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Lung cancer is the leading cause of cancer death. Many studies have shown the beneficial effects of
Atorvastatin in decreasing the mortality risk and improving survival among patients with lung cancer.
This research paper focuses on improving AVT cytotoxic activity and cellular uptake by developing man-
nitol microcarriers as a promising drug delivery system for lung cancer treatment and, studying the
impact of improving inhalation deposition on the delivery and Dry Powder formulations efficiency.
The AVT loaded mannitol (AM) microparticles (AVT-AM) formulation was prepared by spray drying
and characterized for its physicochemical properties and aerodynamic deposition. The results revealed
that the AVT-AM formulation has good flow properties and aerosol deposition with a particle size of
3418 nm ± 26.86. The formulation was also assessed in vitro for cytotoxicity effects (proliferation, apop-
tosis, and cell cycle progression) on A549 human lung adenocarcinoma. Compared with free AVT, the
AVT-AM formulation has significantly higher cellular uptake and anti-cancer properties by disrupting cell
cycle progression via either apoptosis or cell cycle arrest in the G2/M phase. This study shows that AVT
loaded mannitol microcarriers may provide a potentially effective and sustained pulmonary drug deliv-
ery for lung cancer treatment.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lung cancer is a type of pulmonary neoplasm that causes
uncontrolled cell proliferation in lung tissues (Singh & Changotra,
2019). Besides, it is currently the main cause of cancer mortality
worldwide (W.-H. Lee et al., 2018; Xia, Hu, Tian, & Zeng, 2019). A
major modifiable lung cancer risk factor is exposure to tobacco
smoking (Mustafa et al., 2016). Atorvastatin (AVT) is an oral
cholesterol-lowering agent widely used to reduce cholesterolemia
and manage cardiocerebrovascular (Xia et al., 2019). Recently,
many studies have shown beneficial effects of AVT on the lung can-
cer incidence (Khurana, Bejjanki, Caldito, & Owens, 2007; Lin, Ezer,
Sigel, Mhango, & Wisnivesky, 2016; Xia et al., 2019). AVT decreases
small G-protein activity, which is regularly vital in cell prolifera-
tion, angiogenesis, and tumor growth of the lung cancer. Addition-
ally, AVT reduces the mortality risk and improves survival among
patients with lung cancer. Pulmonary delivery of drugs is an ideal
route for lung cancer treatment compared with oral and injection
routes due to the potential reduction in systemic toxicities,
increased local concentration of drugs, and avoidance of first-
pass metabolism (W.-H. Lee et al., 2018; W.-H. Lee, Loo, Traini, &
Young, 2021).

Dry powder inhalers (DPIs) are the most used inhalation route
and have been studied for lung cancer treatment (Gamal, Saeed,
Sayed, Kharshoum, & Salem, 2020; W.-H. Lee et al., 2021; Tulbah
et al., 2015). DPIs are propellant-free dosage forms in which pow-
dered therapeutic agents are inhaled into the respiratory tract.
They have better stability and lack many drawbacks related to
MDIs and nebulizers (Peng et al., 2016). In addition, DPIs have
the advantage of dose precision in dosing and patient competence
(Tulbah et al., 2015). However, DPIs produce micron-sized particu-
lates which exhibit greater cohesiveness and adhesiveness with
poor flow and entrainment properties. These formulation chal-
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lenges can be resolved by blending the drug with an inert carrier
such as lactose and mannitol to achieve reproducible and high pul-
monary deposition (Gamal et al., 2020; Kaialy, Martin, et al.,
2012a). Although lactose is a coating carrier commonly used in
DPI formulations, it produces larger particles that generate poorer
performance in DPI inhalation and cannot be used for compounds
that interfere with the lactose’s reduced sugar feature such as, pep-
tides and budesonide.

Mannitol (AM) has several benefits over lactose because its par-
ticles seem to be slightly longer, with more surface irregularities
and a smaller volume mean diameter, which enhances the inhala-
tion efficiency and pulmonary deposition of DPIs (Gamal et al.,
2020; Kaialy, Martin, et al., 2012a). In addition, mannitol also
improves mucus fluidity via osmotic pressure, enhancing its clear-
ance from the lung (Ong et al., 2014). This study focuses on
improving AVT cytotoxic activity and cellular uptake by developing
mannitol microcarriers as a promising drug delivery system for
lung cancer treatment, as well as studying the impact of improving
inhalation deposition on the delivery and efficiency of Dry Powder
formulations. The in vitro characterization of the co-engineered
AVT-mannitol (AVT-AM) formula was evaluated to investigate its
physico-chemical properties and in vitro aerosol performance.
Moreover, the formula was also assessed in vitro for cytotoxicity
effects (proliferation, apoptosis, and cell cycle progression) on
A549 human lung adenocarcinoma.

2. Materials and Methods

2.1. Materials

Atorvastatin calcium, Sulforhodamine-B (SRB), and mannitol
were obtained from Sigma Aldrich, USA. Methanol, ethanol, and
acetonitrile obtained from Thermo-Fisher, Europe. A cell line for
non-small lung cancer (A549), cell culture materials, and WST kits
were obtained from Corning, USA.

2.2. Preparation of atorvastatin mannitol microparticles

The spray drying methodwas applied to prepare the AVT-AM
formula (Ong et al., 2014). Briefly, water was used for mannitol
and atorvastatin dissolving to prepare a solution of 99.8% w/w
mannitol and 0.2% w/w atorvastatin. A spray dryer (Flawil,
Switzerland) was utilized to generate AM powders with a 20
mg/mL feed concentration, a 4 mL/min feed rate, a 47.6 m3 h�1

suction rate, a 600 kPa atomizing pressure, and a 150 �C inlet
temperature.

2.3. In vitro evaluation of atorvastatin mannitol microparticles

2.3.1. HPLC quantification of atorvastatin
The AVT quantification was carried out by the HPLC method

(Stanisz & Kania, 2006). The quantification was obtained through
analytical column C-18 with 250 � 4.6 mm using a mobile phase
composed of buffer solution (pH 3) of orthophosphoric acid and
acetonitrile at a ratio of 70:30 v/v. The AVT detection was
processed at a maximum wavelength of 254 nm and with a
1 mL/min mobile phase flow and an injection volume of 20 mL.
The drug retention time, flow rate, and run time were 4.372 min,
1 mL/min, and 6 min, respectively. Also, the mode of elution was
isocratic.

2.3.2. Evaluation of percentage recovery and encapsulation efficiency
The measurement of % recovery of AVT-AM formula was

obtained by dividing the spray-dried AVT-AM formula weight
and the weight of AVT and mannitol, separately, as follows
(Dixit, Kini, & Kulkarni, 2010):
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% Recovery ¼ The spray� dried powder weight
The initial powders weight before spray drying

� 100

ð1Þ

The encapsulation efficiency of the produced microparticles was
measured by accurately weighing 10 mg of the powder and dissolv-
ing it in the mobile phase. The drug concentration in the produced
solution was defined using the previously described method (Dixit
et al., 2010):

% Encapsulation efficiency ¼ The AVT content of spray� dried powder
The initial AVTcontent

� 100

ð2Þ
2.3.3. Particle size and polydispersity index determination
The AVT-AM formula was blended with water (distilled), and

the average size and distribution of AVT-AM formulae were mea-
sured by Mastersizer (Malvern, UK) (Tulbah et al., 2015). Around
5 mg of powder was performed in triplicates by applying the dry
dispersion technique.

2.3.4. Measurement of micromeritics properties
A microscopic method using a calibrated ocular micrometer

measured the micromeritics AVT-AM formula powders properties
(Dixit et al., 2010). A Pycnometer was used to measure the appar-
ent particle densities of microparticles. Carr’s index was used to
measure the formula powders’ flow properties as follows:

CI ¼ TD� BD
TD

� 100 ð3Þ

where, BD is the bulk density obtained by dividing the AVT-AM for-
mula powder mass by its bulk volume. TD is the tapped density
measured by dividing the tapped AVT-AM formula powder mass
by its tapped volume.

2.3.5. Measurement of morphology
Transmission electron microscopy was used to measure the

morphology of the AVT-AM formula using TEM, JEM- 2100, Plus
Electron Microscope (JEOL, Japan) (Gamal et al., 2020). The powder
samples (0.1 mg/mL) were combined in a phosphate buffer before
being sonicated for 1 minute in an ice bath. The diluted solution
(one drop) was applied to a 200- carbon-coated mesh TEM grid
and left to dry. At room temperature, 4 percent osmium of tetrox-
ide was added to the grids to increase contrast and left to dry.
Then, immediately photographed at 120 kV with TEM. TEM pho-
tographs were taken at different magnifications.

Scanning electron microscope (Zeiss Sigma 500 VP analytical
field emission (FE)-SEM, Carl Zeiss, Germany) was selected for
SEM image and powder surface morphology (Tulbah et al., 2015).
The powder sample was mounted on aluminium stubs and then
gold at 20 nm was used to coat the sample. SEM images were car-
ried at different magnifications.

2.3.6. Thermal properties analysis
Differential scanning calorimetric (DSC-60A, Shimadzu, Japan)

was applied to detect the thermal state, compatibility, and crys-
tallinity of AVT-AM formula components (Dixit et al., 2010). In
an aluminum pan, around a small amount of mannitol, AVT-AM
microparticles, and free AVT powder were sealed, and the recorded
heat flow was at 10 �C/min under nitrogen gas; at 10 mL/min of
flow; and from 25 �C to 300 �C with the heating scan. Data were
normalized for initial mass.
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2.3.7. Fourier transform infrared spectroscopy (FTIR)
The AVT presence inside mannitol microparticles was con-

firmed using FTIR (FTIR-8400s, Shimadzu, Kyoto, Japan) in the
mid-infra range of 400 to 4000 cm�1 wavenumbers (Dixit et al.,
2010).

2.3.8. Aerodynamic characterization
The Appendix XII F of the British Pharmacopeia (2005)

described the basic methodology of aerodynamic characterization
(Salem, Abdelrahim, Eid, & Sharaf, 2011). In brief, 250 mg of
AVT-AM formula was loaded into five size-3 capsules before being
employed inside an Aerolizer DPI (ForadilTM device). The Andersen
MKII Cascade Impactor (ACI) was used to determine their aerody-
namic characteristics. Stages -0 and -1 were assembled instead of
stages 0 and 7 (Saeed, Salem, Rabea, & Abdelrahim, 2019). All ACI
portions were washed in the mobile phase and the plates were
sprayed with silicone fluid. All ACI portions were assembled and
sealed with parafilm M laboratory film. Each capsule was
employed inside DPI and released into the ACI device under a
60 L/min flow rate for 4 seconds to allow inhalation of 4 L of air
(Pharmacopeia, 2015). The drug amount deposited on each stage
was rinsed with the mobile phase and was determined by a previ-
ously validated HPLC method. For each powder, five separate
determinations were made (n = 5). The total emitted dose (TED),
the mass median aerodynamic diameter (MMAD, mm), fine particle
dose (FPD, mg), and fine particle fraction (FPF %) were measured
using impactor data evaluation CITDAS software (Copley Scientific,
UK).

2.4. In vitro bio-characterization of atorvastatin mannitol
microparticles

2.4.1. Cell culture
A549 (5x103 cells/well) human lung adenocarcinoma cells were

preserved in DMEM medium supplemented with 100 mg/mL of
penicillin/streptomycin, higher glucose levels of 4500 mg/L and
10% of heat-inactivated fetal bovine serum. Cells were cultured
in a humidified incubator at 37 �C with 5% CO2 until confluency
was reached. ATCC recommended guidelines were followed for
each cell passage step (Marin et al., 2013).

2.4.2. Cytotoxicity assay
The sulphorhodamine B (SRB) assay allowed researchers to

quickly and accurately measure drug cytotoxicity in cell culture.
The cytotoxicity of the AVT-AM formula and free AVT solution
was evaluated using A549 human lung adenocarcinoma cells, as
previously described (Allam et al., 2018). Briefly, 96-well plates
were filled with A549 cell suspension (100 lL, 5x103 cells) and cul-
tured for 24 hours in complete media. The AVT-AM formula and
AVT solution (0.3–1000 lg/mL) were incubated in the cells and,
after 72 h of exposure, trichloroacetic acid (TCA, 150 lL, 10%)
was added and incubated for 1 hour at 4 �C to fix the cells. After
TCA removal, the cells were washed and incubated with distilled
water and SRB solution (70 lL, 0.4% w/v), respectively, for
10 min at 25 �C. Acetic acid (1%) was used to wash the plates 3
times. The protein-bound SRB stain was used to dissolve it in TRIS
(150 lL, 10 mM). The Omega microplate reader (BMG LABTECH�-
FLUOstar, Ortenberg, Germany) was used to measure the
absorbance at 540 nm. As previously described by Tulbah et al,
the viable cell percentage relative to the untreated control was
used to verify cell viability (Tulbah et al., 2019). IC50 of the drug
concentration was defined as causing a 50 % reduction in cell via-
bility. Plotting cell viability percentage versus the concentrations
(lg/mL) was used to calculate the IC50 values. The IC50 plot illus-
trates the nonlinear fit of ‘‘Transform” and ‘‘Normalize” of the
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obtained data. The GraphPad Prism 9 software was utilized to mea-
sure the data value as the ‘‘best fit value.”

2.4.3. Cellular uptake assay
After defining the AVT proper concentration safe for the A549

cell line, cellular uptake of the formula was studied. The cellular
uptake of the AVT-AM formula and free AVT solution was running
on the cells. On the first day, a T25 flask was used to seed the cells
at 0.7 � 106 and incubated at 37 �C and 5% CO2. The media were
removed on the second day, replaced with 10 g/mL of both treat-
ments and incubated at different time points of 6 and 24 h at
37 �C and 5% CO2 to assist the cellular uptake. At each time point,
the cells were lysed as described by Guntner et al. (Guntner,
Doppler, Wechselberger, Bernhard, & Buchberger, 2020). To
achieve this, the cells were washed 2 times with a phosphate buf-
fer solution. Consequently, the cells were centrifuged after
trypsinization. Before, ultrasonic treatment for 2 min, ethanol, ace-
tonitrile, and water (2:2:1) were used to lyse the collected cell pel-
lets. Then, the supernatant was centrifuged for 10 min at
13,000 rpm and the drug amount was determined by a previously
HPLC method. Finally, the cellular uptake calculation was stan-
dardized with total proteins and expressed as ug/total protein
(ug) (W.-H. Lee et al., 2016).

2.4.4. Apoptosis assay
The Apoptosis detection kit (Annexin V-FITC, Abcam, UK) cou-

pled with two fluorescent channels flow-cytometry was used to
evaluate the impact of the AVT-AM formula on apoptosis, necrosis
cell populations, and programmed cell death (Fekry et al., 2019).
Briefly, 10 lg/mL of AVT-AM formula was used to treat the cells
for one day, then trypsinized and washed 2x with ice-cold PBS
(pH 7.4). The cells were dyed using Annexin V-FITC/PI solution
(0.5 mL, 30 min, 25 �C) and injected via flow-cytometer (ACEA,
USA). The PI (kex/em 535/617 nm) and FITC (kex/em 488/530
nm) fluorescent signals were analysed by FL1 and FL2 signal detec-
tors for each sample, respectively, and quantified by ACEA NovoEx-
pressTM software.

2.4.5. Autophagy assay
Acridine orange lysosomal dye with flow-cytometric was used

to evaluate the method of autophagic cell death by the AVT-AM
formula (Fekry et al., 2019). Briefly, 10 lg/mL of AVT-AM formula
was used to treat the cells for one day, then trypsinized and
washed twice with ice-cold PBS (pH 7.4). Next, the cells were
stained with acridine orange solution (10 mM, 30 min, 37 �C) and
injected via flow-cytometer (ACEA, USA). For each sample, acridine
orange fluorescent signals were analysed using FL1 (kex/em
488/530 nm) signal detector and quantified using ACEA NovoEx-
pressTM software.

2.4.6. Analysis of cell cycle distribution
Flow-cytometry analysis was employed to evaluate the effect of

the AVT-AM formula on cell cycle distribution (Fekry et al., 2019).
Briefly, 10 lg/mL of AVT-AM formula was used to treat the cells for
one day, then trypsinized and washed twice with ice-cold PBS (pH
7.4). Next, the cells were held in PBS (1 mL) containing RNAase A
(50 mg/mL) and propidium iodide (PI, 10 mg/mL) for 20 min and
at 37 �C and injected via flow-cytometer (ACEA, USA). The DNA
content was analysed for each sample using FL2 (kex/em
535/617 nm) signal detector and cell cycle distribution quantified
using ACEA NovoExpressTM software.

2.5. Statistical analysis

Triple different determinants of each data are expressed as
"mean ± standard deviation (S.D.)". IBM-SPSS Statistics (version



A.S. Tulbah and A. Gamal Saudi Pharmaceutical Journal 29 (2021) 1449–1457
22, USA, P 0.05) was used to run one-way ANOVA and unpaired
two-tailed t-tests.
3. Results and Discussion

3.1. AM formula powder preparation and in vitro characterization

Powder formulation properties are one of the most important
factors of DPI performance (Kaialy, Ticehurst, & Nokhodchi,
2012b; Young, Traini, Coates, & Chan, 2007). The carrier is blended
with a drug to produce a high degree of drug aerosolization and
enhance DPI performance. Mannitol was used as an alternative
sugar for dry powder inhalations (Steckel & Bolzen, 2004). Despite
this, their chemical characteristics differ significantly, with lactose
being a reducing sugar and mannitol lacking this ability due to the
carbonyl group absence, which is present in lactose (Ferdynand &
Nokhodchi, 2020; Gamal et al., 2020). Mannitol is highly wettable
and can decrease disintegration time, assisting the drug release
(Steckel & Bolzen, 2004). Mannitol increases protection against
moisture in formulations, improving their chemical/physical sta-
bility (Abd-Elbary, El-Laithy, & Tadros, 2008). The concentration
of mannitol and AVT in the feed solution was chosen based on data
collected from the literature review to produce mannitol micropar-
ticles with suitable particle size, flow properties, and % EE (Ong
et al., 2014; Tee, Marriott, Zeng, & Martin, 2000). Successfully,
the AVT-AM formula was prepared using the spray drying method
with relative concentrations of 99.8% w/w mannitol and 0.2% w/w
AVT in the feed solution.

The HPLC method was used to quantify AVT with linearity
between 15.625 and 250 lg/mL and a determination coefficient
(R2) of 0.99. The % EE was examined to assess the drug content
of the developed formula. The % EE was found to be 98 ± 1.87 %.
The powders recovery can be clarified well in terms of flow prop-
erties because poor flowable nanoparticles typically have low
recovery (Plumley et al., 2009). The recovery % was found to be
80.62 ± 2.13%. Because of the microparticles’ improved wet ability
and an AVT existence amorphous form in microparticles, spray
drying has a high potential to enhance the solubility of weakly
aqueous drugs like AVT (Dixit et al., 2010). Increasing the AVT sol-
ubility resulted in increasing drug loading and better entrapping
AVTefficiency.
Fig. 1. The surface morphology of AVT-AM f

1452
The particle size determination results revealed that spray-
dried AVT-AMmicroparticles were small and homogeneous in size,
which contributed to the improvement of the generated micropar-
ticles’ physicochemical attributes. The results revealed a low poly-
dispersity index of 0.367 ± 0.07, indicating a homogenous
microparticles distribution and a particle size of 3418 ± 26.86 nm.
These results were obtained because mannitol produces micropar-
ticles with an elongated shape. These findings matched those of the
Abd-Elbary et al. study (Abd-Elbary et al., 2008), suggesting the
AVT-AM formula was suitable for inhalation applications.

The AVT-AM formula flow properties were important for
homogenous filling of the DPI and improvement of accurate dose
delivery (Gamal et al., 2020). Carr’s index (% CI) was applied to ver-
ify the flow properties of powders. The % CI outcomes indicated
that the AVT-AM formula has good flow properties. The large size
of vesicles resulted in higher flow properties by reducing the sur-
face area of particles and reducing the tendency for aggregation
(Gupta et al., 2000; Vanbever et al., 1999).

Fig. 1 shows TEM (A) and SEM (B) images of the surface mor-
phology of AVT-AM microparticles. The TEM and SEM results
revealed that spray-dried microparticles were spherical in shape
and appeared as black/white dots, indicating that they were more
stable and less prone to caking.

The crystalline properties and thermal behaviour of mannitol,
AVT-AM microparticles, and the free AVT are shown in Fig. 2. The
DSC analysis revealed that a pure mannitol sample melted at
163.51 �C with an enthalpy of 312.10 J/g, AVT-AM formula had a
melting endotherm of 163.14 �C and a lowered enthalpy of
307.45 J/g and AVT had a melting endotherm of 169.34 �C with
an enthalpy of 7.02 J/g. This indicates that there was decreased
crystallinity because AVT was incorporated into the microparticles
structure as an amorphous form. The drug crystalline behaviour
results are in a good correlation with a prior study (Bayón &
Rojas, 2019). Hence, the micronized AVT-AM formula did not influ-
ence the particle physical characteristics, apart from its size.

The infrared spectra of mannitol, AVT-AM, and free AVT are
shown in Fig. 3. Mannitol, AVT-AM, and free AVT all displayed a
similar peak in the infrared spectrum. The free AVT showed that
the aromatic out-of-plane curve was at the 690.58 cm�1 band,
CAN stretching was at the 1309.99 cm�1 band, C@O groups of amid
stretching were at the 1647.69 cm�1 band, NAH stretching was at
the 3354.31 cm�1 band, and OH stretching was at the
3661.43 cm�1 and 3228.73 cm�1 bands. A similar result appeared
ormulation using (A) TEM and (B) SEM.



Fig. 2. The DSC of mannitol, AVT-AM formulation, and free AVT.
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in another work by Shaheaeini et al. (Shahraeini et al., 2020). The
mannitol FTIR was also illustrated by absorption peaks at
3274.46 cm�1, 1409.35 cm�1, 1012.46 cm�1, and 624.90 cm�1.
The FTIR of AVT-AMmicroparticles absorption bands was observed
at 3272.14 cm-1, 1423.29 cm�1, 1.75.34 cm�1, 705.39 cm�1 and
621.71 cm�1 showing a matching spectrum in the bands stretching
of combined compounds in the preparation, indicating formulation
compatibility. The FTIR of the AVT-AMmicroparticles also declared
the components’ chemical interactions of the microparticles for-
mula. This could indicate that the spray-dried microparticles of
AVT have the same spectra as the pure sample, indicating that
atorvastatin is present inside the microparticles.

The aerodynamic deposition of the AVT-AM formula powder
was measured using the cascade impactor (Zijlstra et al., 2007).
Fig. 4 demonstrates AVT-AM formula powder deposition after
Fig. 3. The FTIR of (A) mannitol, (B) AVT
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aerosolization on ACI stages. The results revealed that the aerody-
namic deposition of AVT-AM microparticles powder showed good
FPD of 113.5 ± 29.5 mg, FPF of 47.5 ± 4.6 %, and TED of 237.4 ± 29.5.
MMAD was measured because the deposition site and the inhaled
drug amount that deposits in the respiratory system are affected
by particle size (Newman, 1985). The MMAD of the AVT-AM for-
mula powder was 3.8 ± 0.6 mm. These results were acquired as a
result of the AVT-AM powder’s increased flow property, which
could affect lung deposition significantly.

3.2. In vitro bio-characterization of atorvastatin mannitol
microparticles

3.2.1. Cytotoxicity assay
Using the SRB assay in the A549 cell line, the cytotoxicity and

cell viability of the AVT-AM formula and free AVT were examined
to identify the suitable concentration range for lung delivery of the
drug. As shown in Fig. 5, the AVT-AM formula and free AVT had an
IC50 value of 10.80 mg/ml and 8.53 mg/mL, respectively. These find-
ings suggest that the AVT-AM formula powder showed in vitro
A549 cytotoxic activity, implying that mannitol could be a promis-
ing carrier for AVT that may be employed as an option for effective
lung cancer treatment with fewer side effects. Additionally, the
AVT-AM formula powder is safe and non-toxic on A549 cells. This
finding was in alignment with Fan et al (Fan, Jiang, Wang, & Qu,
2016).

3.2.2. Cellular uptake assay
The AVT ability and extent to reach the alveolar macrophage

epithelium will rely on the A549 cellular uptake of the AVT-AM
formula. A549 cells are a kind of epithelial cell obtained from
human lung cancer (Lieber, Smith, Szakal, Nelson-Rees, & Todaro,
1976), broadly utilized as an in vitro model of human alveolar type
-AM formulation, and (C) free AVT.



Fig. 4. In vitro drug deposition of the AVT-AM formulation by Andersen MKII
Cascade Impactor (ACI) using the ForadilTM DPI device at a 60 L/min, (n = 3 ± S.D.).

Fig. 5. The cytotoxicity of AVT-AM formulation and free AVT solution on A549 cells
line model.

Fig. 6. Internalization of AVT after free AVT solution and AVT-AM formulation
deposition on A549 cells line model. Data represent mean ± SD (n = 3). *P < 0.05
shows significant differences within the two treatments.
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2 epithelial cells for biological investigations (Mörbt et al., 2011; R.
C. Stearns, J. D. Paulauskis, & J. J. Godleski, 2001). The cells from
confluent monolayers with morphology and function properties
are alike the alveolar type 2 epithelial cells, as suggested by Foster
et al. (Foster, Oster, Mayer, Avery, & Audus, 1998). The Foster group
suggested that the A549 cell line as a standardized model for
studying lung alveolar type II epithelium and drug metabolism
(Foster et al., 1998). Phagocytosis of particles by alveolar epithelial
cells was described in many research (Rebecca C Stearns, Joseph D
Paulauskis, & John J Godleski, 2001).

To investigate this, the internalization of the AVT-AM formula
and free AVT by the A549 cells as a time function was evaluated.
Many findings have indicated that the lung is subjected to environ-
mental particles such as air contamination, dust, and smoke. Con-
tinuous exposure to these particles stimulates alveolar
macrophages to play a critical role in the intrinsic defence of the
airways in lung disease patients (Dockery et al., 1993; Dockery,
Schwartz, & Spengler, 1992; Pope et al., 1995; Schwartz &
Dockery, 1992). Any adverse effects on the alveolar macrophage
epithelium could change its morphology and phagocytic activity
(Byrne, Mathie, Gregory, & Lloyd, 2015; Lohmann-Matthes,
Steinmuller, & Franke-Ullmann, 1994). Therefore, the A549 cells
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were treated with AVT-AM formula or free AVT at 10 mg/ml of ator-
vastatin concentration. As shown in Fig. 6, the cellular internaliza-
tion efficacy of the AVT-AM formula and free AVT at 6 h was 0.
80 mg/mg ± 0.03 and 0.81 mg/mg ± 0.05 of total protein, respectively.
Interestingly, the AVT-AM formula had significantly greater cellu-
lar uptake efficacy after 24 h of incubation (1.56 mg/mg ± 0.11) com-
pared to the free AVT (1.02 mg/mg ± 0.01). These data proved that
the AVT-AM formula had significantly higher cellular uptake
(P > 0.05) than the free AVT after 24 h of therapy. This improve-
ment of the AVT-AM formula cellular uptake might be associated
with electrostatic properties of the cells membrane (Mohning
et al., 2018; Schneider et al., 2017). In general, the microparticles
drug internalization in A549 cells could be mediated only by the
phagocytosis process, whereas some free drugs surely pass
through the membrane, and others are exposed to mechanisms
of efflux pump (Mohning et al., 2018; Schneider et al., 2017). Thus,
the increased uptake of AVT-AM formula might enhance drug
delivery into A549 cells during a disease stage. A study by Fan
et al. found that AVT can partially prevent the epithelial-to-
mesenchymal transition of non-small cell lung cancer cells process
stimulated by TGF-b1 by decreasing the sphingosine kinase 1
upregulation (Fan et al., 2016). This could reduce free drugs
unwanted effects and enhance therapeutic efficacy implying that
mannitol could be a promising carrier for AVT that may be
employed as an option for effective lung cancer treatment with
fewer side effects (Fan et al., 2016).

3.2.3. Influence of AVT-AM formulation on the cell cycle distribution,
apoptosis, and autophagy of A549 cells

A DNA flow-cytometric analysis was used to investigate the
atorvastatin effects on cell cycle phases, apoptosis, and autophagy
of A549 human lung adenocarcinoma cells (Fig. 7). AVT-AM’s
antiproliferative effect can be determined using cell cycle analysis
in terms of cell cycle phase specificity (G2/M-phases, S, and G0/G1)
(Kuh et al., 2000). Furthermore, evaluating the cell population dur-
ing apoptosis provides significant insights into potential cell-
killing effects (Pucci, Kasten, & Giordano, 2000). The AVT-AM for-
mula shows anti-cancer properties by disrupting cell cycle pro-
gression either via apoptosis or cell cycle arrest in vitro (Fan
et al., 2016; J. Lee et al., 2019; Tulbah, 2020).

In general, the G0/G1 cells increased slightly from 60.16 ± 1.17%
for the untreated sample to be around 60.28 ± 2.78 % when
10 lg/ml of AVT-AM was added on the cells as in Fig. 7, A. The data
showed that the treatment with 10 lg/ml of AVT-AM resulted in



Fig. 7. The effect of AVT-AM formulation on A549 lung cancer cell lines. (a) Cell cycle analysis, (b) Apoptosis, and (c) Autophagy.
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no significant changes in the proliferative effect at G0/G1 phase
after 24 h, compared to the control cells. A significant increase
was noticed in the G2/M�phase after the treatment for 24 h. This
increased cell population to G2/M�phase was from 20.86 ± 1.97 %
to 17.76 ± 1.17 %. When compared to control cells, this resulted in a
significant cell cycle arrest in the G2/M phase. This result sug-
gested that both cycle arrest at G2/M and apoptosis occurred
simultaneously in A549 cells treated with AVT-AM. Additionally,
the exposure of A549 cells to the formulation for 24 h resulted in
a significant decrease in the sub-G1 cell population from
1.26 ± 0.08 % to 3.01 ± 0.87%. Remarkably, one of the anti-cancer
action hallmarks is G2/M cell cycle arrest (Xu, Zhang, Qu, Jiang, &
Li, 2011). Our results correlated with previous studies where can-
cer cells exposed to AVT-AM were arrested in G2/M (Fan et al.,
2016; Fatehi Hassanabad & McBride, 2019; J. Lee et al., 2019;
Tulbah, 2020; Zhang et al., 2019).

As a cancer treatment target, apoptosis or programmed cell
death is considered (Abdelfadil et al., 2013; Hwang et al., 2012)
Cells dying via necrosis versus apoptosis as shown in Fig. 7, B.
The AVT-AM formula significantly induced early and late apoptosis
(PI+ Annexin V�) by 1.22 and 1.28 folds, compared to control cells.
The AVT-AM treatments resulted in a significant decrease in the
survival rate of A549. It is demonstrated that about 0.23 ± 0.01 %
and 0.87 ± 0.01 % of untreated A549 cells were in early and late
apoptotic states, respectively, whereas AVT-AM treatment induced
cell early and late apoptosis by about 0.28 ± 0.04 and 1.13 ± 0.12 %,
respectively. As a result of these findings, A549 cells treated with
AVT-AM experienced both apoptosis and cycle arrest at G2/M
simultaneously. This finding was in alignment with the Lee et al.
study (J. Lee et al., 2019). Additionally, significantly decreased
necrotic phase (PI+ Annexin V�) percentages were found in pro-
portion to the AVT-AM treatments (0.40 %), compared to the con-
trol cell (0.96 %), as shown in Fig (7, C). This could be because
statins can promote cell death through one of two mechanisms:
necrosis and apoptosis in several cell lines (Jafari, Rezaei,
Kalantari, & Hashemitabar, 2013). Apoptosis is increased in cancer
cells with intact apoptotic signalling pathways when autophagy is
decreased (Ben Sahra et al., 2010). In A549 cells, the treatment
with AVT-AM significantly inhibits autophagic cell death from
4,606,986 to 4,332,420, compared to control untreated cells
(Fig. 7, C).
4. Conclusion

This study examined the impact of mannitol addition as a bin-
der to improve the inhalation deposition and efficiency of the Ator-
vastatin Dry Powder formulation. AVT (0.2 % w/w) was successfully
incorporated into a 99.8 % w/w of mannitol and spray dried to pro-
duce the AVT-AM microparticles formula. For inhalation therapy,
the formula’s particle size and aerosol performance met the crite-
ria. Additionally, it was shown that AVT-AM formula is safe and
nontoxic on A549. Compared to the free AVT, the cellular uptake
of the AVT-AM formula in A549 cells was enhanced. Furthermore,
the AVT-AM formula treatment induced apoptosis and caused G2/
M arrest. Finally, these findings indicate that spray-dried mannitol
microparticles could be a good candidate for delivering drugs for
lung cancer treatment.
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