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Abstract: Sorafenib (SFB) is an anticancer drug with sparingly
water solubility and reduced bioavailability. Nanoformulation
of SFB can increase its dissolution rate and solubility.
The current study aimed to formulate SFB in nanoparticles
to improve their solubility. The sorafenib nanoparticles
(SFB-PNs) were synthesized using the solvent evaporation
method, then evaluated for their particle size, polydisper-
sity index (PDI), zeta-potential, morphological structure,
and entrapment efficiency (EE%). Further, the anticancer
efficacy in A549 and Michigan Cancer Foundation-7 (MCF-7)
cancer cell lines was evaluated. The SFB-NPs were uniform
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in size, which have 389.7 + 16.49 nm, PDI of 0.703 + 0.12,
and zeta-potential of —13.5 + 12.1 mV, whereas transmission
electron microscopy showed a well-identified spherical par-
ticle. The EE% was found to be 73.7 + 0.8%. SFB-NPs inhib-
ited the cell growth by 50% after 48 h incubation, with ICsq
of 2.26 and 1.28 pg/mL in A549 and MCF-7, respectively.
Additionally, SFB-NPs showed a significant decrease
(P < 0.05) in p21, and stathmin-1 gene expression levels
in both cell lines. Moreover, SFB-NPs showed a signifi-
cant increase in DNA damage of 25.50 and 26.75% in
A549 and MCF-7, respectively. The results indicate that
SFB-NPs are a potential candidate with an effective
anticancer agent compared with free drugs.

Keywords: sorafenib, nanoparticles, A549 cell lines, MCF-7
cell lines, anticancer activities

1 Introduction

Sorafenib (SFB) is a drug taken orally and is approved to
treat advanced renal cell carcinoma, advanced hepato-
cellular carcinoma, and advanced thyroid cancer [1].
SFBis a small molecule that acts as a tyrosine kinase inhibitor,
inhibiting v-raf murine sarcoma viral oncogene homolog
B1 (BRAF), rapidly accelerated fibrosarcoma (proto-oncogene
serine/threonine-protein kinase) (C-RAF), vascular endothe-
lial growth factor receptor, platelet-derived growth factor
receptor, proto oncogene predictive biomarker (RET), receptor
tyrosine kinase (c-KIT), and oncogene responsible for Feline
McDonough Sarcoma (FMS)-like tyrosine kinase-3 [2]. Anti-
tumor mechanisms may include preventing tumor growth
and progression, preventing metastasis and angiogenesis,
and inhibiting mechanisms that protect tumors from apop-
tosis [3]. SFB’s clinical application is based on its angiogenesis
inhibition activity, such as other antiangiogenetic agents.
Because targeting angiogenesis is effective in the treatment
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of advanced breast cancer, the role of SFB was studied for this
indication as well [2,4]. The current study sought to assess the
role of SFB in the treatment of breast cancer, particularly its
efficacy and safety profile, using evidence from clinical trials.
A recent study of the SFB effect on Michigan Cancer Founda-
tion-7 (MCF-7) breast cancer cell line investigated its effect on
proliferation, migration, and invasion. It proved that SFB is
active against breast cancer and could improve the survival of
patients with this cancer type by inhibiting their invasive and
metastatic characteristics [5].

SFB is a drug that is poorly soluble in an aqueous
solution. The greatest solubility in ordinary water is
between ~10 and 20 pg/mL, challenging its bioavail-
ability [6]. Formulating poorly soluble medications is
one of the most difficult challenges in the pharmaceutical
industry. The use of nanotechnology in medicine formu-
lation improves solubility and efficacy of hydrophobic
pharmaceuticals [7]. Kwok and Chan [8] reported that
many newly discovered therapeutic compounds have
low aqueous solubility, leading to reduced bioavailability
in humans. Making them into nanoparticles increases
their surface area and thus their dissolving rate and
solubility.

Nanoparticles are one of several nanosized carriers
developed for drug delivery applications [9]. The solvent
evaporation method is used for producing nanoparticles.
Water-miscible solvents such as acetone or methanol and
water-immiscible organic solvents such as chloroform
or dichloromethane were used as an oil phase in this
method. At the same time, polymer and emulsifying
agents are dispersed rapidly in the aqueous phase. This
technique has several advantages, including that it is
quick and simple to implement, as the entire procedure
can be completed in a single step [10]. Developing a
nanocarrier that enables targeted medication delivery
and regulates the release of effective agents might reduce
the major drawbacks of using anticancer drugs. Poly-
meric nanoparticulate drug delivery methods have been
found to be effective in sustaining drug release and tar-
geting [11]. Doxorubicin (DOX) loaded polyethylene glycol
(PEG)—poly D,L-lactic-co-glycolic acid (PLDA)-Au nano-
particles with a cytostatic drug content of 3.9% were devel-
oped to enable a combination treatment based on che-
motherapy and heat therapy by near-infrared radiation to
be used in the treatment of cancer [12].

Studying the efficacy of chemotherapeutic drugs in
different types of cancer is an essential goal. This can
be achieved by determining the specific DNA damage
mechanism utilized by cancer cells, which will likely be
coupled with an overly vigorous p53-mediated cell cycle
control pathway (such as the p53-activated poly(ADP-ribose)
polymerase or PARP) and activation of the antiapoptotic
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molecule p21 [13]. p21 protein in the cytoplasm suppresses
apoptosis and functions as an oncogene [14]. However, DNA
damage decreases p21 expression, and cell death proceeds
by apoptosis [15]. Stathmin-1 (STMN1) is a microtubule
destabilizer protein that controls microtubule dynamics,
cell cycle progression, proliferation, and motility, and is
associated with overall survival [16,17]. STMNI is a critical
node in the convergence of several oncogenic signaling
pathways, and its involvement in the genesis and progres-
sion of cancer has been debated in recent years [18]. Aro-
nova et al. [19] recently revealed that STMN1 is abundantly
expressed in different types of cancer cells and that inhi-
biting STMN1 decreases cells clonogenicity, tolerance to
serum deprivation, and migration. In contrast, this study
sheds light on the role of p21 and STMNI1 in the tumorigen-
esis of the lung and breast cancer cells, respectively. The
current study attempts to enhance the efficacy of SFB
through nanoparticle formulation. SFB was formulated
into nanoparticles via integration within the PEG-4000
polymer, aided by glycerol, which acts as a wetting agent,
cosolvent to enhance the solubility of SFB. The produced
nanoparticles were characterized for their size, zeta-poten-
tial, and efficiency of release. Moreover, in vitro anticancer
biological activity studies were compared to free SFB.
Furthermore, SFB-NPs were clinically validated to prove
the possible therapeutic for lung and breast anticancer
activity.

2 Material and method

2.1 Material

SFB was purchased from Biosynth Carbosynth (Compton,
Berkshire, United Kingdom). Eagle’s minimal essential
medium (DMEM), fetal bovine serum (FBS), insulin, and
penicillin—-streptomycin, methanol, glycerol, polyethylene
glycol (PEG-4000), and RNAse-free DNAse used for RNA
extraction and complementary DNA (cDNA) synthesis
from lung and breast cell lines were purchased from
Sigma-Aldrich (Taufkirchen, Germany). The adenocarci-
nomas human alveolar basal epithelial cells (EML4-ALK
Fusion-A549 Isogenic Cell Line Human) [M-5655] A549
and MCF-7 cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). The
RNeasy Mini Kit and DNase I (Qiagen, Hilden, Germany).
The gene expression was measured using the StepOne™
Real-Time PCR System from Applied Biosystems (Waltham,
Massachusetts, USA). The RevertAidTM First Strand cDNA
Synthesis Kit and agarose were purchased from Thermo
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Fisher Scientific (Waltham, MA, USA). SYBR® Premix
Ex TaqTM reconstituted vials of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from TaKaRa, Biotech, Co, Ltd (Orchard Parway,
San Jose, CA, USA). All other chemicals and analytical
reagents were of analytical grades and used as received.

2.2 Preparation of SEB polymeric
nanoparticle

The SFB nanoparticles were prepared through the solvent
evaporation method at a concentration of 50 pM. Briefly,
1.3 mg of SEB was dissolved in 10 mL methanol at room
temperature (25°C; solution I). The aqueous phase (40 mL)
contained the water-soluble polymer PEG-4000 in a drug:
polymer ratio of 1:1, and 10 mL glycerol as a stabilizer
and viscosity modifier to stabilize the prepared SFB-NPs
(solution II). The solution I was dropped into the aqueous
phase solution II using a syringe positioned with the needle
directly and subsequently stirred at 600 rpm on a magnetic
stirrer to allow the methanol to evaporate [20]. The prepared
formula was then purified via centrifugation at 1,000 rpm for
5min to separate the formulated polymeric nanoparticles
from any nonreacting molecules present. The prepared for-
mula was stored at 4°C for the next work.

2.3 Evaluation of particle size and zeta
potential

SEB-NP size distribution was measured using the laser
light scattering technique Malvern Zetasizer (Malvern
Instruments GmbH, Herrenberg, Germany). A total of
1mL of the diluted nanoparticle suspension was vortex
mixed for 5 min then was measured for the size, the zeta-
potential, and the PDI [21].

EE% =

Total amount of drug added — The amount of free drug (Non entrapped drug) «
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bath (Model 3510, Branson, MS) to decrease the particle
aggregation on the copper grid. One drop of the SFB-NPs
was spread onto a carbon-coated copper grid, which
was then dried for TEM analysis [22,23]. The distribu-
tion of SFB-NPs dimensions was evaluated from TEM
images using Image ] 1.45k software (Rasband, W.S.,
Image]; USA, National Institutes of Health, Bethesda,
MD, USA).

2.5 FTIR spectroscopy

FTIR was utilized to determine the compatibility of all
components; thus, we intended to discover any drug-
polymer interaction by collecting the data between 400
and 4,000 cm™'. SFB, PEG, SFB and PEG physical mix,
and SFB-NPs were subjected to FTIR (FTIR-Spectrometer,
Tensor 27, Bruker, USA) [24].

2.6 Entrapment efficiency (EE%)

The formulated SFB-NPs were centrifuged at 15,000 rpm
for 15 min. Then 5 mL of supernatant was distributed with
5mL methanol. The amount of unbound drug present
in the supernatant was measured to determine the amount
of entrapped SFB. The absorbance of the diluted super-
natant solution was measured at A., 264 nm using
a single beam UV spectrophotometer (Genesis 10 UV,
Thermo-electron Corporation, USA) against methanol as
a blank. Drug content was calculated by subtracting the
amount of free SFB from the total amount of SFB used and
divided on the total amount of SFB used in the synthesis
(the starting drug loaded) according to equation (1). The
experiment was performed in triplicate for each batch and
the average was calculated [25].

100. Q)

Total amount of drug added

2.4 Morphological study by transmission
electron microscopy (TEM)

TEM (JEOL 100CX; JEOL Inc., Peabody, MA, USA) with an
accelerating voltage of 80 kV was used to characterize
the morphology of the SFB-NPs. SFB-NPs formula was
diluted from 1 to 0.01% w/w then treated in an ultrasonic

2.7 Physical stability

A 3-month storage period at 25.0 + 0.5 and 4.0 + 0.5°C was
used to evaluate the physical stability of the prepared
SFB-NPs. To determine the stability of SFB-NPs were
loaded by SFB, the physical parameters such as color,
shape, particle size, and zeta-potential were measured
before and after storage to determine their stability [26].
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2.8 Anticancer evaluation
2.8.1 Cell culture protocol

ATCC breast cancer (MCF-7) and adenocarcinomas human
alveolar basal epithelial cells (A549 cells) were collected
and grown according to the manufacturer’s recommenda-
tions (ATCC, VA, USA). For this study, MCF-7 cells were
grown at 37°C in 5% CO, in RPMI-1640 medium supple-
mented with 10% FBS and 1% penicillin—streptomycin, in
addition to 10% FBS. Control cells were MCF-7 cells that
were not treated with SFBNPs served as negative control
cells [27,28].

The culture media was transferred to a centrifuge tube
and a quick rinse with 0.25% (w/v). Trypsin 0.53 mM ethylene-
diaminetetraacetic acid (EDTA) solution was administered
to the cell layer to eliminate any remnants of serum con-
taining trypsin inhibitor. Approximately 2.0-3.0 mL of
trypsin EDTA solution was added to the flask, and cells
were examined under an inverted microscope until the cell
layer dissolved (usually within 5-15 min). About 6—8 mL of
full growth media was added, and cells were gently aspi-
rated using a pipette. After 24 h of incubation at 37°C, cells
were treated with successive concentrations of the che-
mical to be evaluated. After 48 h of incubation at 37°C,
the plates were inspected under an inverted microscope,
and the MTT assay was performed [28].

2.8.2 Cytotoxicity assay protocol

MTT (3(4,5dimethylthiazol-2yl)2,5diphenyl tetrazolium
bromide) technique was used to assess the in vitro inhibi-
tory effects of the SFB and SFB-NPs on A549 and MCF-7
cells growth. We investigated the antiproliferative and
inhibitory cytotoxic effects of SFB-NPs versus free SFB,
DOX, and tamoxifen (Tam) on lung (A549) and breast
(MCF-7) carcinoma cell lines. Mosmann’s MTT technique
using specifically, a medium containing 10 x 10° cells
(A549 and MCF-7 cells) in a new complete growth media
were seeded within each well of a 96-well microplate, fol-
lowed by the addition of the chemical solution in triplicate
wells. For 72 h, the plate was incubated at 37°C in a humi-
dified environment containing 5% CO, in a water-coated
carbon dioxide incubator (TC2323; Sheldon, Cornelius, OR)
[29]. The media was aspirated and replaced with a new
medium (without serum). Cells were incubated alone (as a
negative control) or with increasing sample concentrations
to get final concentrations of 100, 50, 25, 12.5, 6.25, 3.125,
1.56, and 0.78 pg/mL. After 48 h, the medium was aspi-
rated and 200 mL of 10% sodium dodecyl sulfate (SDS)
in deionized water was added to each well. The wells
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were then incubated overnight at 37°C with 5% CO..
Then, 200 mL of 10% SDS in deionized water was added
to each well to halt the reaction and solubilize any remaining
MTT formazan, followed by overnight incubation at 37°C.
DOX (100 pg/mL), a well-characterized natural cytotoxic
drug, was used as a positive control as it demonstrated
100% mortality under identical circumstances. Addition-
ally, 100 mL of 0.02N HCl/50% N,N-dimethylformamide
and 20% SDS were used to solubilize any remaining MTT
formazan. The optical density of each well was determined
at 575nm (OD575) using a microplate multiwell reader
(model 3350; Bio-Rad Laboratories Inc., Hercules, CA).

2.8.3 Gene expression analysis/RNA isolation

According to the kit instructions, total RNA was extracted
using the RNeasy Mini Kit from each kind of treated and
controlled cancer cell line. The samples were treated with
RNAse-free DNAse to remove any DNA contamination.
Although the RNA’s integrity was evaluated using formal-
dehyde-containing agarose gel electrophoresis, its amount
and purity were measured using photospectrometric mea-
surements at 260 nm. Then, aliquots of isolated RNA were
kept at —80°C [30].

2.8.4 Reverse transcription (RT) reaction

The extracted messenger RNA from the treated and con-
trol cancer cell lines was synthesized using the RevertAid
TM First Strand cDNA Synthesis Kit. The kit’s handbook
instructions for reaction setup and incubation were fol-
lowed for a reaction including oligo-dT as a primer and
5ug of RNA in a 20 L total volume. Following that, the
cDNA samples were kept at a temperature of —80°C [31,32].

2.8.5 Quantitative real-time PCR (qPCR) method

The number of cDNA copies in A549 and MCF-7 cell lines
was determined using the Applied Biosystems StepOne™
Real-Time PCR System. PCR reactions were carried out in
25 pL reaction mixtures comprising 12.5 pL 1x SYBR® Premix
Ex TaqTM, 0.5 pL 0.2pM sense primer, 0.5 pL 0.2 pM anti-
sense primer, 6.5pL distilled water, and 5pL cDNA tem-
plate. Three phases were assigned to the response program.
The initial step was 3 min at 95.0°C. The second phase con-
sisted of 40 cycles, each of which was broken into three
steps: (a) 15s at 95.0°C, (b) 30s at 55.0°C, and (c) 30s at
72.0°C. The third phase consisted of 71 cycles that began at
60.0°C and rose by approximately 0.5°C every 10s until
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reaching 95.0°C. After each semi-quantitative reverse tran-
scription polymerase chain reaction (sqRT-PCR), a melting
curve analysis at 95.0°C was conducted to determine the
quality of the primers used. Each experiment included a
control with distilled water. Table 1 contains the sequences
of particular primers for lung p21 (CDKNIA genes) and
breast (STMNI1 and tubulin genes) cancer-related genes.
After each qPCR, a melting curve analysis at 95.0°C was
done to determine the quality of the primers used. The
27%CT technique was used to determine the target’s rela-
tive quantification to an earlier study [33].

2.8.6 DNA damage using the comet assay

The DNA damage to A549 and MCF-7 cancer cell lines was
evaluated using the comet assay [34]. Following trypsin
digestion to get a single cell suspension, about 1.5 x 10*
cells were embedded in 0.75% low-gelling-temperature
agarose and quickly pipetted onto a precoated microscope
slide. After 4 h at 50°C in 0.5% SDS, 30 mM EDTA, pH 8.0,
samples were lysed. After overnight in Tris/borate/EDTA
buffer, pH 8.0, materials were electrophoresed for 25 min
at 0.6 V/cm and stained with propidium iodide. The slides
were examined using a fluorescent microscope equipped
with a charge-coupled device- Digital camera systems
(CCD) camera, and 150 unique comet pictures from each
sample were evaluated for the tail moment, DNA content,
and tail percentage DNA. Around 100 cells were analyzed
in each sample to identify the percentage of DNA damage
that resembled comets. The nonoverlapping cells were
randomly chosen and visually scored on an arbitrary scale
of 0-3 (class O = no detectable DNA damage and no tail;
class 1 = tail with a length less than the diameter of the
nucleus; class 2 = tail with a length between 1 x and 2 x the
diameter of the nucleus; and class 3 = tail longer than 2 x
the diameter of the nucleus) based on perceived comet tail
length [35].

Table 1: Primers sequence used for RT-qPCR of lung and breast
cancer cell lines

Gene Forward GenBank
accession no
p21* F: CCTGTGTGTGTTTGCCATCA ]00277.1
R: TGAGAGGTGGAAAGCGAGAG
Stathmin  F: GTCTTCCAGAGTCACACCCA NM_001276310.2
R: TGAGTCCCACAAAAGCCAGA
B-actin F: CATGGAATCCTGTGGCATCC HQ154074.1

R: CACACAGAGTACTTGCGCTC

*p21: protein 21; CDKN1A: cyclin-dependent kinase inhibitor 1A.
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2.8.7 DNA fragmentation assay

The DNA fragmentation test in A549 and MCF-7 cell lines
was proceeded following Yawata’s et al. [36] with minor
changes. After 24 h of exposure to the investigated drugs
on various Petri dishes (60 mm x 15 mm, Greiner), the cells
were trypsinized, suspended, homogenized, and centri-
fuged in 1 mL of medium (10 min at 800 rpm). Approxi-
mately 1 x 10° cells were grown and subjected to various
treatments with the tested chemicals. Trypsinization was
used to collect all cells (including floating cells), then
washed with Dulbecco’s phosphate buffered saline. For
30 min on ice, cells were lysed with 10 mM Tris (pH 7.4),
150 mM NaCl, 5mM EDTA, and 0.5% Triton X-100. Vor-
texing and centrifugation at 10,000g for 20 min were
used to clarify lysates. Fragmented DNA was extracted
from the supernatant using an equal volume of neutral
phenol, chloroform, and isoamyl alcohol (25:24:1) and
electrophoretically separated on 2% agarose gels con-
taining 0.1 pg/mL ethidium bromide.

2.9 Statistical evaluations of in vitro
experiments

All experiments were conducted three times for validity
and precision. This example of data presentation pre-
sents the information as the mean (average) and standard
deviation (a common measure of dispersion) of three separate
trials. Statistical analyses were performed using GraphPad
5.0 software (GraphPad Software, Inc., La Jolla, CA, USA).
To compare data, the analysis of variance (ANOVA) was
used. P-value less than 0.05 was determined to be statistically
significant [37,38]. *p < 0.05, **p < 0.01, or ***p < 0.001
denote statistically significant differences.

3 Results and discussion

The food and drug administration (FDA) has endorsed
SFB as a first-line therapy option based on its survival
benefits in clinical trials for many types of cancer [39].
However, the drug’s poor pharmacokinetic qualities severely
restricted its future clinical application in cancer therapy. A
nanoscale SFB delivery system has been developed using
nanotechnology [40]. The solvent evaporation method was
used to prepare the SFB-NPs, and it was purified via cen-
trifugation to separate the formulated SFB-NPs from any
nonreacting molecules found. Although this technique
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may cause loss of nanoparticles less than 100 nm, it was
considered better than filter paper as filter paper causes
losing a lot of particles by sticking to its surface [41].

The SFB-NPs were evaluated for their pharmaceutical
characteristics. They were found to have a nanosize sphe-
rical particle with an accepted EE% and cytotoxic activity
on different cell line cancer cells. SFB-NPs were prepared
using the solvent evaporation method suited for most of
the poorly soluble drugs [41]. The glycerol is used as a
surfactant, to increase the viscosity, and to stabilize the
prepared SFB-NPs. Rapid solvent evaporation produced
SFB-NPs almost instantly. Once the methanol evaporates,
the SFB hides inside the polymer, forming the SFB-NPs
(Figure 1). The rates of the addition of the methanol as a
nonaqueous phase into the aqueous phase affect the par-
ticle size. It was observed that a decrease in both particle
size and drug entrapment occurs as the rate of mixing of
the two-phase increases [42].

PEG is used in drug delivery and nanotechnology due
to its reported biocompatibility. PEG is considered to help
drug delivery and, therefore, extend circulation lifetimes
[43]. PEG enhances the circulatory half-life with no pro-
tein binding [44,45]. Moreover, PEG-4000 is considered
freely water and ethanol soluble [46]. The solubility of
drugs can be enhanced by PEG-4000, as PEG-4000 is
considered a good surfactant [47]. The PEG increases
hydrodynamic size of NPs, thereby prolonging their cir-
culation duration by decreasing renal clearance [48].

10 mL Methanol
containing 1.3 mg
Sorafenid

Dropping rate (0.2 mbmin)

40 mlL water containing

OH
HO OM
me TAVA

4000 (20 mg)

doton

10 mL Glycerol

NS

Figure 1: Schematic illustrating the preparation of SFB-NPs formation.
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The SFB-NPs are considered to be copolymer nano-
particles that were produced by the use of a solvent eva-
poration technique. This is an easy process for encapsulating
hydrophilic and hydrophobic medications in nanoparti-
cles, and it has been used successfully using a cosolvent
in a modified solvent evaporation method. It is possible
to either boost the drug’s EE% in nanoparticles or lower
the mean particle size of the nanoparticles [49]. Although
PEG-4000 is mostly used as a coating polymer, it may also
be utilized primarily for polymeric insertion to increase the
solubility and bioavailability of poorly soluble pharmaceu-
ticals. It has been described and used to formulate highly
responsive networks for the improvement of meloxicam
solubility by cross-linking polymerization, among other
things [50]. It was also used as a carrier material to
increase the solubility of the medication andrographolide,
among other things [51]. Another study revealed that the
coprecipitation approach was used to develop Fe;0, nano-
particles using PEG-4000 polymer as a solubilizing mate-
rial. SFB-NPs is not considered nanocrystal, due to the
nanocrystals are formed in the form of crystals smaller
than a nanometer and loaded with 100% of drug. More-
over, there is no carrier material in polymeric nanoparti-
cles [52]. Glycerol was used in this study as a humectant,
thickener, and emulsifier. Glycerol can change the repel-
lent and attractive forces determining an emulsion’s sta-
bility and rheological qualities. The inclusion of glycerol in
the emulsion formulation affects the optical qualities of

- »
K Lo
ou o @ o
o® " | Polymeric
| / nanoparticles
[ containing

sorafend, PEG
4000, and coated
glycerol

Turbid solution of
colioid ke shape
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emulsions as well as their stability and rheological proper-
ties [53].

3.1 EE%

The loading efficiency is based on the combination of
polymer—drug and the method used [54]. The EE% was
found to be 73.7 + 0.8%. It is indicating that SFB could
efficiently entrap within PEG-4000 polymer. This percent
of entrapment was achieved with the addition of glycerol
during the preparation process, which acts as a surfactant.
The surfactant generally reduces the surface tension and
eases the entrapment process. However, in our study, gly-
cerol was used for this purpose to increase the particle wet-
ting and facilitate its entrapment within the polymer [20].

The EE% has no upper limit; it is usually determined
by the drug’s solubility (the soluble drug has low EE%
and vice versa). Also, polymer ratios affect EE%; the
higher the polymer ratio, the lower the EE%. Therefore,
the EE% of SFB in PNs was sufficient; and could not
increase due to SFB’s solubility in aqueous media, which
allowed SFB to escape from PNs [55]. However, this per-
centage is considered appropriate and has been agreed
upon Khaira et al. observed that the medication concentra-
tion of various types of nanoparticle formulations ranged
between 50 and 70%. They noticed that increasing the
drug—polymer ratio (1:5) resulted in an increase in drug
content. Meanwhile, the medication content may be low-
ered due to the polymer’s separation capacity [56].

3.2 Evaluation of particle size and zeta
potential

The particle size analysis of the prepared formula SFB-
NPs showed an average particle size of 389.7 + 16.49 nm
(Figure 2a) with an acceptable nanometer range [57]. The
technique used in the preparation process involves rapid
mixing with a stirrer to achieve homogeneous supersa-
turation conditions and regulated SFB precipitation within the
PEG-4000 polymer. Rapid mixing conditions are reached via
precipitation geometries with two impinging fluid streams.
The organic stream containing the SFB, as well as the anti-
solvent streams, are combined in a restricted chamber to
induce homogeneous and fast precipitation of all compo-
nents, resulting in NPs that are sterically stabilized by the
glycerol [58,59]. The size distribution of the nanoparticles
produced by this technique ranges from 30 to 300 nm, our
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formulated SFB-NPs falling with this range. Fine-tuning the
kinetics of micromixing (flow rates and mixer geometry),
solute nucleation and growth, and block copolymer structure
may all be done quickly [60]. Moreover, PDI was 0.703 + 0.12,
which is less than 1 indicates that the particle size distribution
is uniform. Ideally, the PDI of range (0.05-0.7) is used by
various size distribution algorithms [61]. The zeta-potential
of the SFB-NPs was recorded by dynamic light scattering
(DLS) to be -13.5 + 12.1mV (Figure 2b), which confirms the
stability of SFB-NPs. Positive or negative charges with a
higher number increase the repulsive interaction, resulting
in more stable particles, which prevents the particles aggrega-
tion [62]. The resulted value can make repulsion enough to
prevent the flocculation and dispersion of particles together
[63]. Also, SFB-NPs had a relatively accepted zeta-potential
due to the hydrophilic polymer chain shielding effect of PEG-
4000 [6,22]. This size is an appropriate size to internalize the
cell membrane. This size can penetrate the cell membrane.
Other studies showed NPs could internalize with sizes smaller
than 50 nm. The NPs uptake is decreased for a smaller size of
15-30 nm and bigger of 70-240 nm [64]. Larger size could be
internalized by phagocytosis [65]. Other studies showed that a
smaller microsphere can also attach to cell membranes faster
and stronger [66,67]. Moreover, the particles of smaller sizes
have rapid internalization in cells [68]. Comparatively,
microrod particles showed nonspecific cell uptake, whereas
spherical particles showed a stronger apoptotic signal and
proliferation inhibition, as well a higher rate of apoptosis
[69]. It has been discovered that upon endocytosis, different
particles spatially segregate in the cytoplasm according to
their size and shape [70]. In mice, a study using spheres
and elliptical disks of varying sizes (0.1-10 pm) and shapes
(spheres vs elliptical disks) indicates that spheres were
endocytosed more rapidly, whereas disks circulated longer
in the blood with a higher targeting specificity [69,71].

3.3 TEM

The average sizes of nanoparticles and the particle mor-
phology were estimated by TEM (Figure 2c). TEM micro-
graphs showed nanosized, and well-identified spherical
particles. The showed size was =304.93 nm. These find-
ings are agreed with the results obtained from zetasizer
(DLS) equipment, which recorded =389.7 + 16.49 nm.
Because the surfactant interfered with the hydrodynamic
diameter, it was expected that DLS mean and median
values would be slightly higher than TEM. However,
DLS-numbers are similar to TEM results, although DLS-
intensity differs significantly from TEM. The existence
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Figure 2: (a) SFB-NPs particle size distribution, (b) SFB-NPs zeta potential as measured using dynamic light scattering using Malvern
zetasizer nano, and (c) TEM image of SFB-NPs with a well-identified spherical particle and uniform size.
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of larger particles may contribute to an increase in light
scattering, moving the observed particle size toward
larger values because the particle size distribution is
not narrow [72].

3.4 FTIR

FTIR analysis was used to corroborate the structure of the
final product and synthesis intermediates (Figure 3). Due
to the C-H stretching in the PEG chain, the pure PEG
spectra exhibit two prominent peaks between 2694.83
and 3422.43cm™. In the region of 3422.43cm™, the OH
stretching vibration is recorded, revealing an intermole-
cular hydrogen bonding nature. Due to the N-H stretching
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of amide, the spectra of SFB exhibits two distinct peaks
at 3079.89 and 3388.86cm™. The measured peaks at
3079.89 and 2925.87 cm ™' correspond to the aromatic and
aliphatic CH C-H stretching bands, respectively. The peak
at 1688.52cm™! represents the amide C=O0 group. The
broad peak was given to the —OH group in the region of
3442.29 cm ™ attributable to the produced sample’s water
content [73-75]. The physical mixture spectrum shows all
characteristic peaks in all of the individual compounds
with no new unwanted peaks compared with SFB-NPs
that confirm the compatibility of SFB and PEG. Moreover,
the formulated PEG-SEB-NPs showed no unwanted peaks
to verify that the SFB can release from the formed NPs.
Furthermore, the SFB characteristic peaks at 3079.89 and
3388.86 cm ™' peaks were disappeared in the formula due to
the complete entrapment of SFB in SFB-NPs. The absorption
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Figure 3: FTIR of PEG, SFB, physical mixture of PEG and SFB, and the formulated SFB-NPs.
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bands revealed no significant interaction between the two
SFB and PEG, all materials were compatible with those of
their raw powders. These results are agreed with previously
reported results by Fu et al. [76]. The SFB-NPs showed an
improved solubility in distilled water and phosphate buffer
solution (pH 7.4) at 37.5°C. This is owing to the presence of
polymer PEG-4000 in the formula, which is known to
enhance the drug solubility [77]. In addition to the SFB
NP’s size, which is in the nanorange, this nanosize can
efficiently enhance the solubility of poorly soluble drugs
such as SFB [78].

3.5 Physical stability

The physical stability of all prepared SFB-NPs was inves-
tigated for 3 months at 25 + 1 and 4.0 + 1°C, respectively.
The results revealed that there was no difference in color
or morphology between the two conditions studied.
Furthermore, using the previously prepared SFB-NPs, a
nonsignificant (p > 0.05; ANOVA/Tukey) change in par-
ticle sizes and potentials was observed. Fernando et al
[79] stated that the nanoparticles can be stabilized by
storing at room temperature. The prepared nanoparticles
were stabilized for an extended period, which agreed with
our results. It could be concluded that SFB-NPs generated
utilizing the polymeric SFB-NPs were stable for 3 months
at the two temperatures that were tested.

3.6 In vitro anticancer biological activities

In our study, we used DOX as a positive control in A549
cell lines because it is considered as the most common
and effective anticancer drug in lung cancer treatment
regimens [80]. Similarly, we used Tam as positive control
in MCF-7 cell lines as it is a powerful anticancer drug that
is considered estrogen antagonist [81]. Tam has found to
have cytostatic (producing GO-G1 arrest) and cytotoxic
(inducing apoptosis) effects [82,83]. The cleavage of cas-
pase-3 and its downstream target PARP indicates that
Tam-induced growth suppression of 5-aza-dC/trichostatin
A — pretreated cells involves apoptosis. Moreover, Tam
caused Bcl-2 downregulation in MDA-MB-231 cells that
reexpressed ER without any changes in Bax expression,
as reported previously for MCF7 cells [84], showing that
the Bcl-2 family is involved in Tam-mediated apoptosis.
Therefore, we want to evaluate our formula using two
positive control; one was the SFB free drug, whereas the
other was most widely used lung and breast cancer treat-
ment regimens.
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3.6.1 Cell viability assay and antiproliferative activity

The median inhibitory concentration (IC5o) was estimated
using the T Graph Pad Prism program. The ICs, results are
given in Figure 4, SFB-NPs inhibited cell proliferation in
A549 and MCF-7 cells after 48 h of treatment in a dose-
dependent manner 1.28-2.26 ug/mL (Figure 4a). The results
indicated that SFB and SFB-NPs had a differential impact on
the A549 cancer cell line, with ICso values of (2.26 and
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Figure 4: Cytotoxicity-1Cso of A549 and MCF-7 cell lines treated with
SFB-NPs. Cells were treated for 48 h with increasing concentrations of
anticancer drugs. (a) 1Cso of concurrent drugs for both cell lines. Cells
were treated for 48 h with increasing concentrations of SFB, SFB-PNs,
DOX, and Tam on (b) cell viability dose response curve of A549 cell
lines, and (c) cell viability dose response curve of MCF-7 cancer cell
lines, respectively. *p < 0.05, **p < 0.01, or ***p < 0.001 denote
statistically significant differences compared to control cells.



DE GRUYTER

15.83 pg/mL) compared to the reference medication DOX,
which had an ICsy value of 9.39 pg/mL (Figure 4b). Addi-
tionally, SFB-NPs had a reduced ICsg of 1.28 pg/mL compared
to MCF-7 cells, with a high ICsq of 5.12 and 3.87 pg/mL for SFB
and positive control Tam, respectively (Figure 4c). SFB-NPs
showed ICsq value of 2.26 pg/mL and decreased cell viability
in A549 cancer cells in a dose-dependent manner with a
concentration range from 100 to 0.39 pg/mL after 48 h of
incubation to show cell viahility from 25.48 to 61.81% com-
pared to SFB free drug from 38 to 74.26% and DOX from
35.24 to 71.65%. Furthermore, SFB-NPs showed ICs;, value
of 1.28 pg/mL and decreased cell viability in MCF-7 breast
cancer cells in a dose-dependent manner with a concentra-
tion range from 100 to 0.39 pg/mL after 48 h of incubation to
show cell viability from 33.83 to 65.74% compared to SFB free
drug from 36.66 to 63.97% and DOX from 32.21 to 62.77%.
This demonstrates the fact that NP can considerably improve
cytotoxicity, and it can deliver a sufficient amount of SFB
with a high rate of release and bioavailahility, which actively
targeted against cancer once entering the cell, indicating its
anticancer effectiveness compared to free-BB, which exhib-
ited significantly lower cytotoxicity in both A549 and MCF-7
cells [85-87].

DOX and Tam are the most widely used chemotherapy
in the treatment protocols of different types of cancer. We
designed and prepared a nanoparticle delivery system for
SFB antitumor drug in vitro to evaluate its antitumor
activity in two different types of cancer, which found to
be related and linked somehow with each other as breast
cancer, which has the potential to spread to the lungs or
the area between the lung and the chest wall, causing fluid
to build up around the lung. Based on recent studies,
women who have had breast cancer have a much higher
chance of acquiring lung cancer later in life, probably due
to a link between radiotherapy and smoking [88]. Further-
more, it has been reported that 60-70% of breast cancer
patients who eventually died were diagnosed with lung
metastasis [89].

3.6.2 Gene expression in lung and breast cell line

In each case, the gene expression study of lung and breast
cancer markers was carried out using two cancer-related
genes, namely p21 and STMNI. Results (Figure 5a) demon-
strated that the expression levels of the p21 gene were
significantly higher in negative samples of lung cancer
cell lines when compared to treated cell lines. As opposed
to this, when A549 cell lines were treated with SFB or SFB-
NPs, the expression levels of the p21 gene were signifi-
cantly decreased compared to negative samples of lung
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Figure 5: (a) The expression of p21 gene in lung cancer cell lines
treated with SFB, SFB-NPs, and DOX. Expression levels were stan-
dardized using the expression of the housekeeping gene B-actin.
Data are presented as mean + SEM. Mean values within tissue with
unlike superscript letters were significantly different (p < 0.05). (b)
The expression of Stathmin-1 gene in breast cancer cell lines treated
with SFB, SFB-NPs, and Tam. Expression levels were standardized
using the expression of the housekeeping gene B-actin. Data are
presented as mean + SEM. Mean values within tissue with unlike
superscript letters were significantly different (P < 0.05). *p < 0.05,
**p < 0.01, or ***p < 0.001 denote statistically significant differ-
ences compared to control cells.

cancer cell lines. Furthermore, when comparing the nega-
tive control MCF-7 cells to the positive control (Tam-
treated) breast cancer cells, it was discovered that the
STMNI1 genes were decreased significantly in MCF-7 cell
lines treated with SFB-NPs by approximately two-fold in
the negative control cells MCF-7 cells (Figure 5b). A549
and MCF-7 cancer cells exposed to SFB-NPs had lower
levels of proliferation and increased levels of apoptosis
by showing downregulation significantly in the expression
levels of p21 and STMNI1 that suppresses the cell viability,
which reflects the growth states of cancer cells via shutting



998 —— Ahmed A. H. Abdellatif et al.

down the signaling pathway that controls the activation of
the Rat sarcoma/oncogene encodes an intracellular signal-
transduction protein (RAS)/mitogen-activated protein
kinase/ signal transduction pathway (MAPK)/extracel-
lular signal-regulated kinase (ERK) pathway [90]. SFB
showed no significant variation in the rate of A549 and
MCF-7 cell growth inhibition when evaluated in vitro at
varying concentrations compared with cell inhibition by
SFB-NPs, which reached a maximum at a certain level of
NPs incorporation. Moreover, inhibition increased in
proportion to the increase in nanoparticle concentra-
tion, indicating that nanoparticle incorporation effec-
tively inhibited cell proliferation. Our results are parallel
to Liu et al. [91], who revealed that SFB could suppress
the proliferation of PLC/PRF/5 and HepG2 HCC cells
by blocking the Raf kinase and MEK/ERK signaling
pathway, resulting in a decreased level of cyclin D. To
make apoptosis happen, the enzyme Raf was inhibited,
which caused the level of elF4E phosphorylation to
decrease, and Mcl-1 expression to be suppressed. These
results agreed with Edwards et al. [92], who stated that the
nanoformulation showed enhanced penetration resulting of
suppression in cell growth, and p21 accompanied cell cycle
arrest. The nanoparticles have increased absorbability and
biological activity due to the size distribution and large sur-
face area. Therefore, these particles have a wide variety of
advantageous features that make them good drug-delivery
vehicles. These features increase absorption, utilization, and
stability, helping medicine target, last longer, and eliminate
unwanted effects [93]. Based on these observations, it
appears that the efficacy of SFB-NPs in targeting and
inhibiting the growth and viability of cancer cells was
significantly greater than that of free SFB.
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STMNT1 has been identified as a possible target for the
therapy of solid malignant tumors. Specifically, a number
of target-specific anti-STMN1effectors, such as ribozymes,
monoclonal antibodies, shRNA, and siRNA, have been
utilized extensively in vitro and in vivo to examine STMN1-
targeted treatment methods [94]. STMN1 is commonly over-
expressed in human malignancies, and anti-STMN1 therapy
lowers cell proliferation, clonal expansion, cell motility,
metastasis, and enhances apoptosis. Kang et al. demon-
strated that STMN1 expression is reduced in cancer cells.
Cell proliferation, colony formation, cell invasion, and
migratory ability are dramatically reduced, and cells are
arrested in the G1 phase [95]. As a result, chemotherapeutic
agents, which decrease expression of STMN1 could be a
viable option for treating malignant tumors as breast cancer
[96]. A growing amount of evidence suggest that p21 is
involved in promoting a proliferative response to chemo-
therapy. p21 contributes to DNA repair in two ways: indir-
ectly, by slowing cell cycle advancement to allow time
for DNA repair, and directly, by controlling the connections
between repair pathway components [97]. p21 has been
demonstrated to improve chemotherapy-induced DNA
damage repair and protect glioma cells from apoptosis
[98]. Furthermore, the radiation-induced p53-independent
overexpression of p21 in stem cells prevented damage accu-
mulation and boosted stem cell pool development. These
findings support the alternative idea that early, high levels
of p21 expression in therapy promote a proliferative cell
destiny in the end [99]. Chien-Hsiang et al. demonstrated
that p21 levels were low in S/G2 - the cell-cycle phases with
the highest amounts of DNA damage and a major reservoir
of senescence-destined cells — during drug treatment. Chk1
activity and proteasomal degradation were identified as

Table 2: Visual score of DNA damage in lung and breast tumor cell lines treated with SFB, SFB-NPs, DOX, and Tam

Treatment No of samples No. of cells Class** DNA damaged cells%

(mean + SEM)
Analyzed* Comets 0 1 2 3

Lung tumor cell lines (A549)

Cancer cell lines (-ve) 4 400 38 362 23 1 4 9.50 + 1.55¢

SFB — A549 4 400 58 342 29 17 12 14.51 + 1.04¢

SFB-PNs — A549 4 400 102 298 30 28 44 25.50 + 1.04°

DOX (+ve) Cancer 4 400 95 305 33 29 33 23.75 + 1.13%°

Breast tumor cell lines (MCF-7)

Cancer cell lines (-ve) 4 400 41 359 25 10 6 10.25 + 1.49¢

SFB-MCF-7 4 400 69 331 33 21 15 17.27 + 0.86bc

SFB-PNs — MCF-7 4 400 107 293 36 31 40 26.75 + 0.86a

Tam (+ve) MCF-7 4 400 98 302 34 35 29 24.50 + 1.04%°

*: Number of cells examined per a group, **: class 0 = no tail; 1 = tail length <diameter of nucleus; 2 = tail length between 1x and 2x the
diameter of nucleus; and 3 = tail length >2x the diameter of nucleus. Means with different superscripts (a, b, c, d) between treatments in

the same column are significantly different at p < 0.05.
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biological mechanisms that inhibited p21 expression in
highly damaged cell-cycle phases using genetic and phar-
macological perturbations [100]. The reported inhibitory
regulation of p21 expression in S/G2 cells would serve to
raise the DNA damage threshold for activating the p21
response, allowing only cells with substantial DNA damage
to exit the cell cycle. Other p21 regulatory mechanisms, such
as miRNA and p21 phosphorylation, are not known to be
involved in modifying the p21 induction threshold across
the cell cycle [101].

3.6.3 DNA damage in lung and breast cell lines

Human A549 lung and MCF-7 breast cancer cell lines
were treated as monotherapies using SFB-NPs, SFB, Tam,
or DOX. Various drug activities changed even among dif-
ferent forms of cancer, indicating the significant differences
between cancer types. Comet assay was used to test for DNA
damage in A549 cancer cell lines, as shown in Table 2. The
data revealed that untreated cell lines with a proven history
of lung and breast cancer produced significant reductions in
DNA damage levels with 9.50 and 10.25%, respectively. On
the contrary, cancer cells treated with SFB-NPs had the
highest amounts of DNA damage with a value of 25.50
and 26.75% when compared with free drugs SFB, DOX posi-
tive control, Tam positive control in both cell lines as illu-
strated in Table 2. These findings suggest that SFB-NPs hold
more cellular absorption and greater effectiveness causing
higher cytotoxicity by showing a significant increase in

Table 3: DNA fragmentation detected in lung & breast cancer cell
lines treated with SFB, SFB-NPs, DOX, and Tam

Treatment DNA fragmentation%  Change Inhibition
M + SEM

Lung breast tumor cell lines (A549)

Cancer cell 9.1+ 0.23° 0 0

lines (-ve)

SFB - A549 17.1+ 0.54 ° 8 -42.85

SFB-NPs — A549 26.5 + 0.47° 17.4 24.28

DOX (+ve) cancer 23.1+ 0.17%° 14 0

Breast tumor cell lines (MCF-7)

Cancer cell 10.2 + 0.26° 0 0

lines (-ve)

SFB-MCF-7 19.2 + 0.28°¢ 9 -40.79

SFB-NPs-MCF-7 28.9 + 0.352 18.7 23.02

Tam (+ve) MCF-7  25.4 + 0.25°° 15.2 0

Means with different superscripts (a, b, ¢) between treatments in
the same column are significantly different at p < 0.05.
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Figure 6: (a) DNA fragmentation detected with agarose gel in lung
cancer cell lines treated with SFB, SFB-NPs, DOX. M: represent DNA
marker, lanes 1: represents cancer cell lines (-ve), lane 2: repre-
sents SFB-A549, lane 3: represents SFB-NPs-A549, lane 4: repre-
sents DOX (+ve) cancer. (b) DNA fragmentation detected with
agarose gel in breast cancer cell lines treated with SFB, SFB-NPs,
Tam. M: represent DNA marker, lanes 1: represents cancer cell lines
(-ve), lane 2: represents SFB, lane 3: represents SFB-NPs, lane 4:
represents Tam (+ve) MCF-7.
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DNA damage, which essentially promotes apoptosis when
compared to free SFB. A five-grade scale ranging from 0O to 4
is used to calculate comet visual grading. Grade 4 comet
cells have DNA distributed throughout the tail, head, and
middle; however, grade O comet cells have all the DNA
concentrated in the head. For example, with a scale ranging
from 0O to 400, comet counts can yield a quantitative mea-
surement for 100 cells. Higher cell destruction suggests that
the majority of the DNA is in the tail, as well. Unfragmented
cells [102] indicate a reduction in the score.

3.6.4 Measurement of DNA fragmentation in lung and
breast cancer cell lines

The rate of DNA fragmentation determined in A549 and
MCF-7 cancer cell lines are summarized in Table 3 and
Figure 6a. The results show that negative samples of lung
cancer cell lines exhibited a significant decrease in DNA
fragmentation rates compared with those in treated sam-
ples (SFB-NPs, SFB, DOX (+ve) lung cell line, and Tam
(+ve) breast cell line). The results showed that the rate of
DNA fragmentation was increased significantly in positive
control (DOX-treated) lung cancer cell lines. In addition to
cell lines treated with SFB-NPs, compared with freeSFB and
negative control cancer cell lines. Moreover, the effect of the
SFB-NPs treatments on the percentage of DNA fragmenta-
tion in the breast cancer cell lines was investigated (Table 3
and Figure 6b). DNA fragmentation rates in negative sam-
ples of breast cancer cell lines were significantly lower than
in treated samples with SFB, SFB-NPs, or Tam(+ve) cell
lines. In contrast, the effect of the SFB-NPs treatments on
the percentage of DNA fragmentation in the breast cancer
cell had higher DNA damage values (P < 0.01), than those
treated with Tam (positive control) and SFB.

Nuclear DNA fragmentation, characterized by the appear-
ance of distinctive ladder DNA fragments of 180-200 base
pairs and multiples thereof on an agarose gel, is one of the
biochemical hallmarks of the apoptotic process [103]. How-
ever, random DNA breakage in necrotic cells results in a dif-
fuse smear on DNA electrophoresis. As a result, the DNA
gel electrophoresis method was used to confirm the likely
mode of SFB-NPs-induced cell death. DNA fragmentation
and nuclear condensation are two characteristics of late
apoptosis [104].

4 Conclusions

In a simple and reproducible synthesis technique, homo-
geneously dispersed nanoparticles were prepared with
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acceptable size, PDI values, and zeta potential. Moreover,
the particles showed good stability during the whole study.
MTT assay, RNA isolation and RT reaction, gPCR, DNA frag-
mentation measurements, and comet assay indicate that
the drug produces a large decrease in overall cell number.
Moreover, a significant down expression of nuclear protein
P21 gene in lung cancer cell line (A549) and STMN1 gene in
breast cancer cell line (MCF-7) was demonstrated as an
important factor for the proliferation, differentiation, and
death of both cells. The results also confirmed that the
cytotoxic effect of SFB-NPs treatment allows the develop-
ment of apoptotic DNA fragments on the agarose gel com-
pared to the free SFB. Based on these promising results,
additional clinical trials should be conducted on using
this polymeric nanoparticle (SFB-NPs) formulation as a
unique treatment for lung and breast cancer.
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