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Abstract

Purpose Despite the advances in treatment, lung cancer is a global concern and necessitates the development of new treat-
ments. Biguanides like metformin (MET) and artemisinin (ART) have recently been discovered to have anti-cancer properties.
As a consequence, in the current study, the anti-cancer effect of MET and ART co-encapsulated in niosomal nanoparticles
on lung cancer cells was examined to establish an innovative therapy technique.

Methods Niosomal nanoparticles (Nio-NPs) were synthesized by thin-film hydration method, and their physicochemical
properties were assessed by FTIR. The morphology of Nio-NPs was evaluated with FE-SEM and AFM. The MTT assay
was applied to evaluate the cytotoxic effects of free MET, free ART, their encapsulated form with Nio-NPs, as well as their
combination, on A549 cells. Apoptosis assay was utilized to detect the biological processes involved with programmed cell
death. The arrest of cell cycle in response to drugs was assessed using a cell cycle assay. Following a 48-h drug treatment,
the expression level of hTERT, Cyclin D1, BAX, BCL-2, Caspase 3, and 7 genes were assessed using the qRT-PCR method.
Results Both MET and ART reduced the survival rate of lung cancer cells in the dose-dependent manner. The ICs, values
of pure ART and MET were 195.2 pM and 14.6 mM, respectively while in nano formulated form their ICy, values decreased
to 56.7 uM and 78.3 pM, respectively. The combination of MET and ART synergistically decreased the proliferation of lung
cancer cells, compared to the single treatments. Importantly, the combination of MET and ART had a higher anti-proliferative
impact against A549 lung cancer cells, with lower ICs;, values. According to the result of Real-time PCR, hTERT, Cyclin
D1, BAX, BCL-2, Caspase 3, and Caspase 7 genes expression were considerably altered in treated with combination of nano
formulated MET and ART compared to single therapies.

Conclusion The results of this study showed that the combination of MET and ART encapsulated in Nio-NPs could be useful
for the treatment of lung cancer and can increase the efficiency of lung cancer treatment.
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women [2]. Based on histopathological characteristics, lung
cancer is divided into two primary categories: non-small-cell
lung cancer (NSCLC) and small-cell lung cancer (SCLC),
responsible for 85 and 15 percent of cases respectively [3].
Understanding lung cancer classification and its biological
characterizations are important for lung cancer therapy. For
instance, SCLCs, which are invasive subtypes, are treated
non-surgically while NSCLCs are treated by a combination
of surgery and adjuvant therapy [4]. lung cancer is treated
and cured using surgery, radiation, chemotherapy targeted
therapies, and immunotherapy whether alone or in combi-
nation but these agents cause several side effects and are
ineffective in some cases [5—8] thus new treatment should
be developed.

For centuries, plants have been used to treat various dis-
eases, which in most cases had minimal side effects. Perceiv-
ing the increasing tendency of human societies to use natu-
ral treatments including herbal therapy, trying to identify
effective herbal compounds, and providing new methods for
targeted therapy is considered a necessity [9]. The results of
in vitro research have shown that various compounds such
as curcumin, metformin, and silybin can have a suppressive
effect on the growth and metastasis of cancer cells. Now,
more experiments are designed to understand their molecu-
lar mechanisms [10, 11].

Sometimes repurposing old drugs that are used to remedy
non-cancerous diseases can speed up the process of intro-
ducing potential anti-cancer drugs. Previously, the ability
of metformin and artemisinin to inhibit various types of
cancer has been investigated. Although these studies con-
cluded more investigation is needed, the results were gener-
ally promising [12].

Metformin (MET) as a kind of biguanide is the most
commonly prescribed drug in type II diabetes [13, 14]. It is
proven that MET has anticancer effects on several types of
cancers such as gastric carcinoma, pancreatic cancer, medul-
lary thyroid, and uterine cancer because this drug can sup-
press cancer cell development, trigger apoptosis, and cell
cycle arrest [14—18]. Also based on a recent study, MET had
a remarkable effect on lung cancer. Patients who received
MET, had lower risk and their survival rate for lung cancer
increased. In addition, MET has a protective effect on SCLC
and NSCLC patients [19, 20]. MET anti-cancer effect is
through inhibition of phosphoinositide 3-kinase/Akt/ mTOR
signaling pathways and activation of AMPK [21, 22].

Artemisinin (ART) is a Chinese herbal medicine that has
been approved against the plasmodium parasite [23] and has
recently been reported to be an effective drug for COVID-
19 [24]. Recent studies have shown that ART could be the
best tool to prevent cancer cells development and prolif-
eration, inhibit angiogenesis, cell cycle arrest, and interrupt
cell migration, which can selectively destroy cancerous
cells [23, 25, 26]. According to recent data, ART induces
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ROS-dependent apoptosis/ferroptosis and consequently sup-
presses the proliferation of lung cancer cells [27]. ART has
no significant cytotoxic effect on normal cells compared to
chemotherapy [25].

Combination therapy is a therapy that usea several thera-
peutic agents simultaneously and is known as a foundation
stone of cancer treatment. Combination therapy compared
with monotherapy, significantly reduces drug resistance,
tumor growth, and cancer stem cells development as well as
apoptosis induction. Since multiple signaling pathways are
targeted in combination therapy, fewer therapeutic agents are
needed and toxicity is reduced [22, 28-31].

Human telomerase reverse transcriptase (h'TERT), is the
catalytic subunit of telomerase enzyme which is responsible
for the replication of chromosomal telomeres during cell
division [32]. Several studies have shown that maintenance
of telomerase length is a feature of tumor cells and overex-
pression of hTERT and increased telomerase length has been
found in various malignancies including lung cancer, and for
these reasons, inhibition of hTERT is an attractive target for
cancer therapy and also has provided an opportunity for lung
cancer treatment [33-36].

BAX/BAK are pro-apoptotic molecules that induce cell
death during the apoptosis process. The BCL-2 family of
proteins is involved in the suppression of BAX/BAK.BCL-2
overexpression has been linked to a variety of malignan-
cies, making BCL-2 a promising anti-cancer therapy [37,
38]. Caspases are a kind of cysteine protease that plays an
important part in apoptosis and is activated in response to
cell death signals. Caspases 3 and 7 are the major execu-
tioner caspases among the caspases [39—41]. Many specific
proteins, such as Cyclin-dependent kinases (CDKs), regulate
the transition phases of the cell cycle [42]. CDKs are nor-
mally inactive and are activated when cyclins bind to them
[43, 44]. For instance, cyclin D, which includes cyclin D1,
cyclin D2, and cyclin D3. Cyclin D synthesis begins during
G1 and causes the G1/S phase transition [45]. Cyclins and
CDKs blockers have recently been reported to be helpful in
preventing tumor cell proliferation, inducing an aging-like
phenotype, and affecting cellular metabolism [46, 47]. Thus,
developing effective therapeutic agents should be a priority.

In the treatment of cancer, nano-sized carriers have
gained attention due to reducing drug's side effects and
improving the effectiveness of drugs [48]. Different types
of nanocarriers including liposomes, polymers, niosomes,
and micelles are available. Niosomes (Non-Ionic Surfactant
Vesicles) are biocompatible and biodegradable nanoparti-
cles which used to deliver drugs through ocular delivery,
pulmonary, transdermal, oral, and across the blood-brain
barrier [49-52]. Furthermore, noisomes can entrap and
deliver both lipophilic and hydrophilic drugs [49]. These
features are also seen in liposomes. However, compared
to liposomes, niosomes have advantages: they are less
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expensive to produce, easier to formulate, and much more
stable. Niosomes owe this stability to the presence of non-
ionic surfactants in their structure, which are physically and
chemically more stable than lipids [53].

Based on recent studies, MET, and ART demonstrated
anticancer effects on lung cancer cells, and the combination
of both may be more effective in lung cancer suppression.
In this study, we examined the effect of MET, ART, ART-
MET in the free and encapsulated form on lung cancer cell
proliferation and the expression level of hTERT, Cyclin D1,
BAX, BCL-2, Caspase 3, and 7.

Materials and methods
1- NPs preparation

The thin-film hydration method was used to prepare blank
Nio-NPs in several steps. Briefly, a mixture of PEG (3 mg),
span 60 (36.6 mg), and cholesterol (5.7 mg) were dissolved
in a combination of methanol (6 ml) and Chloroform (3
ml). A rotary evaporator was used to remove solvents from
the solution (55-65 °C for 1 h at 0.46 atm). The resulting
mixture was cooled (23°C) then PBS (10 ml) was added
and the solution was reconnected to the rotary evaporator
(1 h, 55-65 °C, 0.09 atm). Finally, an ultrasonicator was
used to mix the solution (24 °C for 30 min) and for future
usage, the final solution was kept at 4 °C. To fabricate MET
loaded niosomal NPs (MNP), the same steps and amounts
were used with 1.6 mg of MET which was dissolved in
the hydration step (second step) in PBS. To fabricate ART
loaded niosomal NPs (ANP), 2.8 mg of ART was dissolved
in methanol and Chloroform along with other materials with
the previously mentioned amounts and steps. Finally, to fab-
ricate ART-MET loaded niosomal NPs (ANP-MNP), 3 mg
of PEG, 36.6 mg of Span 60, 5.7 mg of Cholesterol, and 2.8
mg of ART dissolved in methanol (6 ml) and Chloroform
(3 ml) mixture with same steps and conditions, except in
hydration step 1.6 mg of MET was also dissolved in PBS.

2- NPs characterization

After diluting the NPs in PBS with a ratio of 1 to 10, a
Dynamic Light Scattering (DLS) technique (Nano ZS, Mal-
vern Instruments Ltd., Malvern, UK) was employed at 25
°C, to evaluate the mean size, polydispersity index (PDI),
and surface charge zeta potential of NPs [54, 55]. The sam-
ples were freeze-dried by a freezedryer (Dena Vacuum,
FD-5005-BT, Iran). The morphology of NPs was evaluated
utilizing a field emission scanning electron microscope (FE-
SEM) (Hitachi S-4800, Japan) operating at an accelerating
voltage of 15 kV. Prior to imaging, the samples were coated
with a thin layer of gold through sputter-coating and an

atomic force microscope (AFM) (JPK Instruments AG, Ber-
lin, Germany) which used freeze-dried form of NPs [54, 55].
Fourier-transform infrared spectroscopy (FTIR) (Shimadzu
8400 S, Kyoto, Japan) was used to get Physio-Chemical
structure information of NPs. The FTIR analyses were con-
ducted at room temperature across a scanning range of 4000
to 400 cm™" with a constant resolution of 4 cm™" [54, 56].

3- Drug encapsulation efficiency

The encapsulation efficiency was assessed using an ultrafil-
tration technique. In this method, 1 mL of the Nio-NPs for-
mulation were placed in the inner compartment of Ultracel-
30K Millipore filters, which have a molecular weight cutoff
(MWCO) of 30,000 Da (Millipore Corporation, Billerica,
MA). The filters were centrifuged at 4000g for 20 min at 4
°C (Eppendorf®, Hamburg, Germany). During the centrifu-
gation process, the drugs loaded in the niosomes remained in
the inner compartment, while free drugs passed through the
filter membrane into the outer compartment. The quantity of
free drugs was determined at 258 nm (for ART) and 234 nm
(for MET) using a Shimadzu UV 2550 spectrophotometer.
Then the following formulae were used to compute the per-
centage of entrapped medicines (encapsulation efficiency)
and drug loading:

Weightof ARTorMETinniosome

X 100%
Weightofinitial ARTorMET ’

Encapsulationefficiency =

4- Drug release study

To assess the release of ART and MET from NPs, a dialysis
method was used. In brief, 30 mg of ANP and 30 mg of
MNP loaded niosomal NPs were diffused in 5 mL of PBS
(pH 7.4 and pH 5) and then transferred to a dialysis tube,
swirled at 130 rpm. An equivalent amount of fresh PBS
solution was added to the environmental buffer solution at
regular intervals. Then the amount of the released ART and
MET in the removed PBS was determined using a a Shi-
madzu UV 2550 spectrophotometer at the wavelengths 258
nm (ART) and 234 nm (MET) [56, 57].

5- Cell culture

The Pasteur Institute of Iran's cell bank provided the A549
lung cancer cell line which was cultured in RPMI 1640
(Gibco, USA) enriched with 10% FBS (Biochrom, UK),
and penicillin/streptomycin (%1, Sigma, Germany). The
cells were maintained at 37 °C in a humidified environment
with 5% CO, [56, 58].
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6- Cytotoxicity assay

For evaluation cytotoxic effects of ART, MET, and their
nano encapsulated form on A549 cell line MTT assay was
performed. Briefly, A549 cells were seeded in a 96-well
plate (1 X 10° cells/well) and allowed to attach at 37 °C with
5% CO,. After 24 h, cells were exposure for 48 h with vari-
ous dosages of ART (0, 100, 200, 300, and 400 pM), MET
(0, 5, 10, 15, 30, and 40 mM), ANP (0, 100, 200, 300, and
400 uM), MNP (0, 5, 10, 15, 30, and 40 mM), and their
combination. The wells were emptied and filled with 200 pLL
of MTT (Sigma, Germany) and incubated for 4 h afterward
wells were emptied again and 200 pL of DMSO (Merck,
Germany) was added to each well and was shaken for 10
min [54, 59]. The IC;, was calculated using Graph Pad 8.4
software after measuring the optical density at 570 nm in a
microplate reader.

7- Real-time PCR

The gqRT-PCR method was applied to determine the expres-
sion levels of studied genes. A549 cells were seeded in a
6-well plate (2 x 10° cells/well) and incubated for 24 h at 37
°C with 5% CO,. Following that, cells were cultured for 48
h with IC,, doses of ART, MET, ANP, MNP, and their com-
bination. Total RNA was obtained using the Trizol (Sigma,
Germany) reagent, reverse transcription was accomplished
and cDNA was produced using the cDNA synthesis kit, all
based on the manufacturer's instructions. The expression
level of hTERT, Cyclin D1, BAX, BCL-2, caspase 3, and 7
genes were measured [56, 60].

8- Apoptosis analysis

A flow cytometer and Annexin V-FITC staining method
were used to detect induction of early and late apoptosis.
In brief, 2 x 10° cancer cells were seeded in each well of
a 6-well plate and after 24 h treated with drugs for 48 h.
Then the cells were then trypsinized and washed with PBS
solution, then cells were re-suspended in 500 pL of binding
buffer. Following the producer’s guidelines, 5 pL of Annexin
V reagent was applied, and cells were stained for 10 min.
The cells mortality rate was evaluated using a flow cytom-
eter after 1 pL of PI was introduced and incubated for 5 min
[58, 59, 61].

10- Cell cycle analysis

2% 10% A549 cells were seeded into each well of 6-well
plates and left to attach overnight. For 48 h, cells were
treated with ART, MET, ANP, MNP, and their combination
at respective ICs, concentrations. Following incubation, the
cells were trypsinized, washed, and fixed with 1 ml of 70%

@ Springer

ethanol and stored overnight at -20 °C. For 30 min at 37 °C,
the cells were collected and resuspended in PBS containing
RNase (25 g/ml) and propidium iodide (PI, 50 g/ml). A flow
cytometry was used to examine stained cells [59].

Results and discussion
Characterization of niosomal NPs

Usually, the place of drug administration is different from
the place of its therapeutic effect. This issue is the basis
of research on drug delivery systems, among which NPs
are of great importance [62]. NPs could increase the half-
life of drugs, maintain the stability of hydrophobic drugs
in aqueous conditions, and control the drug release at the
target site [63]. NPs size varies from 100 to 500 nm, they
can pass through the blood-brain barrier, and the pulmo-
nary system or be absorbed via the skin's tight junctions
[64]. In this study, PEGylated-niosomal NPs were used to
deliver of MET and ART to lung cancer cells. Niosomes are
vesicular nanocarriers that have been extensively studied for
drug delivery applications. They are composed of a bilayer
hydrophobic membrane enclosing a central cavity filled with
an aqueous phase, allowing them to encapsulate and deliver
both hydrophobic and hydrophilic substances [65]. This
characteristic makes niosomes suitable for loading a wide
range of drugs, including hydrophobic (ART) and hydro-
philic (MET) solubilities. The size, polydispersity index
(PDI), and zeta potential of nanoparticles have significant
effects on their characteristics and behavior. Size refers to
the dimensions of nanoparticles and is an important param-
eter that affects their stability, drug loading capacity, and
cellular uptake. The size of niosomes is also an important
parameter that can affect their stability, drug loading capac-
ity, and release kinetics [66]. Smaller nanoparticles generally
have a larger surface area, which can enhance drug load-
ing and improve cellular uptake [67]. Polydispersity index
(PDI) is a measure of the size distribution of particles in a
sample. A lower PDI value indicates a more uniform size
distribution, while a higher PDI value suggests the presence
of aggregates or a broader size range [68]. Zeta potential is
an important parameter in the characterization of niosomes,
as it provides information about the surface charge and sta-
bility of the particles. The zeta potential value indicates the
degree of repulsion between particles, with higher absolute
values indicating greater stability and lower likelihood of
aggregation [69]. A zeta potential near +30 mV is generally
considered to guarantee long-term stability of the formula-
tion [69].

According to the DLS analysis results the mean diam-
eter of synthesized blank Nio-NPs, ANP, MNP, and ANP-
MNP in this study were 163 +3.94, 183+6.47, 179+5.13,
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Fig. 1 Characterization of ART-MET loaded Nio-NPs size, PDI (A), and zeta potential (B). DLS method was used for analyses of size, PDI, and

zeta potential of ART-MET loaded Nio-NPs

Table 1 DLS analyses of blank Nio-NPs, ANP, and MNP

Groups Size Polydis-  Zeta potential
(nm) persity (mV)

Index

(PDI)
Blank Niosome 163+3.94  0.741 —-19.4+2.86
Metf-loaded Niosome 179+£5.13  0.863 —22+1.85
Art-loaded Niosome 183+6.47  0.827 —13+4.45
Metf/Art-loaded Niosome  207.4+4.210.574 —18.4+3.46

and 207.4 +4.21 nm, respectively (Fig. 1). The small
size of nanoparticles has increased their surface-to-vol-
ume ratio, which leads to problems such as aggregation
of NPs. An important effective factor in aggregation is
the zeta potential of NPs. Table 1 shows the DLS results
of the nanoparticles. Recent studies demonstrated that

SEM HV: 15.0 kV WD: 9.13 mm
View field: 2.54 ym Det: SE
SEM MAG: 50.0 kx | Date(m/dly): 06/13/21

MIRA3 TESCAN|  SEM HV: 15.0 kV 'WD: 9.13 mm
View field: 4.24 ym Det: SE

SEM MAG: 30.0 kx | Date(m/dly): 06/13/21

500 nm

1um View field: 8.48 pm

PEGylated-niosome could enhance the blood circulation,
half-life, retention effect, and permeability of the drug to
the cell membrane [70]. Nanoparticle morphology plays a
significant role in various aspects, including toxicity, dis-
solution, properties, and performance in different applica-
tions. The choice of nanoparticle morphology can impact
the interaction of nanoparticles with cellular membranes
and the dissolution of the material [71]. The morphol-
ogy of niosomes can vary depending on the formulation
and the specific drug being loaded. Microscopy evaluation
of niosomes has shown that they have a multi-layer and
spherical morphology [72]. The morphology of fabricated
niosomal NPs were surveyed with the FE-SEM (Fig. 2)
and AFM (Fig. 3) techniques. The image of ANP-MNP
admitted the spherical shape and identical dispersion of
the drug.

MIRA3 TESCAN SEM HV: 15.0 kV WD: 9.13 mm

Lol

Det: SE 2pm
SEM MAG: 15.0 kx | Date(m/dly): 06/13/21

Fig.2 Characterization of Nio-NPs morphology applying FE-SEM. FE-SEM is a powerful imaging technique that combines the principles of
scanning electron microscopy (SEM) with field emission (FE) characteristics
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Fig.3 Characterization of Nio-NPs by AFM technique. AFM operates by scanning a sharp probe tip over the surface of a sample, measuring the

forces between the tip and the sample to create a high-resolution image

Characterization by FTIR

The physicochemical structure of cholesterol, span 60, PEG,
ART, MET, blank Nio-NPs, ANP, MNP, and ANP-MNP are
shown in Figure S1. The spectrum of span showed peaks
at 2893 cm~! and 2836 cm™! (CH stretching, asymmet-
ric and symmetric aliphatic respectively), and 1168 cm™!
(—-C—CO-0-). Cholesterol displayed characteristic peaks of
methylene rocking at 789 cm™!, and C—H bond stretching
in the range of 2800-3000 cm™!. PEG showed an absorp-
tion band at 1637 cm™! (C=C aliphatic double bond), and
1726 cm™! (C=0). The FTIR spectrum of MET demon-
strated two typical peaks at 3357 cm™' (N-H asymmetric
stretching), and 1651 cm™! (C=N stretching). The FTIR
spectra of ART characterized by a peak at 1728 cm™! (C=0
stretching vibrations), and 1107 cm™"! (-O- stretching vibra-
tions). The remaining synthesis compounds included these
mentioned peaks, which indicate the presence of these sub-
stances in their ingredients.

Drug release and drug loading efficiency analysis

The loading efficiency of drugs into niosomes can vary
depending on the specific drug and the formulation of
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the niosomes. For example, a study on diosgenin-loaded
niosomes reported a relatively high loading efficiency of
approximately 89% [73]. The loading efficiency of hydro-
philic drugs may be influenced by the larger aqueous internal
volume of niosomes [74]. It has been demonstrated that cho-
lesterol and Span 60 in the niosome structure could increase
the amount of the hydrophobic drug loading into them [75].
ANP and MNP both demonstrated biphasic releasing pat-
tern under physiological (pH=7.4) and cancerous (pH=>5)
conditions (Fig. 4). As previous studies explained the un-
trapped drugs (ART and MET) which are connected to the
surface of Nio-NPs with a weak bond, are released in the
first hours of the experiment and result in the sharp slope
of the graph [76]. A study by Davarpanah et al., demon-
strated that PEGylation of niosomes resulted in a slower
release compared to naked niosomes containing the drug by
improving the kinetics of drug release from niosomes [77].
The findings demonstrated that the ART and MET were
gradually released from ANP and MNP, exhibiting a gentle
and slow gradient. Our results support earlier research that
affirmed the beneficial impact of niosome on drug release
[78]. Both ANP and MNP show a higher amount of release
in pH=35 in comparison to pH="7.4, that allows the Nio-NPs
to be transported by the blood circulation (pH=7.4) and
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Fig.4 Drug release patterns of
ART and MET released form
Nio-NPs in PBS solution at
pH 7.4 and 5. These results
demonstrated a biphasic releas-
ing pattern for niosomes under
different pH

100

Cumulative Drug Release (%)

- Art + Metf

T T T

release higher amounts of the drugs after reaching the target
sites (pH=15) [79]. These findings reveal that ANP and MNP
are sensitive to different pH.

In vitro cytotoxicity and synergistic analysis

After 48 h of treatment with various concentrations of
agents, MTT analysis was performed to examine the com-
bined cytotoxic effectiveness of ART, MET, ANP, and MNP
on A549 lung cancer cells. Recent studies have shown the
cytotoxic effects of pure ART and MET on A549 cells,
which are in accordance with the results of this study [27,

Fig.5 Cytotoxicity of ART,
MET and their nano-form on
A549 lung cancer cell viability.

0 50

40 60
Time (h)

80]. As illustrated in Fig. 5, Both ANP and MNP effec-
tively suppressed the proliferation of A549 cells in a dose-
dependent manner. The ICs, values of drugs are reported in
Table 2. As shown in Table 2 the nano-formulation forms
of drugs had substantially higher cytotoxicity toward A549
cells after 48 h of treatment, indicating that the prompting
mechanism for drug release from the niosome into the cyto-
plasm was particularly successful. Furthermore, according
to the results of the MTT assay, we calculated the synergistic
effect of drugs via the median-effect (Compusyn) method.
As expected, the combination and niosome conserved form
of MET and ART showed additional growth inhibitory
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Table 2 ICj, values of drugs evaluated with MTT assay. The MTT test is a widely used method for measuring cell proliferation and cytotoxicity.
It involves the reduction of MTT, a tetrazolium salt, by metabolically active cells to formazan products, which can be quantified colorimetrically

Form Metformin Artemisinin Metf in Combination Art in combination Cl
Pure 14.6 mM 195.2 yM 9.61 mM 98.3 yM 0.643
Nano 78.3 pM 56.7 pM 38.5 uM 31.6 pM 0.475

effect with an extreme drop in ICs; on the lung cancer cells
than MET and ART in free and single form after 48 incuba-
tion time. The enhanced cytotoxic effects of the ANP and
MNP combination might be attributed to greater cellular
absorption, extra intracellular concentrations, and effective
anticancer agent interactions. These findings are consistent
with prior research that showed the anti-proliferative efficacy
of MET and ART against several kinds of lung cancer cell
lines [19, 27]. ased on these results the IC50 concentration
of drugs was used as treatment groups in the rest of the
experiments.

Real time PCR

RT-PCR was used to evaluate the effect of ART, MET,
MNP, ANP, and their combinations on A549 cells gene
expression. The expression levels of hTERT, caspase-3,
caspase-7, BAX, BCL-2, and Cyclin D1 genes are reported
in Fig. 6. The process of apoptosis and its performance is
through various pathways by activating a group of caspase
proteins that regulate apoptosis and BCL-2 proteins, which
have anti-apoptotic and pro-apoptotic effects. Some studies
have shown that high expression of hTERT or its muta-
tions may be connected with migration and metastasis of
cancer cells [13]. Statistical analysis showed that 80% of
cancers have active telomerase while in healthy cells it is
inactive. The results showed that after 48 h of treatment,

Fig.6 The expression changes .
of hTERT, Cyclin D1, BAX, > T
BCL-2, Caspase 3, and 7 ?:D I
genes in A549 cells after 48 h 2 1.5-
treatment via free and Nano for- g
mulated drugs. (p value <0.001 >
% pvalue <0.01 **, p = -
value <0.05 *) .g 1.0-

g
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=
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ANP, and MNP significantly increased the mRNA level
of BAX, caspases 3 and 7 and decreased mRNA levels
of BCL-2, hTERT, and Cyclin D1 compared to free form
of ART, and MET (Fig. 6). Accordingly, PEGylated Nio-
NPs containing drugs are an appropriate approach in the
treatment of various cancers, especially lung cancer [58].

Apoptosis analysis

The apoptosis effects of drugs on A549 cells were evalu-
ated with annexin assay and flow cytometry (Fig. 7).
Recent studies have proven the apoptotic effect of ART
and MET on lung cancer [27, 81], which is consistent with
the results of this study. Apoptosis induction analysis also
revealed the synergistic effects of ART and MET. Among
treated cells, the late apoptosis and early apoptosis of
cells treated with a combination of ANP and MNP were
highest. As shown in Fig. 7, ANP and MNP combination
significantly induced apoptosis of A549 cells more than
other forms, furthermore, both ANP and MNP exhibited a
greater cytotoxic effect compared to their pure form, which
demonstrates the increase in the uptake of ART and MET
from Nio-NPs by the cells. These findings are consistent
with earlier research, which indicated that the intracel-
lular release of the drugs from NPs is responsible for the
cytotoxic effect of NPs [82].
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Fig. 7 Identification of apoptosis by the flow cytometric assay of
Annexin V/PI staining. The flow cytometric assay utilizes dot plot
diagrams to illustrate different cell populations based on Annexin-V
FITC and PI staining. In the panels, the lower left quadrants indicate
the presence of viable cells, characterized by a negative response to

Cell cycle analysis

The cell cycle is a highly regulated process that controls the
growth and division of cells. It consists of several phases,
including G1, S, G2, and M phases. The progression through
these phases is tightly regulated by various molecular mech-
anisms [83]. Several studies have investigated the effects
of different agents on the cell cycle. For example, an arte-
misinin derived agent has induced G1 cell cycle arrest in
A549 cells [84]. Cell cycle regulation is not only important

Fig. 8 Effect of fee and Nano 60 ettt
formulated drug on the Cell
cycle of A549 lung cancer cells 1

50 [ R SETRTPRPRRS

Cell Cycle

Annexin V and PI staining. The lower right quadrants represent early
apoptotic cells, showing positive Annexin V staining but negative PI
staining. The upper right quadrants depict late apoptotic cells, dis-
playing positive staining for both Annexin V and PI

for normal cell growth and development but also plays a
critical role in cancer. Dysregulation of the cell cycle is a
hallmark of cancer, characterized by uncontrolled prolifera-
tion [85]. In the current study, the growth inhibition mecha-
nisms of drugs on A549 lung cancer cells were investigated
using cell cycle analyses. Figure 8 shows the control group
with normal cell cycle phases (G0/G1, S, G2/M) while
another phase can be seen in the treated groups (Sub G1).
By changing the drugs from the free form to Nio-NPs loaded
form of the same drug, the number of cells in the Sub-G1

[ GO/G1
Il SubGl
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phase increased, and the highest peaks of the Sub-G1 phase
were found in the cells treated by the combination of ANP
and MNP.

Conclusion

In the current study, PEGylated Nio-NPs synthesized by the
thin-film hydration method were used as nanocarriers for
MET and ART against A549 lung cancer cells. Both free
MET and free ART showed anticancer activities against
lung cancer cells. The effect of MET-ART-loaded NPs was
greater than the free form of MET and ART. Moreover, the
outcomes of this investigation indicated that when tumor
cells were exposed to MET-ART-loaded Nio-NPs, the
expression of the hTERT and Cyclin D1 genes were consid-
erably decreased. Also, the most ideal result in the induc-
tion of apoptosis and the cell cycle arrest was related to the
combined use of MET-ART-loaded Nio-NPs. Although this
study investigated a new strategy for treating lung cancer,
future studies should be done on the effects of these drugs
in vivo experiments.
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