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Abstract

Objectives: Lung cancer is a leading cause of mortality
worldwide. In lung cancer treatment, nebulized solid lipid
nanoparticles may be a viable drug delivery method,
helping the drug reach sites of action, and improving its
inhalation efficiency and pulmonary deposition. This
research focused on evaluating the effectiveness of solid
lipid nanoparticles of favipiravir (Fav-SLNps) in facili-
tating drug delivery to sites of action in lung cancer
treatment.

Methods: The hot-evaporation method was used to
formulate Fav-SLNps. The in vitro cell viability, anti-
cancer effects, and cellular uptake activity were evalu-
ated in A549 human lung adenocarcinoma cells treated
with the Fav-SLNp formulation.

Results: The Fav-SLNps were formulated successfully.
Importantly, Fav-SLNps at a concentration of 322.6 pg/
ml were found to be safe and non-toxic toward A549 cells
in vitro. The formulation had potential anti-proliferative
properties via increasing the proportions of cells in G2/M
and GO/G1 phases to 1.20 and 1.13 times those in un-
treated cells. Additionally, Fav-SLNp treatment signifi-
cantly induced necrosis in A549 cells. Furthermore, the
use of SLNps in the Fav formulation resulted in a
macrophage drug uptake 1.23 times that of the free drug.

Conclusion: Our results confirmed the internalization and
anti-cancer activity of the Fav-SLNp formulation in the
A549 lung cancer cell line. Our findings suggest that Fav-
SLNps could potentially be used as lung cancer treatment
to facilitate drug delivery to sites of action in the lungs.

Keywords: A549 cells; Cell cycle distribution; Cytotoxicity;
Favipiravir; Nanoparticles; Necrosis
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Introduction

Lung cancer is a leading cause of mortality worldwide. 1,2
Recently, its incidence has increased because of smoking and
environmental pollution.3 Surgery, radiation therapy, and
chemotherapy are used in lung cancer treatment,” and
current chemotherapies are delivered through conventional
oral or intravenous routes.” However, the possibility of
inhaled drug delivery has attracted substantial attention in
lung cancer treatment because it overcomes several current
limitations of chemotherapy, including the targeting of
normal cells alongside the inhibition of cancer cell growth.

The use of nanotechnology systems has excellent pros-
pects for therapy development, because it facilitates passive
targeting of drugs to tumours, thereby increasing retention
and permeability, and enhancing the pharmacokinetic/
pharmacodynamic properties of drugs.”””” Many drug
carriers have been used in recent years, e.g., polymers,
liposomes, and solid lipid nanoparticles (SLNps), because
of their considerable benefits in treating lung cancer,
increasing drug stability, and avoiding severe adverse
effects.* 1 In particular, SLNp formulations have been
used in many studies and have exhibited good performance
in overcoming drug limitations.'®!”

SLNps are colloidal particles composed of a biocompat-
ible and biodegradable lipid with spherical bilayer vesicles of
multiple types: (1) large unilamellar vesicles, (2) multi-
lamellar vesicles, (3) giant unilamellar vesicles, and (4) small
unilamellar vesicles.'® Furthermore, the FDA has approved
the use of biodegradable lipid polymers as nanocarriers to
increase the solubility and stability of medication, and
decrease high drug loading and preparation costs.! 71920
The bioavailability and cellular absorption of some poorly
water-soluble drugs can be improved through formulation
with SLNp nanocarriers.”"*>> For example, Favipiravir (Fav)
has been fabricated with solid lipid nanoparticles (SLNS)W
and has been found to be a promising method for targeted
inhalation delivery.23 The inhalation route, such as through
nebulizers, can increase local pulmonary drug
concentrations, avoid first-pass metabolism, and decrease
systemic adverse effects.”* 2’ Nebulization of a drug can
convert liquids into aerosols with very small droplets that
can reach deep into lung tissue.”>?$2%28:30 Therefore, new
or alternative medicines that can be delivered in this
manner with high effectiveness could potentially be used
for local lung cancer treatment.

Fav is a purine nucleoside analogue and ribonucleic acid
(RNA)-dependent RNA polymerase competitive inhibi-
tor,l()”glf3 3 which has been used as an anti-viral treatment for
influenza®* and the Ebola virus.”> Kim et al.’’ have found
that Fav therapy on Zika-virus-infected human neural pro-
genitor cells decreases cell killing, increases the phosphory-
lation of AKT (also known as protein kinase B), and elevates
the expression of anti-apoptotic protein B cell lymphoma 2.3
Another study by Tanaka et al.’” has indicated that Fav

suppresses the viral load in the lungs and produces tumour
necrosis factor-o in the airways in infected mice.’
Extensive research has evaluated the anti-viral effect of
Fav'”** 7 in the lungs. However, because of a lack of
studies on the biological effects of Fav on lung cancer cells,
this study was aimed at assessing the cytotoxicity,
proliferation, necrosis, autophagy properties, and cellular
uptake of Fav nanoparticles by using a solid lipid formula
(Fav-SLNps) in an A549 cell model.

Materials and Methods
Materials

Chloroform, methanol, and Tween 80 were purchased
from Thermo Fisher Inc. (Pittsburgh, PA, USA). Glyceryl
behenate (compritol 888) dimethyl sulfoxide, sulforhod-
amine B (SRB), and Fav were purchased from Sigma Aldrich
(MO, USA).

The AS549 lung cancer cell line was obtained from the
American Type Culture Collection (Rockville, USA). Cell
culture materials consisting of phenol red, Dulbecco’s modi-
fied Eagle’s medium, foetal bovine serum, and penicillin/
streptomycin were obtained from Corning (MO, USA). The
tetrazolium dye (WST-1) test used was purchased from
Abcam® (ab155902 WST-1 Cell Proliferation Reagent, USA).

Preparation of the formulation

The SLNps were generated through a hot-evaporation
approach, as described by Tulbah and Lee."” Briefly,
compritol 888 (200 mg) was suspended in chloroform
(10 ml), and 20 mg of Fav was suspended in methanol
(5 ml). A rotary evaporator was used to evaporate the
organic solvents at 72 °C and 150 rpm.

Lipid-drug film was mixed (HG-15D, Homogenizer,
Korea) at 15,000 rpm and 70 °C for half an hour with 1.5%
(w/v) Tween 80 (10 ml) in the hot surfactant. Subsequently,
the mixture was cooled on ice with constant stirring to reach
a temperature of 20 °C. Control SLNps without Fav were
produced in the same manner.

Evaluation of particle size, polydispersity index, and zeta
potential

Dynamic light scattering was applied to evaluate the
polydispersity index, zeta potential, and particle size of Fav-
SLNps (Zetasizer Nano ZN, Malvern Analytical Ltd., UK).
At 25 °C, samples were tested after being diluted in ultra-
purified water.

High-performance liquid chromatography (HPLC)

A Waters 996 photodiode array detector was used for
HPLC (Waters 2690 Alliance, Shimadzu, Japan) with an
Xterra C-18 column (4.6 x 250 mm and 5 m particle size) to
quantify Fav. The mobile phase was 5:95 v/v acetonitrile:-
water and 0.1% phosphoric acid. The ultraviolet light de-
tector’s wavelength, flow rate, and sample injection were set
at 320 nm, 1 ml/min, and 10 pl, respectively. A 0.22 pm
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syringe filter was used to purify the samples. The sample’s
retention time was 9.5, minutes and the running time was
13 min.

In vitro aerosol deposition analysis

The Fav-SLNp formula was nebulized with a chilled
Andersen MKII Cascade Impactor (ACI, Copley Scientific,
UK) in conjunction with a jet nebulizer (VixOne, AZ, USA).
Every component of the ACI was washed with a mix of
mobile phases and allowed to dry.w’38 After the ACI plates
had been placed at 5 °C in a refrigerator for 60 min to
cool, they were used immediately. After completion of
1 h of testing, an electronic digital flow meter was adjusted
at a 15 L/min flow rate. The T-piece of the jet nebulizer
was then rapidly connected to the ACI induction port. The
jet nebulizer reservoir was loaded with 2 ml of the Fav-
SLNp formulation (200 pg/ml). As indicated by Pharmaco-
peia,40’41 three determinations were performed (n = 3).
Methanol (20% v/v) was used to clean the nebulizer’s
reservoir chamber, ACI plates, adaptors, and filter. The
quantity of Fav in each stage was analysed by HPLC. The
mass median aerodynamic diameter (MMAD), fine particle
dose, geometric standard deviation (GSD), and fine
particle fraction (FPF) were determined through Copley
inhaler analysis (Copley Scientific, UK), and testing data
software impactor recordings.

In vitro bio-characterization

Cell culture

A549 human lung adenocarcinoma cells were maintained
in Dulbecco’s modified Eagle’s medium with 100 mg/mL of
penicillin/streptomycin and 10% foetal bovine serum. At
37 °C, the cells were cultured in a 5% CO, humidified
incubator until confluency was achieved, as recommended by
the ATCC.***

Cell viability and cytotoxicity determination

The SRB test allowed for rapid and accurate assessment
of the drug’s effects on cell viability in cell culture. The cell
viability after treatment with the Fav-SLNp formula and free
Fav was assessed in lung cells, as previously described. 4
The SRB test was used to evaluate drug cytotoxicity
immediately and precisely in cell culture samples. A549
lung adenocarcinoma cells were wused to test the
cytotoxicity of the Fav-SLNps and free Fav, as previously
described. > In brief, 100 puL, 5 x 10% of cell suspension was
added and cultured in 96-well plates for 1 day in complete
medium. Subsequently, Fav-SLNps and or Fav (0.3—
1000 pg/mL) was added to the cells; after 3 days of exposure,
the medium was replaced with 150 pL of 10% trichloroacetic
acid and incubated for 1 h at 4 °C to fix the cells. The cells
were then rinsed with distilled water and incubated for
10 min with SRB solution (0.4%) at 25 °C. The plates were
rinsed three times with acetic acid (1%). Tris-based solution
(150 pL, 10 mM) was used to dissolve the protein-bound
SRB stain. A microplate reader (BMG LABTECH®-
FLUOstar, Omega, Germany) was subsequently used to
determine the transmission density at 540 nm. According to
the preceding descriptions,14’44’47’48 cell viability was
revealed by assessment of the percentage of viable cells in

the untreated control group. The ICsy was defined as the
concentration that decreased cell viability to 50% that of
untreated cells.” The ICso estimates were determined by
calculation of the cell viability percentage versus
concentration ([lg/mL).

Assessment of cell cycle distribution

To estimate the effects of the Fav-SLNp formula on the
cell cycle distribution, we treated the A549 human lung
adenocarcinoma cell model with 300 pg/mL of the com-
pound for as long as 1 day. Cells (10° cells) were trypsinized
and rinsed twice with chilled buffer (PBS, pH 7.4), as
previously described.*" The cells were re-suspended in
2 ml of 60% chilled ethanol for 1 h during fixation; rinsed
twice with buffer (PBS, pH 7.4); and then re-suspended in
1 ml of PBS containing 50 ig/mL of RNase A and 10 plg/mL
of propidium iodide (PI). Flow cytometry analysis was
performed with an FL2 (hex/em 535/617 nm) signal indi-
cator (ACEA NovocyteTM flow cytometer, ACEA Bio-
sciences Inc., CA, USA) for 20 min at 37 °C for
deoxyribonucleic acid (DNA) content evaluation. A total of
12,000 events were collected for each sample. ACEA
NovoExpressTM software was used to calculate the per-
centage of cells in each cell cycle phase. Each dose was tested
three times, and the data reflect the mean = SD of the three
replicates.

Apoptosis evaluation

An apoptosis detection kit with calcium-dependent
phospholipid-binding protein V-FITC (Abcam Inc., Cam-
bridge Science Park, Cambridge, UK), and flow cytometry
with two fluorescence channels was used to examine the effects
of the Fav-SLNp formulation on programmed cells death
(necrosis/apoptosis  cell populations), as previously
described.* ! Briefly, A549 human lung adenocarcinoma
cells were treated with 300 pg/mL of the Fav-SLNp for-
mula. After 1 day of treatment at the compound’s pre-
determined 1Csg, trypsinization was performed to detach
the cells. The cells were then rinsed twice with chilled PBS, pH
7.4, buffer and kept in the dark for 30 min at room temper-
ature with a solution of Annexin V-FITC/PI (0.5 ml), as
directed by the manufacturer. After labelling, cells were
inserted into an ACEA NovocyteTM flow cytometer, and the
FL1&2 indicator detector (Aex/em 535/617 nm for PI and Aex/
em 488/530 nm for FITC) was used to detect FITC and PI
fluorescence. In total, 12,000 signals were recorded for each
examination, and cells positive for PI and/or FITC were
counted through quadrant inspection in ACEA
NovoExpressTM.

Autophagy evaluation

A dye (acridine orange lysosomal) was applied in
conjunction with flow cytometric analysis to quantify auto-
phagic cell death, as previously described.***" Fav-SLNps
(300 pg/mL) were used to treat A549 human lung adeno-
carcinoma cells for 24 h; the cells were then trypsinized and
rinsed twice with chilled pH 7.4 PBS buffer. Acridine orange
(10 M) was used to dye the cells, which were then incubated
for 30 min in the dark at 37 °C. After labelling, the cells were
injected into an ACEA NovocyteTM flow cytometer, and the
acridine orange fluorescent indicator was evaluated accord-
ing to the FL1 signal (Aex/em 488/530 nm). For each test,
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12,000 signals were recorded, and the net fluorescence in-
tensity was measured in ACEA NovoExpressTM.

Cellular uptake assays

After reviewing the results of Fav-SLNps cytotoxicity and
autophagy, apoptosis, and cell cycle distribution assays, we
investigated cellular uptake of the formula and free Fav. On
day 1, 0.7 x 10® A549 human lung adenocarcinoma cells
were seeded into a T25 flask and kept at 37 °C and 5% CO,.
On day 2, the medium was removed and replaced, and the
cells were incubated with 300 pg/mL of Fav-SLNps or free
Fav. After 6 or 24 h of incubation, cellular uptake was
assessed via cell lysis, as described by Guntner et al.’> At the
end of the incubation, the amount of Fav was analysed with
HPLC, as described previously, normalized to total protein,
and expressed in p,g/ml.53

Statistical analysis

One-way ANOVA, mean =+ standard deviation, and un-
paired two-tailed t-tests were used to analyse the data (IBM-
SPSS Statistics, P < 0.05, version 22, USA). The IC50 plot
explained the obtained results’ nonlinear fit of “Normalize”
and “Transform”. The statistical value was calculated as the
value of best fit in GraphPad Prism, version 9.

Results and discussion
Characterization of Fav-SLNps

The particle size and aerosol behaviour values of medica-
tion are important determinants of treatment effectiveness.
Depending on their size, particles can be deposited through
gravitational sedimentation, inertial impaction, or diffusion.
Sedimentation occurs across the airways, and inertial impac-
tion tends to occur during the first ten generations of the lung,
where the airflow is turbulent, and the air velocity is high.”
Any particles larger than 10 pm are deposited in the
oropharyngeal region, and substantial deposition affects the
larynx.>™® The large particles are then ingested and
contribute little, if at all, to the therapeutic effect. Fluticasone
propionate, for example, has low oral absorption, can be
seen in a plasma levels.”* Particles can be deposited in the
alveoli and small airways when their diameter is between 1
and 5 pm. In pulmonary drug administration for systemic
absorption, small particle-size aerosols are necessary to ach-
ieve medication peripheral penetration.”’ Particles less than
3 wm can reach the lower airways with approximately 80%
probability and the alveoli with 50—60% probability.58

The particle size and aerosol behaviour results of the
developed Fav-SLNp formulation have been published.w The
geometric particle size distributions for Fav-SLNps and raw
Fav were measured with dynamic light scattering. The mean
diameter of Fav-SLNps and free Fav was 693.1 +40.3 nm and
1056.4 + 181.2 nm, respectively—a size suitable for pulmo-
nary applications as an inhaled formulation that might
significantly improve therapeutic outcomes. The small particle
size and large surface area may prevent negative adverse ef-
fects, decrease drug degradation, and enable targeted de-
livery.8715 The polydispersity index of Fav-SLNps and free
Fav were 0.655 + 0.020 and 0.451 + 0.036, respectively. The
zeta potential and surface charge of Fav-SLNps and free Fav

were —13.3 & 0.3 and —11.1 + 0.2, respectively, thus indi-
cating a slightly negative charge. Small particles with a net
negative charge might be ionized by the carboxylic groups in
compritol 888 (as a fatty acid).”’(’o Patel et al. have shown that
particles with negative charges, rather than positive or neutral
charges, tend to localize to the lymphatics.(‘l Additionally, a
negative or neutral nanoparticle surface charge for particles
arriving at tumour sites may be more effective than a
positive charge.(‘2 This evidence suggests promising potential
of the Fav-SLNp formula in achieving greater treatment re-
covery and efficacy in lung cancer treatment.

In compliance with FDA industry standards, in terms of
assessing aerosol particle appropriateness for administration
to the airway, we used an ACI to examine the aerosol per-
formance and size distribution of the nebulized Fav-SLNp
formulation. An inhaler device can be used in vitro to
determine the quality of the inhalable released product
through a quality assurance procedure. Results are typically
extrapolated to derive an estimate of in vivo deposition of the
formulation into the lungs. Additionally, determining the
location, depth of penetration, and accumulation within the
lung mucosal membranes by using the TBN-NVS particle
dimensions is critical.**

Figure 1 shows the characteristics of the nebulized Fav-
SLNp formulation aerosol deposition behaviour in vitro,
according to the ACI. Figure 1 shows Fav-SLNps deposition
in ACI stages after nebulization in the nebulizer chamber,
filter, throat, and ACI stages over the device-emitted dose.
The log regression plot of this information was used to
calculate the FPF, MMAD, and GSD. The percentage of
FPF was identified as the drug mass percentage deposited
from the third stage to the filter. The determined FPF and
dose were 60.2 4+ 1.7% and 332.3 4+ 25.6 pg, respectively. The
fine particle dose (ug £+ SD) was 193.9 + 13.1, the MMAD
(um £ SD) was 3.0 + 0.4, and the GSD was 2.33 + 0.25.
These findings suggested good pulmonary Fav-SLNp de-
livery. The paths of these particles when they enter the deep
lungs are positively affected by the aerodynamic surface.
Optimized Fav-SLNps demonstrated high potential for deep
accumulation, on the basis of the lung tissue FPF, MMAD,
and GSD aerosol results. These findings suggested that
customized Fav-SLNps may have strong pharmacological
effectiveness against lung cancer.

In vitro bio-properties of Fav-SLNps

The goal of this study was to assess the aerosol behaviour
of the Fav-SLN formulation in vitro and its appropriateness
for administration to the lungs by nebulization. The treat-
ment was also evaluated for its ability to prevent the
increased proliferation of A549 cells; its effectiveness and
appropriateness as a potential alternative lung cancer ther-
apy were also examined.

Cell viability and cytotoxicity determination

The cytotoxicity and cell viability after treatment with the
Fav-SLNs and free Fav formulation were examined in the
A549 cell line through SRB assays. The influence of solid lipid
nanoparticles on Fav cytotoxicity in lung cancer cells was
assessed. To identify the suitable range of concentrations for
lung delivery of the drug, as demonstrated in Figure 2(A & B),
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Figure 1: In vitro drug deposition of nebulized Fav-SLNps by the Andersen MKII Cascade Impactor (n = 3 £+ S.D.).
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Figure 2: Cytotoxicity of (A) Fav-SLNps and (B) free Fav formulation toward A549 lung cancer cells (n = 3, mean + SD).



A.S. Tulbah 1081

Control
@] G G2
100 g ]
: == Fav-SLNs o
<S80 * == Control “ gl
s | |
o - A A
e 60 0 4 8 10
(] J PE-Texas Red-A (10°)
o
= 40- N Fav-SLNps
o ] = &1 a2
20
0_ ) i || II I
G0/G1-phase S-phase G2/M-phase Sub-G1 N
0 a s 10

PE-Texas Red-A (109)

Figure 3: Effects of Fav-SLNp formulation on the cell cycle in A549 lung cancer cells (n = 3, mean + SD).

we determined the toxicity of Fav-SLNps and free Fav in
A549 non-small lung cancer cells. A549 cells were treated with
increasing drug concentrations, ranging from 0.3 to 1000 pg/
ml of Fav-SLNps for 72 h, to define the IC5y. Fav-SLNps and
free Fav had an ICsg of 322.6 pg/ml and 10 pg/ml, respec-
tively. The free Fav findings were consistent with those re-
ported by Karakus et al.®* In addition, these findings
suggested that Fav-SLNps are safe and non-toxic to cells;
consequently, a lipid carrier might be favourable for Fav and
could potentially be used to enhance the drug’s effectiveness
in A549 cells. A formulation of a drug with SLNps for the
treatment of non-small cell lung cancer could improve the cell
viability profile of the drug and decrease its toxicity. This
finding was in line with those from prior studies indicating
that Fav might be safe in the lungs.w’(’s’(’(’ This could be due to
developing the formula using solid lipid nanoparticle
techniques. Wang et al.®” have found that formulating
curcumin with solid lipid nanoparticles may have medicinal
applications in lung cancer, and provides a unique
technique for the creation of new anticancer drugs.’®
Another study has found similar results for cell viability
and toxicity in A549 non-small cell lung cancer cells
exposed to atorvastatin nanoparticles in vitro; this formula
has been found to be safe and non-toxic at a 21 pg/mL con-
centration.'” Fav might be able to be converted into an
inhaled nano-formula as an efficient, safe and nontoxic
therapy for lung cancer.

Influence of the Fav-SLNp formula on the cell cycle distribution
The DNA content was assessed with flow cytometry to
investigate the influence of the Fav-SLNp formula on the cell
cycle distribution of human lung adenocarcinoma cells after
treatment with the therapies at the pre-determined ICsq for
24 h (Figure 3). Cell cycle evaluation can clarify Fav-SLNps’
antiproliferative effects on the cell cycle phases of gap 1 (G1),
synthesis (S), gap 2 (G2), mitosis (M), and resting (GO)
phases.ﬁ7 The cell cycle is a four-stage process, consisting

of M/G2, S, and G0/G1 phases, that cells undergo as they
grow and divide.*® Furthermore, measuring cell populations
and cycles through apoptosis provides important indications
regarding possible cell—killing.w In general, when cells were
treated with Fav-SLNps (Figure 3), cells in G0/G1 phase
markedly increased, from 56.87 + 1.90% in the untreated
sample to approximately 64.10 £ 3.80%. The Fav-SLNp
formulation treatment, compared with the control, signifi-
cantly altered the proliferative effects on GO/G1 phase after 1
day. The cell population in M/G2 phase increased from
16.16 + 0.54% to 19.43 + 1.78%, thus leading to consider-
able cell cycle arrest in M/G2 phase, as compared with that
observed in untreated cells. This finding indicates that Fav-
SLNp treatment caused cycle arrest at M/G2 and
apoptosis to occur instantaneously in cells. This finding is
important, because cell cycle arrest in M/G2 phase is
considered a hallmark of anti-tumour activity.”’
Furthermore, the treatment of cells with the formula for 1
day caused no noticeable changes in the cell population
(sub-G1) between the treated formulation and the control
cells. Similarly, Tulbah et al. have found that an inhaled
formulation of atorvastatin dry powder significantly
inhibits cell cycle progression through either apoptosis or
G2/M cell cycle arrest.”! The formulation had anti-cancer
properties with potential effects in lung cancer treatment.”!

Effects of the Fav-SLNp preparation on A549 cell apoptosis

In tumour treatment, automatic cell death or apoptosis is
considered the best target.n’73 The fraction of cells that die
by necrosis vs. apoptosis was determined in this analysis
with Annexin V-FITC/PI labelling in combination with
flow cytometry in A549 cells (Figure 4). Cells were treated
with the predetermined ICsy of the Fav-SLNp formulation
for 24 h before differential assessment of apoptosis/necrosis.
Fav treatment for 24 h significantly stimulated necrotic cell
death, with respect to that in untreated cells (Figure 4). In the
necrotic phase, the ratio dose of Fav-SLNps (2.67 4+ 0.49%)
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Figure 4: Effects of Fav-SLNp formulation on apoptosis and necrosis of A549 lung cancer cells (n = 3, mean + SD).

was significantly increased (PI+ Annexin V — percentages)
compared to the untreated cells (0.76 + 0.03%). In addition,
treatment with Fav-SLNps for 24 h induced necrotic cell
death at a level 3.51-fold that in the control cells, possibly
because of Fav’s ability to trigger cell death in a variety of
cell lines through either necrosis or apoptosis.74 Inhibition of
autophagy increases apoptosis in cancer cells with intact
apoptotic signal transduction pathways.75 Additionally, the
formulation, in contrast to the control, did not induce
apoptosis. Gowdhami et al. have indicated that cobalt (I1I)
Schiff base complexes might serve as viable medications for
lung cancer treatment through inducing A549 cell death
apoptosis and necrosis.’® Other research has discovered
that grandiflorenic acid induces cytotoxicity and patterns
of death associated with apoptosis in A549 lung tumour
cell lines, and therefore plays a role in cell death; thus, the
treatment had anti-cancer activity in lung cancer therapy.77

Influence of the Fav-SLNp formulation on the autophagy of
A549 cells

Beyond apoptosis, autophagy-mediated programmed
cell death is a major topic in science. Autophagy is a

signalling pathway process that aids in the degradation of a
wide range of cellular components.’®”’ In many biological
settings, autophagy either restricts or accelerates the
development of tumour cells.®0 82 Although the
conditions under which autophagy serves as a major
mechanism of cell survival or death remain unknown, one
hypothesis is that autophagy suppression enhances
apoptosis in cancer cells with intact apoptotic signalling
pathways.75 Herein, we examined the effect of the Fav-
SLNp formulation on autophagy in A549 cells by using
acridine orange lysosomal autophagy recognition dye
paired with flow cytometry. In A549 cells, treatment with
Fav-SLNps, compared with the control, significantly pre-
vented autophagic cell death, which decreased from
11,519,364 to 1.45672333E+06 (Figure 5).

Cellular uptake assays

The assessment of Fav internalization by A549 cells will
represent its internalization in the alveolar macrophage
(AM) epithelium picture. At the 6 and 24 h time points, A549
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Figure 5: Effects of Fav-SLNp formulation on the autophagy mechanism of A549 lung cancer cells (n = 3, mean + SD).
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Figure 6: Cellular uptake efficacy of Fav-SLNps and free Fav in A549 cells. Results show three independent experiments (mean + SD).
Significant differences between medications are indicated by *P < 0.05.

cellular uptake of the Fav-SLNps and free Fav was investi-
gated (Figure 6). Studies have revealed that smoke, dust, and
air contamination are some of the environmental impurities
that can reach the lungs and stimulate AMs under
continuous exposure. AMs are considered the first line of
the airways’ intrinsic defence,* ™% and their phagocytic
activity and morphology can be altered in people
continually exposed to environmental impurities.87~88

Thus, we added 300 pg/ml of Fav-SLNps and free Fav
to A549 cells to evaluate the cellular internalization effi-
cacy of both treatments. At 6 h, the cellular uptake was
4.93 pg/ml 4+ 0.19 and 5.18 pg/ml £+ 0.26 for Fav-SLNps
and free Fav, respectively, whereas after 24 h of cellular
uptake, the internalization efficacy for Fav-SLNps and free
Fav on A549 cells was 7.02 pg/ml £+ 0.15 and 6.37 pg/
ml £ 0.15, respectively. Interestingly, the data after 24 h of
treatment revealed that the Fav-SLNp formulation had a
better cellular internalization efficacy (P > 0.05) than free
Fav.

Chono et al.*’ have found that SLNps have similar
efficiency to that of liposomes in enhancing drug uptake
into AMs, and the uptake increases with an increase in
particle size from 100 to 1000 nm.* Thus, formulating Fav
with SLNps might improve the cellular uptake activity of
the drug. Phagocytosis and pinocytosis are different
mechanisms through which particles or macromolecules
can be taken up by cells, whereas in cells such as AMs,
neutrophils, and monocytes, phagocytosis is the only
mediated process.%*() 3 Formulating Fav with SLNps
increased the drug uptake into macrophages by 1.23 fold
and may help avoid the adverse effects of the free drug.
Thus, SLNps based on Fav may be a promising carrier for
the effective treatment of lung cancer.

Conclusion

This study performed bio-characterization of Fav-
SLNps in lung cancer treatment. The particle size and
aerosol behaviour of the formula were suitable for inhala-
tion of the medication. Additionally, Fav-SLNps at con-
centrations as high as 322.6 jig/ml were found to be safe and
nontoxic toward A549 cells in vitro. The formulation had
potential effects on anti-proliferative properties by
increasing the cell population at the M/G2 and GO0/G1
phases to 1.20- and 1.13-fold that in untreated cells,
respectively. Necrosis in A549 cells was induced by Fav-
SLNp treatment. Autophagy inhibition may be the mech-
anism underlying of the formula’s effects on A549 cells.
Additionally, the use of SLNps in the Fav formulation
enhanced drug uptake into macrophages and therefore may
help avoid the free drug’s adverse effects. These findings
suggest that Fav-SLNps may offer great potential for
delivering drugs for the successful treatment of lung cancer.
Future research will focus on testing the Fav-SLNp formula
in an animal study to examine its toxicity, efficacy and
pharmacokinetics in a realistic setting.
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