophobic—
hydrophobic interaction between the Vitamin E and lipid tails may shrink the niosome. Hydrophobic sections of TH
could interact with vitamin E, which leads to an increase in the amount of TH loading. It has been shown that the
formulations’ vesicle sizes grew by increasing the lipid amount, resulting in the vesicle’s physical stability and the
rigidity of its membrane.*> Another explanation would be that an extended number of bilayers may be used to absorb
vitamin E. Moreover, the niosomal size declines with increased hydration time, which may be caused by the breakdown
of the vesicular structure and drug leakage from the vesicles as hydration time increases.** It is crucial to consider the
method by which the cholesterol was integrated with the bilayer membrane to explain the increased particle size of
niosomes with increasing cholesterol (Vitamin E) concentration. Since cholesterol (Vitamin E) is amphipathic, it will
enter the bilayer membrane via its hydrophilic head directed towards the aqueous layer and its aliphatic chain is arranged
parallel with the center of the hydrocarbon chains forming the bilayer. Cholesterol (Vitamin E) is thought to give rise to
the liquid-state order of the bilayer chain and improve the non-ionic nonpolar tail of the surfactant.*® Low cholesterol
(Vitamin E) concentrations cause surfactant monomers to pack tightly together, which increases curvature and causes size
reduction. Yet, increasing the amount of lipophilic cholesterol (Vitamin E) and reducing the amount of non-ionic
surfactant may grow the hydrophobicity of the bilayer membrane, rupture the vesicular membrane, increase the vesicle
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Figure | (A-C) Box—Behnken method for size (A), PDI (B), and EE (C) as a function of the lipid content and molar ratio of Vitamin (E) Span 60; (D-G) The optimized
responses obtained by Box—Behnken design method under the optimum conditions: (D) Vesicle size, (E) PDI, (F) EE (%), and (G) Zeta potential. Data are represented as
mean + SD and n=3; ***p<0.001, **p<0.01, *p<0.05.

radius, and create a more thermodynamically stable state.*’ To clarify the elevated particle size of niosomes with
enhancing vitamin E content, it is necessary to consider the process by which the vitamin E was integrated with the
bilayer membrane. Since vitamin E is amphipathic, it will enter into the bilayer membrane via its hydrophilic head
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directed towards the aqueous layer and its aliphatic chain arranged parallel with the center of the hydrocarbon chains of
the bilayer.*® At low vitamin E concentrations, vitamin E-induced surfactant monomers pack closely together, leading
to increased curvature and size shrinkage. However, raising vitamin E content, which is a lipophilic structure, and
reducing non-lonic surfactant content may improve bilayer membrane hydrophobicity and disrupt the vesicular mem-
brane, therefore, increasing vesicle radius and establishing a more thermodynamic stable state.*®

The PDI demonstrates particle size uniformity and criterion to check the size distribution.*” The PDI value is between
0 and 1, and homogeneity increases as the number approaches zero. Particles with more uniformity have a narrower size
distribution and less aggregation.’® In Table 2, the analysis of variance for the average size is shown. The response was
a quadratic model, and p-value <0.05 was defined as the threshold of significance. The average size was affected by all 3
variables. Table 3 demonstrates the results from the regression analysis of size, which shows a significant inverse relation
between the average size and variables B and C and significant proportional relation between variable A and the average

Table 2 ANOVA Statistical Analysis for the
Quadratic Polynomial Model for Particle Size,
PDI, and Entrapment Efficiency

Source F-value p-value

Particle size (nm)

Model 16.84 0.0031 Significant
A 12.06 0.0178
B 60.39 0.0006
C 20.74 0.0061
AB 2.23 0.1958
AC 0.20 0.6723
BC 5.04 0.0748
AAr2 26.24 0.0037
BA2 7.95 0.0372
CA2 23.74 0.0046
PDI
Model 5.33 0.0281 Significant
A 0.98 0.3598
B 7.23 0.0361
C 1.68 0.2422
AB 1.06 0.3431
AC 1.00 0.3562
BC 17.87 0.0055
AN2 3.26 0.1210
BA2 13.46 0.0105
CA2 5.33 0.0281

Entrapment efficacy (%)

Model 491 0.0473 Significant
A 12.32 0.0171
B 0.43 0.5425
C 15.01 0.0117
AB 0.76 0.4229
AC 0.095 0.7703
BC 4.33 0.0919
A2 9.35 0.0282
BA2 0.13 0.7361
CAr2 1.09 0.3446
3468 e International Journal of Nanomedicine 2023:18
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Table 3 Predicted Models of Nio-TH

Models

Particle Size (nm) = +163.13+24.47 * A-54.77% B-32.10 * C-14.88% A * B-4.48* A ¥ C+22.37% B * C+53.15 * A%+ 29.25 * B>+ 50.55 * C?

PDI = +0.18+0.012 * A- 0.032% B- 0.015% C-0.017% A * B +0.017% A * C +0.074 * A%+ 0.031 * B?+ 0.064 * C*

Entrapment Efficiency (%) = +66.01+ 4.61 * A-0.86* B+5.09% C-1.62% A * B +0.57* A * C +3.87% B * C+ 591 * A% 0.69 * B%-2.02 * C?

size of vesicles. These results are also evident in Figures 1A and S1A and B. Moreover, the formation of reduced
negative charge in niosomes with an increase in lipid molecules accounts for the increase in PDI with growing in the lipid
value. As a result, nanoparticles have a greater propensity to aggregate, which raises the PDI value.”'

The ANOVA analysis for PDI is provided in Table 2. As demonstrated, variations in PDI are dependent on lipid content,
Vitamin E/Span60 ratio, and hydration duration as independent variables. PDI was significantly affected by variable B, and it is
likewise visible in Figures 1B and S1C and D, and the quadratic model’s F-value was substantial. Table 3 indicates the predicted
model for PDI based on the regression analysis. Variable A is a positive coefficient; therefore, the PDI value as the dependent
variable increases with an increase in variable A, while PDI decreases with enhancement in variables B and C (Figures 1B and
S1C and D).

Table 2 shows the statistical analysis data of entrapment efficiency in niosomal formulations. Variables A and C had a crucial
effect on EE%. According to Table 3, which illustrates regression analysis results for EE%, it is evident that variables A and
C remarkably affected EE% and augmented it; however, variable B is inversely proportional to EE%, Figures 1C and S1E and F
also proves these results. The results demonstrated that rising lipid content is associated with a significant rise in EE%. The
percentage of encapsulation efficiency increases and the niosomal membrane becomes less permeable when the amount of
surfactant cholesterol (Vitamin E) is increased.>” Increasing the surfactant concentration also enhances the entrapment perfor-
mance. The capacity to effectively entrap hydrophobic molecules in bilayers as the vesicles mature was further diminished by an
increase in the cholesterol content (Vitamin E), which can be ascribed to an improvement in bilayer hydrophobicity and stability
that lowers bilayer permeability.>® Furthermore, the findings demonstrated that the quantity of EE% rose linearly as cholesterol
(Vitamin E) content decreased, which is consistent with earlier research and most likely arises from cholesterol intercalation in the
bilayer structure.* Niosome hydrophobicity, stability, and permeability increase while cholesterol (Vitamin E) levels rise,
resulting in the effective encapsulation of hydrophobic drugs into the bilayer structure of the vesicle. As the amphiphiles assemble
into vesicles, more cholesterol (Vitamin E) might compete with the drug for encapsulation in the bilayer, resulting in excluding the
drug.” Another study contends that the linear structure of the vesicular membrane can be disrupted by an increase in cholesterol
(Vitamin E) over a specific concentration, leading to a drop in EE% with an increase in cholesterol (Vitamin E) to a certain
amount.”® The entrapment performance also improved by increasing surfactant content. Furthermore, a rise in the vitamin
E content reduced the entrapment efficiency which can be attributed to an increased vitamin E variable which improved the bilayer
hydrophobicity and stability while decreasing bilayer permeability, resulting in effective entrapment of hydrophobic molecules in
bilayers as the vesicle developed.’’

The quadratic model was significant due to the notable F-value. To be sure that this model could be used to negative the design
space, the signal/noise ratio was measured with adequate accuracy. Desired values were obtained for all three responses (ratio
greater than 4). To evaluate the values of the predicted responses, the predicted R-squared was calculated. For this purpose, the
model’s predictive power was evaluated by the degree of proximity of predicted R-squared values to Adj R-squared values.
A logical agreement can be seen from the two R-squared in all the responses (Table 4).

The optimization process of niosomal formulations was specified based on desirability criteria in which lipid content,
hydration time, and Vitamin E: Span60 values were 282 umol, 43.70 min, and 40:60, respectively. This process was performed
efficiently (Table 5). RSM projection for an average size, PDI, and EE% was 199.747 nm, 0.228, and 73.183%, respectively.

Experimental data was obtained from desirability criteria, and the identified response was compatible with Box—
Behnken predictions (Table S3). Accordingly, the optimized formulation was applied for the later experiments. The
average size enlarged from 184.17 nm to 241.93 nm, PDI increased from 0.178 to 0.193, EE% raised from 75.32% to
83.64%, and zeta potential changed from —18.35 mv to —23.64 mv (Table S3). Figure 1D-G indicates a statistical
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Table 4 Summary of the Results of Regression Analysis for the Various

Parameters (Size, PDI, and Entrapment Efficiency) Employed for Fitting to

the Quadratic Model

Response R-Square | Adjusted Adequate Lack of
R- Square Precision Fit
Particle size 0.9681 0.9106 11.614 0.0701
PDI 0.8766 0.7121 6.398 0.1213
Entrapment efficacy (%) 0.8983 0.7153 8.796 0.1020

Table 5 Desirability Criteria and Predicted Values for the
Variables

Lipid, pmol | Hydration Vitamin E: Span Desirability

Time, Min 60, Molar Ratio

282 43.70 40:60 0.707

comparison of Nio/PVA, Nio-TH, and Nio-TH/PVA. Figure 1D compares these samples in terms of size. The average
size of the niosome without TH was about 133.13 nm which increased to 184.17 nm and 241.93 nm after drug loading
and PVA coating, respectively. This increase in average size after TH loading can be due to the penetration of TH to the
core and the niosome’s bilayer, which leads to more space in the bilayer and reduces the surface tension of niosomes.”*>’
A larger average size after coating can indicate the formation of a polymer layer on the surface of the niosomes.’® The
p-value of this increase was less than 0.001, so it was significant. Figure 1E illustrates the statistical changes in the PDI
of these three samples. The size distribution enhanced after drug loading and PVA coating from about 0.15 to 0.178 and
0.193, respectively. PDI was considered appropriate as it remained less than 0.2.

The zeta potential comparison of niosomal vesicles is shown in Figure 1G. The zeta potential indicates the degree of
repulsion between nanoparticles with the same charge and is related to the degree of aggregation and stability.®’ The
absolute zeta potential value of the free niosome was about 29 mv, which by TH loading decreased to 18.35 mv. The
absolute zeta potential value with a p-value of less than 0.01 increased by coating PVA on Nio-TH to 23.64. This increase
can be attributed to the similar charge that PVA coating adds to the niosomes. An increase in surface charge leads to
stronger repulsive forces between particles as shown by higher absolute zeta potential and prevents aggregation which
retains vesicles stability.®> Figure 1F provides a comparison of EE% between TH-loaded niosome and TH-loaded
niosome coated with PVA. After coating, EE% increased from 75.32 to 83.64. The p-value was <0.001, so changes
were considered notable. This increase may be due to that PVA coating leads to augmentation in active hydroxyl groups
on the surface of the niosomes and results in more interactions between TH and vesicle.®® Also, adding PVA increases the
concentration and viscosity of the solution, which can lead to more efficient trapping of TH.®*

Characterization of the Synthesized Niosomes

Size, Polydispersity Index (PDI), and Zeta Potential

We then studied the size and PDI of optimized Nio-TH and Nio-TH/PVA using DLS. After coating, the size of the
niosomes changed from 184.17 + 5.40 nm to 241.93 + 6.37 nm and PDI increased from 0.178 + 0.007 to about 0.193 +
0.010 (Figure 2A). The zeta potential of the empty niosome was about —29.40 £ 1.25, and drug loading and PVA coating
changed it to —18.35 + 1.58 and —23.68 + 1.34, respectively (Figure 1G).

Morphology
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to conduct morphology analysis of
optimum Nio-TH and Nio-TH/PVA. Figure 2B and C represent the SEM analysis of Nio-TH and Nio-TH/PVA, respectively. In
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Figure 2 (A) Particle size distribution of Vehicle (Nio/PVA), Nio-TH, and Nio-TH/PVA by Dynamic Light Scattering (DLS). (B and C) Morphological analysis by SEM; (B)

optimum Nio-TH, (C) Nio-TH/PVA. (D and E) Morphological analysis by TEM. (D) optimum Nio-TH, (E) Nio-TH/PVA.

International Journal of Nanomedicine 2023:18

https:

Dove:

3471


https://www.dovepress.com
https://www.dovepress.com

Abdihaji et al Dove

both samples, it is observed that the morphology is homogeneous and aggregation artifacts are also visible. Both are roughly
spherical in shape with smooth surfaces. The Nio-TH/PVA sample appears more porous than the Nio-TH sample, which may be
due to the presence of PVA that raised stability and prevented compression. Figure 2D and E indicate the inner shape of Nio-TH
and Nio-TH/PVA by TEM. They both have spherical or oval morphology, and PVA coating has increased the size of the niosomes
(Figure 1D and 2A). Compared to the DLS results, both electron microscopies showed smaller sizes of the niosomes. One
explanation is that dried particles are being measured in electron microscopy, while in DLS, hydrodynamic size is calculated as the
particle size with each molecule that is adsorbed or attached to its surface, such as ions and water molecules.®>*® Similar
observations have been reported elsewhere.®’

In vitro Drug Release and Kinetic Study
We sought to understand the TH release profile from our niosome. Figure 3A illustrates the drug release profile of the
free drug, optimized Nio-TH and Nio-TH/PVA at two pH values (5.4 and 7.4) for more than 72 h. We chose an acidic pH
of 5.4 which is consistent with the pH of the tumor microenvironment. The release was performed at two stages
according to the drug release profiles. At the first 8 h, the release began at a higher rate (a phenomenon also known as
burst release), followed by a low or constant rate. The high release rate in the first 8 h could be partly due to drugs being
released and sediment on the surface after saturation of the niosomes. In Nio-TH/PVA, the rapid release of drugs
adsorbed to the polymer could be an additional reason for the higher burst release.®*®® The slower release rate in the
secondary phase could be a consequence of resistance to digestion. More than 99% of the TH was cumulatively released
within the 72 h of the experiment. For the optimal Nio-TH sample, we observed that over the first 8 h at pH 7.4, about
24.42% of the release occurred and this value reached 48.36% at the end of the experiment, while at pH 5.4, the release
was 35.25% in the first 8 h and increased to 71.1% in 72 h. The same experiment was repeated for the Nio-TH/PVA
sample, and the results indicate that at pH 7.4, 31.74% of TH gets released during the first 8 h, and increased to 38.74%
within 72 h. At pH 5.4, 37.21% was released which increased to 44.56% by 72 h. In summary, a reduction in pH from
neutral to acidic enhances the release of the drug. The hydrolysis rate of the surfactant is higher in acidic pH, which
might compromise the structure of the niosome to enhance the drug release rate.”” PVA coating could reduce the release
rate, as PVA creates a denser molecular network and a physical barrier for drug diffusion. An increase in PVA
concentration also increases the active hydroxyl groups at the surface since hydroxyl groups have physical bonding
with the drug. Collectively the PVA influence on drug release reduction can be supported by the mentioned attributes for
PVA.®

To obtain the kinetics model of drug release at pH 7.4 and 5.4, four release models, Zero-order, First-order,
Korsmeyer-Peppas, and Higuchi, were evaluated as listed in Table 6. In these kinetic modeling’s, R? represents the
coefficient of determination. R? values closer to one indicate that the corresponding model fits the evaluated sample
better. According to the results presented in the table, First-order kinetics was more appropriate for the release rate of free
drug. For Nio-TH release at pH = 5.4, the Higuchi model with R? = 0.9622 seemed more suitable The Korsmeyer-Pappas
model was the most proper kinetics model for the Nio-TH sample at pH = 7.4 and the Nio-TH/PVA sample at both pH =
5.4 and pH = 7.4 with R%, 0.9389, 0.9411, and 0.9713, respectively. In the Korsmeyer-Pappas model, n represents the
release exponent (related to the drug release mechanism), and n for all three samples which pursued the Korsmeyer-
Pappas model was between 0.45 and 0.89; hence, the drug release mechanism is anomalous transport.”® AbuElfadl et al
used niosomes coated with chitosan for Candesartan Cilexetil delivery.”! Akbarzadeh et al applied Curcumin-Loaded
Niosome@calcium alginate nanocarrier for breast cancer treatment.®® In a study to provide concurrent improvement of
sustained-release, curcumin loading efficiency, and apoptosis induction on MCF-7 breast cancer cells, the release kinetic
from the fabricated pH-responsive niosomes was anomalous according to the Korsmeyer-Peppas model.'* In these
studies, the model of Korsmeyer-Pappas was selected as the best-fitting model to define the release kinetics of drugs.

Stability

The stability of optimum Nio-TH and Nio-TH/PVA was assessed by storing the samples at 4° C and 25° C and changes in
average vesicle size, PDI, and EE% after 0, 14, 30, and 60 days were perused (Figure 3B—G). On the day of making the
niosomal formulations, for Nio-TH vesicles, the size was 184.17 nm (minimum value), PDI was 0.178 (maximum value),
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Figure 3 (A) In vitro release of TH from Nio-TH and Nio-TH/PVA at pH 7.4 and pH 5.4; (B and C) Size stability evaluation of Nio-TH (B), and Nio-TH/PVA (C); (D and E)

PDI stability evaluation of Nio-TH (D), and Nio-TH/PVA (E); (F and G) EE (%) stability evaluation of Nio-TH (F), and Nio-TH/PVA (G) after two months of storage at 4 +
2°C and 25 * 2 °C. Data are represented as mean + SD and n=3; ¥**P<0.001, **P<0.01, *P<0.05.
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Table 6 The Kinetic Release Models and the Parameters Obtained for Optimum Niosomal Formulation

Release Equation R2
Model
Free TH Nio- TH Nio- TH Nio-TH/PVA Nio-TH/PVA
(pH=7.4-37°C) | (pH=7.4-37°C) | (pH=5.4-37°C) | (pH=7.4-37°C) (pH=5.4-37°C)
Zero-Order Ct=C0+KO0t R?=0.6552 R?=0.7890 R?=0.8595 R?=0.8193 R?=0.8158
First-Order | LogC=LogCo0 R2=0.9535 R?=0.8319 R2=0.9398 R2=0.8503 R2=0.8504
+Kt/2.303

Higuchi Q =KH/? R?=0.8217 R?=0.9216 R?=0.9622 R?=0.9405 R?=0.9362
Korsmeyer- Mt/Mao=Ktn R2=0.8885 R?=0.9389 R2=0.9580 R2=0.941 | R2=0.9713
Peppas n=0.4199 n=0.5076 n=0.5161 n=0.5999 n=0.4883

and EE% was 75.32% (maximum value). For Nio-TH/PVA, the average size was 241.93 nm, PDI was 0.193, and EE%
was 83.64%. The temperature did affect the rate of change of these parameters over time, up to two months. As the
temperature increased, the average size of the particles’ pores enhanced, and as a result, the average size of the niosomes
and PDI augmented. Also, increasing the average size of pores augmented the secretion of the drug out of the carrier. As
a result, the amount of drug remaining in the niosomes was reduced, resulting in a reduction in EE%. The average size of
Nio-TH at 25 °C finally increased by 126.73% after 60 days, while at 4 °C it augmented by 84.29%. The PDI of this
formulation increased by 123.03% at 25 °C and 87.64% at 4 °C after this period. The percentage of EE also decreased by
20.46% at 25 °C and 14.03% at 4 °C. For Nio-TH/PVA at 25 °C, the average size and PDI raised by 72.6% and 103.62%,
respectively, and at 4 °C by 39.89% and 61.65%, respectively. EE% at 25 °C diminished by 15.5%, and at 4 °C reduced
by 10.85%. It is clear that niosomes represent more stability at lower temperatures, and this can be due to the stiffness of
the hydrophobic portion of niosomes at lower temperatures.®®, The reason for more changes in size, PDI, and EE% at 25
°C can be due to incidents that are noted in the following. At higher temperatures, the fluidity of lipid vesicles increases
and causes more drug leakage from the carrier. With increasing fluidity, the fusion of vesicles enhances. During fusion,
some large and unstable vesicles suffer from rupture, causing more outflow of drugs and a decrease in EE. Furthermore,
at higher temperatures, the fatty acid chains of surfactants tend to take irregular structures so that the thickness of the
bilayer reduces and the penetration rate of the membrane increases.”

More precisely, the average size of both niosomal samples had a significant increase after 14, 30, and 60 days. PDI
variations for Nio-TH/PVA were considerable after 30 and 60 days, while for Nio-TH, only after 60 days, there were
remarkable changes in PDI. Variations in entrapment efficiency percentages in both samples were striking after 30 and 60
days. Overall, Nio-TH@ PVA samples showed fewer alterations than Nio-TH sample, which could be due to higher zeta
potential and higher electrostatic repulsion between particles in Nio-TH/PVA, which prevent aggregation.”

Cytotoxicity Evaluation

A prominent colorimetric method for assessing the preliminary cytotoxicity of both synthetic and natural compounds
against a variety of cell lines is the 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT) assay. To
investigate the cytotoxicity of the as-developed candidate treatment in this study, MTT assay was used to calculate the
IC50 value for cytotoxicity of the vehicle, TH, Nio-TH and the developed Nio-TH/PVA formulation against cancerous
cell lines (ie, MCF-7, AGS and HepG2) and a non-tumorigenic cell line for control (ie, HFF). For this study, 2 x 10° cells
per well were seeded onto 96-well. In various dilutions (0, 10, 20, 40, 80 and 160 pg/mL) of Nio-TH/PVA on the HFF
cell line, no significant change in viability was observed, supporting the safety of the fabricated Nio-TH/PVA platform
for normal cells. Though in MCF-7 there was a significant decrease in cell viability at 1/4 and 1/2 (p < 0.05) and 1/1
dilution (p < 0.001). In AGS, cell viability decrease was in 1/2 (p < 0.05) and 1/1 dilution (p < 0.001) and in HepG2 there
was a slight decrease in cell viability in 1/2 and 1/1 dilution (p < 0.05) (Figure 4A). On the non-cancerous cell line, HFF,
all three samples led to a meaningful decrease at 80 and 160 pg/mL (p < 0.001) (Figure 4B). In the investigated
cancerous cell lines, raising the concentration of the aforementioned samples significantly reduced cell viability in all
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samples as compared to the control (p < 0.001). In addition, the results indicate a greater reduction of cell viability in
Nio-TH compared to TH and Nio-TH/PVA compared to Nio-TH in the three cancer cell lines at all concentrations (p <
0.001) (Figure 4C-E). At 160 pg/mL concentration, cell viability of Nio-TH/PVA treated sample was 92.7 + 1.03% for
HFF, while it was 10.88 + 1.64% for MCF-7, 24.27 + 1.77% for AGS and 39.64 + 1.29% for HepG2 cell line. The IC50
results show that IC50 concentration in the Nio-TH/PVA group has decreased significantly compared to Nio-TH and TH
in all three investigated cell lines (p < 0.001) (Table 7, and Figure 4F and G).

However, TH affected different types of tumor cell lines by having overlapping, inhibitory, and complementary
effects on the cell mechanisms such as cell growth, apoptosis, or anti-oxidant activity. TH did not exhibit any substantial
toxicity in the normal HFF cells line. Their selectivity towards cancer cells is therefore reasonable.”*”

Also, the niosomal formulation of drug molecules and the level of toxicity against the same order of cancerous cell
lines were shown to be significantly correlated. Since niosomes have not been found toxic to cells in our prior research®®
and some other studies,"**®”¢ in which they served as vehicles to deliver drugs, we were able to choose them for this
study as well. Particularly, empty niosomes developed with Span 60 have been reported to be non-toxic on cells and only
serve as delivery platforms toward realizing sustained release.’”’®
Therefore, Nio-TH had shown slightly higher levels of toxicity rather than solely the drug solution. Since PVA can

coat the surface of nanoparticles, it serves as a barrier to limit particle aggregation and improve stability, which is why it
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Table 7 IC50 Levels in the Three Cancerous Cell Lines
Treated with TH, Nio-TH and Nio-TH/PVA. Data are
Represented as Mean + SD and n=3

Cell Line TH Nio-TH Nio-TH/PVA

MCF-7 55.17%1.89 37.14£1.76 27.17%1.35

AGS 92.46+2.32 63.20%1.93 39.74£1.55

HepG2 170.25+1.85 | 122.50+2.64 74.45%2.35

is frequently utilized in the production of various nano-systems.”’ Additionally, targeted drug delivery is made possible
by the controlled release of the candid drug in the acidic cancerous microenvironment, due to the presence of PVA.
Furthermore, comparing the toxicity of Nio-TH and Nio-TH/PVA on the studied cancerous cell lines showed the
cytotoxic effect on the MCF-7 cell line was greater than AGS and HepG2, respectively. Our candidate model, Nio-TH
/PVA, has promise for application in the future as a model for targeted drug delivery. Amiri et al demonstrated that
vinblastine-containing niosomes showed the higher cytotoxicity compared to free vinblastine. As for encapsulated herbal
compounds, Baranei et al performed in vitro cytotoxicity assaying formulations on 3 different cancer cells (MCF-7
HepG2, and HL-60) and one normal cell line (hGF) to analyze formulations’ therapeutic efficacy of green tea extract
(GTE). And the strong differences between free GTE and loaded niosomes was explained by the increased bioavailability
of coated formulation which is likely due to higher water solubility and more efficient niosome-loaded GTE cell access.
Karimi et al had loaded a polymeric nanoparticle modified by oleic acid with thymol and their MTT results demonstrated
that at high concentrations of the encapsulated formulation, cell viability has been reduced in OECs.?%*%-2

These studies confirm that the encapsulated anticancer compounds showed higher toxicity than the free compounds.
Moreover, it was noted that the cytotoxic effect of formulations was dose-dependent, meaning that higher doses were
associated with greater toxicity, and the empty niosomes, which was considered as a negative control did not show any
cytotoxicity against the cells.

Gene Expression Analysis

Analysis of the gene expression with real-time polymerase chain reaction (PCR) reveals the effect of a drug on a cells’
faith. We assessed the Caspase-3, Caspase-9, MMP-2, MMP-9, Cyclin E, and Cyclin D gene expression levels in MCF-7,
AGS, and HepG2 cell lines (1 x10® cells per well in 96-well plate) by using real-time PCR analysis. During the research,
we evaluated these genes’ expression after incubation of the three different cell lines with various formulations at IC50
concentration. These three groups of genes represent pro-apoptotic effects (Caspase-3/Caspase-9), tumor growth,
invasion, and metastasis (MMP-2/MMP-9) and cell cycle regulation (Cyclin E/Cyclin D).

The expression of Caspase-3 increased to 3.12 + 0.06 for MCF-7, 2.72 £+ 0.07 for AGS, and 2.47 + 0.03 for HepG2
cell lines when treated with Nio-TH/PVA. Caspase-3 expression significantly increased in Nio-TH than TH and Nio-TH
/PVA than Nio-TH across all the cell lines. (p < 0.001) (Figure 5A and B). Similarly, the expression of Caspase-9
enhanced to 3.58 + 0.08 for MCF-7, 3.09 £ 0.03 for AGS, 2.66 = 0.07 for HepG2 cell lines when treated with Nio-TH
/PVA. Caspase-9 expression had a meaningful increase in Nio-TH than TH and Nio-TH/PVA than Nio-TH across all the
cell lines. (p < 0.001) (Figure 5C and D). Generally, Caspase-9 had shown a higher rate of augmentation in all the cell
lines. On the contrary, both MMPs and Cyclins expressions decreased in all cell lines. The expression of MMP-2
decreased to 0.32 = 0.03 for MCF-7, 0.48 + 0.04 for AGS, and 0.61 + 0.03 for HepG2 cell lines when treated with Nio-
TH/PVA. In MCF-7, AGS and HepG2, MMP-2 expression considerably decreased in Nio-TH than TH and Nio-TH/PVA
than Nio-TH (p < 0.001) (Figure 5E and F). Also, the expression of MMP-9 decreased to 0.28 + 0.03 for MCF-7, 0.43 £+
0.03 for AGS, and 0.56 + 0.04 for HepG2 cell lines when treated with Nio-TH/PVA. MMP-9 expression significantly
diminished in Nio-TH than TH and Nio-TH/PVA than Nio-TH in all the cell lines. (p < 0.001) (Figure 5G and H). The
expression of Cyclin-D decreased to 0.49 + 0.02 for MCF-7, 0.62 + 0.02 for AGS, and 0.68 + 0.01 for HepG2 cell lines
when treated with Nio-TH/PVA. Cyclin-D expression showed a significant decrease in Nio-TH than TH and Nio-TH
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/PVA than Nio-TH compared to the control sample across all cell lines (p < 0.001) (Figure 51 and J). Also, the expression
of Cyclin-E reduced to 0.44 + 0.03 for MCF-7, 0.59 + 0.02 for AGS, and 0.64 + 0.03 for HepG2 cell lines when treated
with Nio-TH/PVA. Cyclin-E expression significantly decreased in Nio-TH than TH and Nio-TH/PVA than Nio-TH across
all the cell lines. (p < 0.001) (Figure 5K and L). MMP-9 and Cyclin E expression were more affected in all the samples,
but particularly in AGS and HepG2 cell lines, Cyclin D reduction rate was higher. Concerning the cell lines, the gene
expression levels were greatly affected in the MCF-7 cell line. Compared to the control sample, the vehicle did not cause
any significant change in the gene expressions, but the Nio-TH/PVA had a noticeable impact and resulted in a significant
change.

TH inhibits cancer cell growth via mitochondria-mediated apoptosis.®® The expression of six genes (including
Caspase-3, Caspase-9, MMP-2, MMP-9, Cyclin E and Cyclin D) was examined in the studied cancer cell lines after
treatment with the model drug, empty niosome, Nio-TH, and Nio-TH/PVA. In the current investigation, the activity
levels of Caspase-3 and Caspase-9, which both play significant roles in apoptosis (the cells’ programmed death), were
examined individually. The apoptosis of cancer cells is typically associated with an increase in the caspase gene
expression levels, which makes cancer prevention achievable.®' The other two groups of genes; MMPs and Cyclins
are favorable in the prevention of cancer progression by the decrease in their expression. MMP-2 and MMP-9
participation in cancer progression makes them an attractive target for cancer therapy and a decrease in their expression
will result in the diminishment of cancer progression.®® The level to which a class of proteins known as Cyclins is
expressed determines how efficiently the cell division cycle progresses.*> Among the numerous members of the Cyclin
family, Cyclin E and Cyclin D were examined in our studies. The decrease in the expression of two Cyclins in our results
indicates the inhibition of cell proliferation. The gene expression results imply that in the presence of the studied
formulations, cancer progression can be inhibited. Inducing apoptosis by controlling the expression of the genes involved
in this pathway is thus a prospective tumor treatment strategy. Niosomes have been a candid nano carrier for delivery of
anticancer compounds. Haddadian, A. et al 2022 have studied the anticancer effects of selenium-loaded niosomes on
MCEF-7, and the results of the gene expression studies suggested that the expression Caspase-3, Caspase-9 genes was up-
regulated significantly within 24 hours of treatment with the formulation.®** Seresht et al studied the anticancer
characteristics of thymol. It was found that thymol had some effects on changes of P21, P53 and Mcl-1 gene expression
in MCF-7 cells, investigated by real-time RT-PCR assay.® In another study focusing on the delivery of thymol with
chitosan coated Fe304 magnetic nanoparticles, Haghighi et al have confirmed an increased in the autophagic role in the
MDA-MB-231 cell line and an increase the expression of the MAPILC3A gene.*

Apoptosis Analysis

By using flow cytometry, apoptosis progression was assessed for each cell line seeded onto 96-well and treated with all
the samples at IC50 concentration. All the cell lines had incredibly low rates of apoptosis when treated with the empty
niosome, demonstrating excellent biocompatibility of niosomes (Figure 6A—C). The apoptosis rate of the vehicle was
4.17 £ 1.51% on HepG2, 2.08 + 1.52% on MCF-7 and 4.35 + 0.35% on AGS cell lines. Nio-TH/PVA apoptosis rate was
significantly higher in all the cell lines, followed by Nio-TH and TH. The samples treated with Nio-TH/PVA, Nio-TH,
and TH respectively induced apoptosis in all the cancerous cell lines as determined by counting the cells in four phases
(Q1: necrosis, Q2: late apoptosis, Q3: early apoptosis, and Q4: living cells). A significant decrease in the number of alive
cells in Nio-TH than TH and in Nio-TH/PVA than Nio-TH was observed in MCF-7, AGS and HepG2 cell lines (p <
0.001) (Figure 6D-F). The apoptosis rate of Nio-TH/PVA, Nio-TH, and TH was 59.10 + 2.55%, 35.99 + 1.82%, and
22.28 + 1.58% on MCF-7 cell line (Figure 6A and D), 46.49 + 1.57%, 23.76 + 2.37%, and 14.93 = 1.87% on AGS cell
line (Figure 6B and E) and, 35.24 + 3.06%, 19.55 + 1.29%, and 11.26 = 1.44% on HepG2 cell line (Figure 6C and F).
These high apoptosis rates confirm the inhibitory effects of Nio-TH/PVA on cancer cell lines and are in line with the
cytotoxicity data recorded by the MTT assay.

Compared to the control sample, there was a considerable increase in apoptosis rate in Nio-TH more than TH and in
Nio-TH/PVA more than Nio-TH among all the cell lines (Figure 6G and H). A key mechanism of chemotherapeutic
drugs is apoptosis. The apoptotic effects of TH on cancer cells were reported by Jamali et al,’* who also confirmed that
due to TH’s cytotoxic effects, an increase in ROS production resulted in the loss of membrane potential, damage to
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#p<0.05.

nuclear material, phase arrest, and antiproliferative effects. It is well known that natural cytotoxic compounds primarily

cause apoptotic cell death, which may be through intrinsic or extrinsic pathways and involves a variety of processes

including Caspase and/or p53-dependent or independent pathways.®” According to Balan et al 2022, activation of the late

apoptotic stage upon treatment with thymol-loaded chitosan nanoparticles was observed. The encapsulated thymol was
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also confirmed to have higher apoptotic potential on A549 cell lines.*® In order to further support our findings on the
assessment of apoptosis, we investigated the roles of Caspase-3 and Caspase-9 in this study through gene expression and
caspase activity analyses.

Cell Cycle Analysis

Flow cytometry was used to examine how the prepared samples affected cancerous cells at different stages of their cycles. The
cells go through the different phases of the cell cycle; interphase—consisting of G1 (Gap 1), S (synthesis), and G2 (Gap 2)—and
the mitotic phase—M (mitosis).* Studies show that TH may lead to excessive levels of DNA damage.”® As a result, some cells
halt at the cell cycle’s initiation and do not proceed to the G1 phase. These cells are in a distinct phase known as the sub-G1 phase.
Due to the cell damage in presence of Nio-TH/PVA, the majority of the cells were stuck in the SubG1 phase, which implies that the
cells are not able to go through the next phase, and as a result, the cell cycle progression is paused and that is favorable for cancer
inhibition. Cell lines were seeded at a density of 1 x 10° cells per well in complete medium in 6-well plates and were treated with
IC50 concentration of various samples. Also, the DNA content of each sample in the MCF-7 (Figure 7A), AGS (Figure 7B), and
HepG2 (Figure 7C) cell lines were evaluated. The percentages of cells in sub-G1 phase for Nio-TH/PVA, Nio-TH and TH were
respectively 40.40%, 31.62% and 18.15% for MCF-7 (Figure 7D), 34.04%, 22.12%, and 12.85% for AGS (Figure 7E), and
29.81%, 25.71%, 11.82% for HepG2 (Figure 7F) cell lines. Nio-TH/PVA has significantly prevented the proliferation and ceased
the cells in the sub-G1 phase. The fabricated TH delivery vehicle slightly raised the number of cells in the sub-G1 phase as
compared to the control samples. The MCF-7 showed higher inhibition influences than AGS and HepG2 (Figure 7G and H). In
conclusion, there was a significant increase in the number of cells arrested in SubG1 phase in MCF-7, AGS, HepG2 and the
increase was greater in Nio-TH compared to TH and in Nio-TH/PVA compared to Nio-TH (p < 0.001). While studying the
anticancer effect of thymol on AGS (human gastric carcinoma), Kang et al in 2016 confirmed that Thymol had induced an
increase of Sub-G1 phase.'?

Caspase Activity

TH is evident to activate caspases, a conserved family of cysteine-aspartic proteases that mediate apoptosis.”’ The cell damage
caused by TH results in the mitochondrial-related activation of initiator caspases (Caspase-9), and once active, initiator caspases
activate downstream effector caspases (Caspase-3),” and they ultimately result in apoptosis. We investigated the caspase activity
levels as well as caspase gene expression to confirm the apoptotic effects of our candid delivery platform. Cell lines were exposed
to a particular concentration of the samples (IC50). For MCF-7, the caspase activity of Nio-TH/PVA, Nio-TH and TH are 2.59 +
0.09,1.93+0.12, 1.32 + 0.08 for Caspase-3 (Figure 8A and B) and 2.97 +0.11,2.23 +0.10, 1.67 = 0.10 for Caspase-9 (Figure 8C
and D). Both Caspase-3 and Caspase-9 activity profoundly enhanced across all the cell lines and the increase was more significant
in Nio-TH than TH and in Nio-TH/PVA than Nio-TH (p < 0.001). Hence the cell line MCF-7 showed the most increase in the
treated samples, followed by AGS and HEPG2, respectively. In conclusion, Nio-TH/PVA is the most effective TH delivery
vehicle in increasing the caspase activity resulting in apoptotic traits in cells and inhibition of cancer progression. Similar to the
gene expression analysis, no discernible change was observed in the presence of an empty vehicle, which validates the low toxicity
of the nano-carrier and is aligned with the MTT assay results. Kang et al demonstrated that exposure to thymol result in activation
of caspase cascade pathway or inducing the interaction with poly ADP ribose polymerase.'* Pourgholi, A. et al have studied the
therapeutic effects of Silibinin, a natural polyphenolic flavonoid, loaded in polymeric nanoparticles on, on MCF-7 cell line, and
their results suggest the up-regulation of caspase-3, caspase-7.”

ROS Levels Analysis

Due to the pro-oxidant and antioxidant properties of polyphenols that cause cytotoxic, genotoxic, and apoptotic effects, TH
demonstrated a dose-dependent decrease in cell viability and Reactive oxygen species (ROS) formation.”® Various chemother-
apeutic methods are intended to dramatically raise cellular ROS levels in order to start irreversible damage that would eventually
cause tumor cells to undergo apoptosis.”* Comparing the untreated control sample, there was not a significant change in ROS
levels. When treated with TH, Nio-TH and Nio-TH/PVA the ROS levels increased, and the increase was greater in Nio-TH than
TH and Nio-TH/PVA than Nio-TH. (p < 0.001) (Figure 8E and F). However, there was a significant increase when the cell lines
were treated with Nio-TH/PVA and the foremost affected cell line was MCF-7 with 321.9 + 1.97, followed by AGS with 275.89 +
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(F), HepG2 cell lines treated with all samples. The SubG| percentage in all the cancerous cell lines treated with all samples, shown as (G) A bar plot and (H) A heat-map.
Data are represented as mean * SD and n=3; ***p<0.001, **p<0.01, *p<0.05.

2.31, and HepG2 with 240.25 + 1.75. Nio-TH showed a greater enhancement in ROS level than TH. The numbers for Nio-TH and
TH are 247.4 +£2.21 and 181.92 + 1.78 for MCF-7, 204.6 = 1.88 and 168.45 + 1.62 for AGS, and 191.2 £2.07 and 153.25 + 1.55
for HepG2, respectively. Accordingly, the increase in the ROS levels causes disturbance in the cancer cells viability. ROS, a group
of incredibly reactive molecules, have evolved to operate as key signaling pathway regulators. It is now well acknowledged that
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modest amounts of ROS are essential for a variety of cellular processes and can also induce apoptosis.”® Rising ROS levels cause

cell functions to be disturbed, which puts the cell under stress and gradually leads to programmed cell death. The highest amounts
of ROS were seen in the cell lines treated with Nio-TH/PVA, which is also consistent with the samples’ findings on apoptosis

progression. Hence, we can infer that Nio-TH/PVA results in a favorable outcome for stopping the cancer progression considering
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the fact that niosome did not induce apoptosis. Karimi et al which had loaded thymol in a polymeric nanoparticle modified by oleic
acid had measured the ROS levels of the formulation on rat’s olfactory ensheathing cells (OECs) in normal (NG) and high glucose

(HG) conditions. They have demonstrated that the formulations of encapsulated thymol at high concentrations increased the
production of ROS in both HG and NG conditions.*?

Migration Analysis

To test the effect of TH on the migratory and invasive ability of our studied cell lines, a migration assay was performed.
The migration rate of all the samples exposed to IC50 was examined in MCF-7 (Figure 9A), AGS (Figure 9B), and
HepG2 (Figure 9C). The migration rate in the treated samples with Nio-TH/PVA was dropped to 23.5 + 3.54% in MCF-7,
30.5 £ 4.95% in AGS, and 50.5 + 4.95% for HepG2. As for the treatment with the Nio-TH, the migration rate was
reduced to 52 + 5.66% in MCF-7, 86.5 +3.54% in AGS, and 93 + 5.66% in HepG2. In comparison to the control sample,
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Figure 9 Qualitative Migration analysis of all samples in (A) MCF-7, (B) AGS, and (C) HepG2 cell lines exposed to IC50 concentration of vehicle, TH, Nio-TH, and Nio-TH

/PVA. (D) Migration rate of the three cancerous cell lines in all samples presented as bar plots. (E) Heat-map of migration analysis of all samples in MCF-7, AGS, and HepG2
cell lines. Data are represented as mean * SD and n=3; **p<0.001.
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the decrease in migration rate in Nio-TH/PVA was greater than Nio-TH and in Nio-TH than TH among all the cell lines
(p < 0.001). The MCF-7 was the most responsive among the examined cell lines (Figure 9D and E). Nuclear stiffness
restricts the ability of cancer cells to migrate through tight pores in the tissue matrix. MMPs contribute to metastasis by
widening matrix pores, facilitating confined migration.’® Our gene expression analysis confirms the downregulation of
MMP-2 and MMP-9 genes. Consequently, migration of cancer cells is decreased after treatment with the optimum
formulation of Nio-TH/PVA.®® Therefore, targeting cell migration is also a promising technique in cancer therapeutics.
Furthermore, Rutin (a natural product) loaded liquid crystalline nanoparticles have been researched for their impact on
non-small cell lung cancer, and Paudel et al have verified the anti-migratory action of the nano carrier loaded with the
anticancer herbal compound. In another study by Pakizehkar, S. et al, MDA-MB-231 breast cancer cells were treated

with Curcumin loaded PEG400-OA nanoparticles, and the results suggested a decrease in cell migration.”” "’

DAPI Staining

The DAPI staining microscopy was used to detect apoptosis, and confirmed the flow cytometry results. MCF-7
(Figure 10A), AGS (Figure 10B), HepG2 (Figure 10C) MCF-7, AGS, and HepG2 cells were plated onto a 24-well
plate and exposed to the IC50 concentration of formulations for 48 h. Based on the morphological alterations observed on
cells treated with developed formulations, Nio-TH/PVA appears to be the most effective agent for inducing apoptosis in
all cell lines after 48 hours. Chromatin condensation and nuclear fragmentation were also observed. As a result, the
optimized formulation of Nio-TH/PVA effectively induces apoptosis and blocks the progression of tumors. DAPI results
by Singhal et al revealed that thymol induces marked morphological and nuclear alterations in prostate cancer LNCaP
cells.'® A paper by Kumar et al studied the effect of herbal anti-cancer agent thymoquinone loaded in Fe304
nanoparticles against triple-negative breast cancer (TNBC) cells, and the DAPI observations confirm the cytotoxic

. . . ]0]
behavior when treated with the formulations.
Control Vehicle TH Nio-TH Nio-TH/PVA
Control Vehicle Nio-TH Nio-TH/PVA
C Control Vehicle Nio-TH Nio-TH/PVA

\
. . | k ---
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Figure 10 DAPI staining determining the number of nuclei of all samples in (A) MCF-7, (B) AGS, and (C) HepG2 cell lines. MCF-7, AGS, and HepG2 cells were plated onto
a 24-well plate and exposed to the IC50 concentration of formulations for 48 hrs.
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Conclusion

The Nio-TH/PVA showed notable cytotoxicity against MCF-7, HepG2, and AGS cancer cell lines while demonstrating
excellent biocompatibility with HFF normal cells. Due to the inclusion of PVA in the formulation, the chemotherapeutic
effect was further enhanced. The in vitro assessments revealed that the Nio-TH/PVA could succeed in the inhibition of
cancer progression and cancer treatments by three mechanisms: apoptosis; concluded from flow cytometry and ROS
levels analysis, up-regulation of Caspase-3 and Caspase-9; by caspase activity analysis, and cell arrest; concluded from
cell cycle analysis and down-regulation of Cyclin E and Cyclin D and metastasis prevention; concluded from migration
analysis, and also the down-regulation of MMP-2 and MMP-9 genes.
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