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Cetuximab (CTX) is known to have cytotoxic effects on several human cancer cells in vitro; however, as CTX is
poorly water soluble, there is a need for improved formulations can reach cancer cells at high concentrations
with low side effects. We developed (PEG-4000) polymeric nanoparticles (PEGNPs) loaded with CTX and evalu-
ated their in vitro cytotoxicity and anticancer properties against human lung (A549) and breast (MCF-7) cancer
cells. CTX-PEGNPs were formulated using the solvent evaporation technique, and their morphological properties
were evaluated. Further, the effects of CTX-PEGNPs on cell viability using the MTT assay and perform gene ex-
pression analysis, DNA fragmentation measurements, and the comet assay. CTX-PEGNP showed uniformly dis-
persed NPs of nano-size range (253.7 + 0.3 nm), and low polydispersity index (0.16) indicating the stability and
uniformity of NPs. Further, the zeta potential of the preparations was —17.0 + 1.8 mv. DSC and FTIR confirmed
the entrapping of CTX in NPs. The results showed ICs, values of 2.26 pg/mL and 1.83 pg/mL for free CTX and
CTX-PEGNPs on the A549 cancer cell line, respectively. Moreover, CTX-PEGNPs had a lower ICsj of 1.12 pg/mL
in MCF-7 cells than that of free CTX (2.28 pg/mL). The expression levels of p21 and stathmin-1 were significantly
decreased in both cell lines treated with CTX-PEGNPs compared to CTX alone. The CTX-PEGNP-treated cells also
showed increased DNA fragmentation rates in both cancer cell lines compared with CTX alone. The results indi-
cated that CTX-PEGNP was an improved formulation than CTX alone to induce apoptosis and DNA damage and
inhibit cell proliferation through the downregulation of P21 and stathmin-1 expression.

1. Introduction and prevents it from activating downstream signaling pathways such as

of cell proliferation, invasion, metastasis, and neovascularization [3,4].

Human cancers are usually associated with abnormal overexpres-
sion of the epidermal growth factor receptor (EGFR); therefore, anti-
EGFR drugs are suitable candidates for treating different types of can-
cer, including lung and breast cancers [1,2]. Cetuximab (CTX) is a clini-
cally available recombinant chimeric human/mouse IgG1l anti-EGFR
monoclonal antibody that binds to the extracellular domain of EGFR

Inhibition of receptor phosphorylation and activation of receptor-
associated kinases can also block receptor-dependent transduction
pathways and promote antitumor effects, which include cell cycle ar-
rest, apoptosis induction, and inhibition of angiogenesis [5]. CTX has
recently been shown to have promising anticancer activity in preclini-
cal investigations, both alone and in combination with established cyto-
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toxic drugs, and has been widely recommended and shown to be useful
for breast cancer treatment [6].

CTX is poorly soluble in water, which limits its bioavailability.
Moreover, coating CTX can improve its cell penetration and targeting at
the site of action. Coating CTX with polyethylene glycol (PEG) can en-
hance its water solubility and concentration at the absorption site [7].
Polymeric nanoparticles (PEGNPs) can be loaded with active ingredi-
ents that are either entrapped within the polymeric core or adsorbed on
its surface. The advantage of using PEGNPs is that the carriers keep the
drugs and additional biologically active fragments protected from the
environment and increase the bioavailability and therapeutic index of
the drugs [8,9]. It was reported that a coumarin-dihydropyrimidinone
formulated in poly(lactic-co-glycolic acid) (PLGA)-PEG4p0 mixed
copolymer nanoparticles showed excellent therapeutic effect on a wide
variability of cancer cell lines [10].

Polyethylene glycol (PEG) is commonly used in medicine delivery
and nanotechnology because to its biocompatibility and “stealth” quali-
ties. PEGylation is considered to help particle delivery systems and
hence extend circulation lifetimes [11]. PEGylation increases circula-
tory half-life but not protein binding [12,13]. Moreover, PEG especially
PEG-4000 is freely water soluble and ethanol soluble [14]. The solubil-
ity of the incorporated drugs in PEG-4000 is increased, as PEG-4000 is
considered as a surfactant [15]. The covalent bonding of PEG to a med-
ication or therapeutic protein might “cover” the agent from the host's
immune system (so decreasing immunogenicity and antigenicity) and
increase its hydrodynamic size (size in solution), thereby prolonging its
circulation duration by decreasing renal clearance [16].

p21 is a well-known WAF1/CIP1 (activating factor/cyclin-
dependent kinase inhibitory protein-1) that was found to be vital for
modulating cell cycle progression [17,18]. Early research on non-small
cell lung cancer (NSCLC) revealed that in well-differentiated tumors,
p21 is overexpressed [19] and stimulates tumor growth suppression
via p53 activity, consistent with its cell cycle arrest activity [20]. Nev-
ertheless, other studies have suggested that some pathways are not de-
pendent on p53 and lead to p21 induction [20]. These investigations
have focused on inducing p21 in p53-deficient cancer cells in which
the G1 checkpoint and cell cycle arrest could be triggered [20]. Be-
sides cell cycle arrest, p21 is involved in apoptosis via p53-dependent
and p53-independent processes. p21 is similarly involved in regulating
several cellular activities, including actin cytoskeleton reorganization,
apoptosis, and DNA damage response [21]. Hence, the induction of
p21 has been demonstrated to be critical for the mobility of cancer
cells and carcinogenesis. As a result, p21 has a dual function in cancer
depending on whether it is found in the cytoplasm or the nucleus. It
can function as an oncogene or a tumor suppressor protein.

Understanding how malignant tumors work at a cellular level is crit-
ical for identifying novel treatments. Statistics show that stathmin-1 is
overexpressed in many human malignant tumors, which may promote
malignant cell development and growth. The stathmin-1 family of mi-
crotubule-regulating proteins includes stathmin-1, SCG10, SCLIP, and
RB3/RB3’/RB3” [22]. These members of the stathmin-1 family harbor
a conserved domain with a tubulin-binding activity. In malignant tu-
mors, stathmin-1 depletion inhibits cell proliferation, motility, and
metastasis and induces apoptosis [23]. Stathmin-1 may be a promising
therapeutic target because it inhibits multiple aspects of tumor progres-
sion. In addition to regulating cell proliferation, differentiation, and
function, stathmin-1, a small regulatory protein, presumably integrates
several intracellular signaling pathways. Downstream target or partner
proteins interact with stathmin-1 to produce biological effects via stath-
min-1 phosphorylation [24]. Several studies have examined the expres-
sion of stathmin-1 and showed that the expression is linked to several
malignant cancers, including lung, breast, and esophageal cancers
[25-28].

In this study, we formulated CTX-PEGNPs using PEG-4000 as a
novel formulation for the first time, to the best of our knowledge. We
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formulated CTX-PEGNPs with improved water solubility and the ability
to deliver the drug at cancer sites. CTX-PEGNPs were evaluated for
their in vitro cytotoxicity and anticancer properties against human lung
(A549) and breast (MCF-7) cancer cells. CTX-PEGNPs were formulated
using the solvent evaporation technique, and their morphological prop-
erties were evaluated. CTX-PEGNPs were used to probe the molecular
expression of stathmin-1, which controls tumor cell growth, death, and
migration. These NPs are a promising tool for investigating the molecu-
lar effects of lung and breast cancer treatments in vitro, and we demon-
strated the cytotoxic effects and induction of DNA damage in A549 and
MCF-7 cancer cell lines. Furthermore, we focused on targeting p21 in
the A549 lung cancer cell line. The study findings suggest that CTX-
PEGNPs are an effective anticancer agent for different tumor cell types.

2. Materials and methods
2.1. Materials, media and reagents

CTX, methanol, glycerol, polyethene glycol (PEG) 4000, SYBR®
Premix Ex TaqTM, and reconstituted vials of MTT (M-5655) were ob-
tained from Sigma-Aldrich Chemie GmbH (Eschenstrasse, Taufkirchen,
Germany). Chloroform and Tween 80 were purchased from El
Gombhouria Co. (Cairo, Egypt). The RNeasy Mini Kit and DNase I were
procured from Qiagen, Hilden, Germany, whereas RNAse-free DNAse,
the RevertAidTM First Strand ¢cDNA Synthesis Kit, and agarose were
purchased from Thermo Fisher Scientific, Waltham, MA, USA. These
were used for RNA extraction and cDNA synthesis from lung and breast
cancer cell lines. Gene expression was quantified using the StepOne™
Real-Time PCR System from Applied Biosystems (Waltham, MA, USA).
The A549 and MCF-7 cell lines were acquired from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Gibco's Dulbecco's
Modified Eagle Medium (DMEM), penicillin-streptomycin, and fetal
bovine serum (FBS; Hyclone, Salt Lake City, UT, USA) were used for cell
culture.

2.2. Preparation CTX-PEGNPs polymeric nanoparticle

The CTX-PEGNPs containing 100 pmol CTX were prepared using the
solvent evaporation method as previously described [9,29] with some
modifications. In brief, 1 mg CTX was dissolved in 5 mL methanol:
chloroform (1,1) mixture, and the mixture was then added to the aque-
ous phase made of 40 mL water, 1 mL Tween-80, and 10 mL glycerol.
The PEG-4000 polymer was dissolved in the aqueous phase at a drug-
polymer ratio of 1:1. The organic phase was dropped into the aqueous
phase at a rate of 2 mL every 10 min and homogenized using a homoge-
nizer for 10 min at 12,000 rpm (Ultra Turrax; IKA Labortechnik,
Staufen, Germany). The solution was subsequently stirred on a mag-
netic stirrer to allow the organic solvent to evaporate. The resulting
mixture was then centrifuged (Avanti centrifuge J-E/ Beckman coulter
GmbH, Germany) at 5000 rpm for 5 min to separate the polymeric NPs
from any non-reacting molecules that may have been included in the
solution.

2.3. Solubility and dissolution studies

The solubility and dissolution of CTX were determined in distilled
phosphate buffer (0.1 M) (pH 7.4) at 37.5 °C. The dissolution of CTX
and CTX-PNs in phosphate buffer were used also as indication of im-
proved solubility. In a dissolution tester (Validata-Hansen study
Chatsworth, Ca, USA), an aliquot of CTX, and CTX-PNs to 5 mg drug ro-
tated at 50 rpm. 1 mL of sample was withdrawn and substituted by 1
mL of phosphate buffer at predefined 0-200 min [30]. After equilibrium
of solution, aliquots were collected, filtered through a 0.45 pm mem-
brane filter, and quantified using a spectrophotometer (Genesis 10 UV,
Thermo Electron Corporation, USA) at Anax 280 nm. Moreover, the re-
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lease model, the release pattern of the CTX, and CTX-PNs were de-
scribed. The release data of the prepared formulae were analyzed ac-
cording to zero order, first order, Higuchi diffusion, and Hixson Crowell
equation [7]. Zero order equation (Q, = Q, - Kyt), 15t order equation (log
Q, = log Qp - K t/ 2.303), Higuchi’s equation (Q; = KyVt), and Hixson
Crowell equation M/3 - M1/3 = K, Where Q. denotes the amount of
medication released at time t, K denotes the release rate constant, and n
denotes the type of release mechanism used throughout the dissolution
process. M is the initial amount of drug in the formula. M; is the re-
maining amount of drug in the formula at a time “t' and K is proportion-
ality constant. Burnham and Anderson advised that the most appropri-
ate model be chosen based on the correlation coefficient (r) for the pa-
rameters involved and the diffusional exponent's values (n).

2.4. Evaluation of particle size, polydispersity index, and zeta potential

A dynamic light scattering, Zetasizer (Malvern Instruments GmbH,
Herrenberg, Germany) was used to determine the size and polydisper-
sity index (PDI) of CTX-PEGNPs. 1 mL of diluted NPs suspension was
vortexed for 5 min before being placed in a Zetasizer cell. The Zetasizer
was also used to determine the zeta potential using photon correlation
spectroscopy as previously described [31].

2.5. Entrapment efficiency

To determine the quantity of CTX entrapped in PEGNPs, the NPs
were centrifuged (Avanti centrifuge J-E/Beckman coulter GmbH, Ger-
many) at 15,000 rpm for 15 min. A 5 mL aliquot of the supernatant was
combined with 5 mL of methanol-chloroform solution (1:1). The
amount of CTX was measured using a single-beam UV spectrophotome-
ter at Apax 280 nm (Genesis 10 UV, Thermo Electron Corporation, USA)
against a methanol-chloroform blank solution. Eq. (1) was used to cal-
culate the drug concentration. Each batch experiment was repeated
three times to determine and record the average.

_ Total drug added—the amount of free drug

EE
% total drug added @

X 100
2.6. Morphological study by transmission electron microscopy

The external morphology of the NPs was examined by transmission
electron microscopy (TEM; JEOL 100CX; JEOL Inc., Peabody, MA, USA)
at an accelerating voltage of 80 kV. The CTX-PEGNP formula was di-
luted from 1% to 0.01% w/v and treated in an ultrasonic bath for 1 h us-
ing (Model 3510, Branson, MS) to reduce particle aggregation on the
copper grid. One drop of the NP formula was applied to a carbon-coated
copper grid and dried for TEM testing [32]. The distribution of CTX-
PEGNP dimensions was evaluated from TEM images using Image J ver-
sion 1.45 k [33].

2.7. Differential scanning calorimetry (DSC)

Differential Scanning Calorimetric was applied (Setaram instrument
version Themys one™*, Switzerland) to investigate any possible interac-
tions between CTX, PEG 4000 and Glycerol [34]. Generally, DSC mea-
sures the temperatures and heat flows associated with transitions in ma-
terials as a function of time and temperature range (- 4.9 to 489.9 °C) in
a controlled atmosphere. The samples were enclosed in a heat flux DSC,
the CTX-PNs were used as a liquid form and then were enclosed in pan.
Moreover, an empty reference pan was placed on a thermoelectric disk.
A small amount of sample (from 2 to 5 mL) were added on the pan and
let it dry overnight before running the DSC process. The samples (from
2 to 5 mg) were heated under nitrogen with rate of 10 °C/min and if
any kind of transition takes place during this process lead to a slight dif-
ference between the sample and a reference sample temperature, i.e.
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differential scanning calorimetry measures the amount of energy (heat)
absorbed or released by a sample as it is heated, cooled, or held at a
constant temperature [35].

2.8. Fourier-transform infrared spectroscopy (FTIR)

FTIR was used to verify the compatibility of all tested components
together. We intended to detect any drug interactions between the drug
and polymer by collecting data between 400 and 4000 cm~! of data
from each component. CTX-PNs were compared with the raw materials
data, and mixture of CTX powder, PEG-4000, and glycerol which were
subjected to FTIR (Resolution 4 cm’l, scan number 100), Spectropho-
tometer Thermo Nicolet Nexus (Thermo, Bremen, Germany) [36,37].

2.9. Cell culture

Both A549 and MCF-7 cell lines were cultured under standard con-
ditions as reported previously [38] using DMEM (10% FBS), 10 pg/mL
insulin, and 1% penicillin-streptomycin. The cells were seeded at a den-
sity of 1.2-1.8 X 103 cells/well in 100 pL complete growth medium
+100 pL of each sample/well in a 96-well plate for 24 h at 37 °C before
the MTT assay. Stock cells were grown in DMEM (10% inactivated FBS,
100 IU/mL penicillin, 100 mg/mL streptomycin, and 5 mg/mL ampho-
tericin B) at 37 °C and 5% CO, until confluent. The cells were dissoci-
ated using a solution of trypsin phosphate versene glucose (trypsin
0.2%, ethylene diamine tetraacetic acid [EDTA] 0.02%, and glucose
0.05% in phosphate-buffered saline). Stock cultures were established in
25 cm? culture flasks, and all experiments were performed in 96-well
microtiter plates [39,40].

2.10. MTT cytotoxicity assay

The cytotoxic effect of free CTX drug application and CTX-PEGNPs
on A549 and MCF-7 cells was studied after 48 h using a standard MTT
assay as reported previously [41]. Cells in the log growth phase were
used at a final cell density of 1 X 10° cells/cm?2. Each test included a
blank containing cell-free complete medium. Each vial of MTT [M-
5655] was reconstituted with 3 mL of medium or balanced salt solution
without phenol red and serum. The reconstructed MTT was added as
10% of the culture medium volume and incubated for 2 h. The resultant
formazan crystals were dissolved by adding an MTT solubilization solu-
tion [M-8910] in a volume equivalent to that of the original culture
medium. The absorbance at 570 nm was used spectrophotometrically
to determine cytotoxicity.

2.11. Gene expression analysis

The RNeasy Mini Kit supplemented with a DNase I digestion step
was used to isolate total RNA from lung and breast cancer cell lines ac-
cording to the manufacturer's instructions. The quantitative real-time
PCR (qPCR) reactions were set up in 25 pL reaction mixtures containing
12.5 pL 1 X SYBR® Premix Ex TaqTM, 0.5 pL of each primer at a con-
centration of 0.2 pM, 6.5 pL distilled water, and 5 pL. cDNA template.
The PCR reaction was set up as follows: initial denaturation, 3 min at
95.0 °C; 40 cycles of denaturation, 15 s at 95.0 °C; annealing, 30 s at
55.0 °C; extension, 30 s at 72.0 °C; and a final step of 71 cycles that be-
gan at 60.0 °C, and the temperature rose by approximately 0.5 °C every
10 s until the temperature reached 95.0 °C. At the conclusion of each
RT-qPCR, a melting curve analysis at 95.0 °C was conducted to deter-
mine the quality of the primers used. A distilled water control was in-
cluded in each experiment. The sequences of specific primers for lung
(p21 and CDKN1A) and breast (stathmin-1 and a-tubulin) cancer-related
genes are listed in Table 1. The 2-2ACT approach was used to determine
the relative quantification of the target to the reference [42].
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Table 1
Primer sequences used for RT-gPCR of lung and breast cancer cell lines.

Gene Forward GenBank accession no

p21 F: CCTGTGTGTGTTTGCCATCA
R: TGAGAGGTGGAAAGCGAGAG

J00277.1

stathmin F: GTCTTCCAGAGTCACACCCA NM_001276310.2
R: TGAGTCCCACAAAAGCCAGA
p-actin F: CATGGAATCCTGTGGCATCC HQ154074.1

R: CACACAGAGTACTTGCGCTC

p21: protein 21; CDKNIA: cyclin dependent kinase inhibitor 1A.

2.12. DNA damage measurement using the comet assay

DNA damage in lung and breast cancer cell lines was determined us-
ing the comet assay [43]. The cultured cells were treated with trypsin to
produce single-cell suspensions. In total, 1.5 X 10* cells were embed-
ded in 0.75% low melting temperature agarose and quickly pipetted
onto a pre-coated microscope slide. The embedded cells were lysed in
0.5% sodium dodecyl sulfate and 30 mM EDTA, pH 8.0, for 50 min at
4 °C. After rinsing in Tris-borate-EDTA buffer (pH 8.0) overnight at
37 °C, the lysed cells were subjected to electrophoresis at 0.6 V/cm for
25 min. Subsequently, the lysed cells were stained with propidium io-
dide. A fluorescent microscope (BioTek, Winooski, Vermont, USA) with
a CCD camera was used to examine the slides. For each sample, approx-
imately 100 cells were examined to determine the percentage of cells
with DNA damage that appear like comets. Based on perceived comet
tail length m, non-overlapping cells were randomly selected and scored
on an arbitrary scale of 0 to 3 (class 0 = no detectable DNA damage
and no tail; class 1 = tail with a length less than the diameter of the nu-
cleus; class 2 = tail with a length between 1 and 2 times the nuclear di-
ameter; and class 3 = tail longer than 2 times the diameter of the nu-
cleus) [44].

2.13. DNA fragmentation assay

The DNA fragmentation in lung and breast cancer cell lines was
measured following the method established by Yawata et al. [45] with
some modifications. Briefly, lung and breast cancer cell lines were ex-
posed to test substances for 24 h in different Petri dishes (60 x 15 mm,
Greiner). The cells were then trypsinized and collected (including float-
ing cells), which were then washed with Dulbecco's phosphate-buffered
saline. Further, the cells were lysed using 150 mM NaCl, 10 mM Tris
(pH 7.4), 5 mM EDTA, and 0.5% Triton X-100 for 30 min on ice. The
lysates were clarified by vortexing and centrifuging at 10,000 x g for
20 min. Fragmented DNA was recovered from the supernatant using an
equal amount of a neutral phenol:chloroform:isoamyl alcohol solution
(25:24:1) and electrophoretically separated on 2% agarose gels con-
taining 0.1 pg/mL ethidium bromide.

2.14. Statistical analysis

The data are reported as the mean of at least three experiments with
the standard deviation. SPSS Statistics was used to compute one-sample
or two-sample t-tests (IBM). *p < 0.05, **p < 0.01 or ***p < 0.001 de-
note statistically significant differences.

3. Results and discussion

3.1. Evaluation of solubility, release, particle size, polydispersity index, and
zeta potential

The CTX powder showed full release after 150 min, while the CTX was
released from CTX-PNs after 13 min which reflect the improvement of
CTX solubility released from NPs (Fig. 1A). From Table 2:, the release of
drug from formulation CTX-PNs followed zero order kinetics with r?
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Fig. 1. (A) CTX-PEGNP solubility study and dissolution rate in phosphate buffer
pH 7.4, the samples were measured in triplicate (=SD), and (B) TEM micro-
graph of a single particle size.

equal to 0.878 and that the mechanism of release was dissolution con-
trolled according to Hixson-Crowell equation with r2 equal to 0.957.
From the other hand the release of drug from formulation CTX followed
zero order kinetics with r2 equal to 0.883 and the mechanism of release
was diffusion controlled according to Higuchi equation with r? equal to
0.976 (Table 2:). Comparing the drug release and solubility from free
CTX and CTX loaded PEGNPs, the PEG-4000 significantly enhanced the
release profile of the CTX from PEGNPs, These results showed that CTX
were completely dissolved after 13 min in phosphate medium, which
justifies the role of PEG-4000 as a coat that can significantly increase
solubility and enhance the targeting of CTX to its site. These results are
agreed with that published by El-Badry et al. [46], who showed an im-
prove of solubility and dissolution rate of indomethacin by PEG4000.
Also, we used this formulae depending on our previously work pub-
lished work [9].

The particle size of CTX-PEGNPs was found to be 253.7 + 0.3 nm
(S. 1A). These results were similar to that obtained by Sabra et al., [47].
The PDI is a dimensionless and scaled parameter that is an indicator of
homogeneity. The PDI of the CTX-PEGNP formula was 0.168 + 0.1,
which indicated good homogeneity, as a PDI value close to 0 suggests
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that the dispersion is homogeneous, whereas a value greater than 0.3
indicates high heterogeneity [48]. It was reported, a sample with an ex-
tremely broad size distribution and a PDI of > 0.7 is most likely unsuit-
able for dynamic light scattering (DLS) [49]. The surface properties and
stability of the nanosuspensions were investigated using zeta potential
analysis. The zeta potential of the preparations was —17.0 + 1.8 mv (S.
1B), which indicated that the system was sufficiently stable. NPs with
zeta potentials between —10 and + 10 mV are neutral, but NPs with
zeta potentials greater than +10 mV or lesser than —10 mV are
strongly cationic or strongly anionic, respectively [49].

This size is not considered the optimum size for cell membrane in-
ternalization. However, these sizes can penetrate the cell membrane ef-
ficiently. Several studies have shown that NPs internalized well when
smaller than 50 nm, while the NPs uptake decreased for smaller
(15-30 nm) and bigger (70-240 nm) particles [50]. This size is consid-
ered larger size which could be internalized by phagocytosis. Phagocy-
tosis is the process of specialized mammalian cells called phagocytes
taking up detritus, germs, or other large solutes [51]. Studies show that
a smaller microsphere can attach to cells faster and stronger. [52,53].
Other studies have demonstrated that particles of smaller size directly
contribute to the rapid internalization of particles by cells [54]. When
compared to spherical particles, microrod particles were more success-
ful in inducing non-specific cellular uptake, as seen by higher apoptotic
signal and proliferation inhibition, as well as increased apoptosis [55].
Following endocytosis, it has been observed that various particles spa-
tially segregate in the cytoplasm depending on their size and shape
[56]. A study using spheres and elliptical disks of varied sizes
(0.1-10 m) and forms (spheres vs. elliptical disks) suggests that spheres
were endocytosed more swiftly, whereas disks circulated longer in the
blood with a greater targeting specificity in mice [55,57].

3.2. The entrapment efficiency

The percent entrapment efficiency (EE%) indicates the amount of
drug that can be entrapped in the polymer matrix in the dispersed state,
which describes the drug miscibility limit in the polymer. Due to the
poor solubility of CTX in the external aqueous phase, reasonable EE%
values were obtained for the prepared NPs which found to be
60.5 += 1.3%. CTX is practically insoluble in distilled water and phos-
phate buffer (pH 7.4) at 37.5 °C. The enhanced solubility of CTX can be
explained by the adjustment of the nano-formulation of CTX in poly-
meric NPs. These results agree with those of Ranneh et al. who used sur-
factants to improve the solubility and stability of a water-insoluble anti-
cancer medication in liquid crystalline-phase NPs due to NP formation
[58]. In addition, the EE% were similar with that obtained by Abdellatif
et al., [7] who obtained maximum entrapment of CTX in a sodium algi-
nate polymer between 40% and 65%. There is no limit to EE%, as it usu-
ally depends on drug solubility (the soluble drug has the low EE% and
vice versa). Also, depend on the polymer ratios, the higher polymer ra-
tio, the low EE%. Moreover, the EE% of CTX in PEGNPs was not high
enough, this is due to the certain solubility of CTX in aqueous media
which let CTX to escape from PEGNPs [59]. Khaira et al. also showed
drug contents ranged from 50 to 70% for different types of nanoparticle
formulations. They found that increasing the drug polymer ratio (1:5)
increased the drug content. Meanwhile the drug content could be re-
duced due to the polymer's separation capacity [60].

3.3. Morphological analysis using TEM

The TEM images of the CTX-PEGNPs showed that the particles were
spherical in shape and that CTX was dispersed as small dark strips in the
polymer matrix (Fig. 1B). However, no agglomerations were observed,
and the size was 269 nm. These measurements were greater than those
revealed by DLS, which indicated the particle size to be only
253.7 + 0.3 nm [7,39,61,62]. Both methods of measurement indicated
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different sizes of the NPs because both methods have different sample
processing steps. In the case of DLS, the hydrodynamic diameter of the
particles in dispersed phase is measured, which includes a surrounding
layer of the solvent. On the contrary, in TEM/scanning electron mi-
croscopy, the samples are dried, resulting in particle aggregation and
consequent increase in particle size, unless the sample is monodisperse.
[63].

3.4. Differential scanning calorimetry (DSC)

The thermal analysis of the pure CTX drug had an endothermic peak
at 82.6 °C that began at 50.7 °C and ended at 98.5 °C; this peak due to
the melting point of CTX (S2. A). The endothermic peaks showed after
200 °C may due to some impurities in the raw materials. These data are
agreed with our previously resorted data [7]. PEG-4000 showed an en-
dothermic peak at 66.4 °C due to its melting point which agreed with
previously reported data [46] (S2. B). Pure glycerol showed an en-
dothermic peak at 304.4 °C, which represented the melting point of
glycerol (S2. C) [64]. CTX-PNs showed a sharp endothermic peak that
began at 66.5 °C, which is related to the formulated NPs (S2. D). These
results indicated that no physical interaction between CTX, PEG-4000,
and glycerol, which confirm that the CTX-PNs can release CTX freely,
moreover, the prepared CTX-PNs can be a good formula for delivery of
CTX [7].

3.5. Fourier-transform infrared spectroscopy (FTIR)

FTIR of CTX showed absorption band at around 3065.25 to
3119.94 cm™! is associated with the stretching vibration of (N—H and
O—H). The peaks at 1553 and 1633 cm™! reveal the presence of
(C=CQ) stretching and carbonyl (C=0) groups, respectively. These re-
sults confirmed that CTX has carboxylic acid, and oxygen-containing
functional groups. The peak at about 1530.48 cm™! is corresponded to
the stretching and bending vibration bands of N—H. Moreover, the ab-
sorption bands at 2937.1, 1423.85 and 1324 cm™! can be assigned to
the stretch of vibration (C—H, C=C and C—C), respectively, indicat-
ing the presence of alkyl and aryl groups [65] (S3. A). The PEG-4000
displayed absorptions mainly as a result of the presence of a primary al-
cohol. As illustrated in (S3. B), the methylene group present in PEG-
4000 vibrates in the stretching mode at a frequency of 2882.14 cm™1.
The absorption band at 1466.21 cm™! is due to binding vibration of
—CH,. Moreover, the primary alcohol showed the —~C-O stretching vi-
bration, a strong band around 1359.41 cm~! and 1279.02 cm™! [66].
The pure glycerol showed peaks of several functional groups. The
O—H stretching frequency showed at 3283.31 cm~!. O—H bending
was observed at 1031.46 cm~!, while the peak at 2932.11 and
2878.48 cm! could be attributed to C=C (S3. C) [67]. FTIR was used
to examine the drug interaction between CTX, PEG-4000, and glycerol.
Absorption bands showed no prominent interaction between the CTX,
PEG-4000, and glycerol in physical mixture (S3. D) or formulated CTX-
PNs (S3. E). CTX, PEG-4000, and glycerol physical mixture showed
similar absorption bands as their raw materials [36,37]. Some peaks of
CTX were also disappeared in CTX-PNs absorption band which con-
firmed the entrapping of CTX in NPs.

3.6. Evaluation of in vitro anticancer biological activities

3.6.1. Antiproliferative activity

We compared the antiproliferative and inhibitory cytotoxic effects
of CTX-PEGNPs to those of free CTX administration using an MTT assay
in both lung (A549) and breast (MCF-7) cancer cell lines. The median
inhibitory concentration (ICsp) are shown in Fig. 2A, and the cell viabil-
ity values are summarized in Fig. 2B for cell line A549, and Fig. 2C for
cell line MCF-7. Our results showed that CTX-PEGNPs caused dose-
dependent inhibition of A549 and MCF-7 cell proliferation after 48 h
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Fig. 2. Cytotoxic effects of chemotherapeutic agents on A549 and MCF-7 cell
lines indicated by ICsq values. The cells were subjected to a treatment (48 h)
with increasing concentrations of anticancer drugs (A). Cell viability of A549
(B) and MCF-7 (C) cancer cell lines treated with anticancer drugs, CTX-PEGNPs
were significant in *p < 0.05, **p < 0.01 compared with free drug.

treatment. The results also showed differential effects of free CTX and
CTX-PEGNPs on the A549 cancer cell line, with ICs, values of 2.26 pg/
mL and 1.83 pg/mlL, respectively. Furthermore, CTX-PEGNPs had a
lower ICsp of 1.12 pg/mL in MCF-7 cells than that observed in the case
of CTX alone (2.28 pg/mL). The biological features of NPs, such as cyto-
toxicity and cellular uptake, are significantly influenced by their sur-
face area. Pan et al. [68] demonstrated that NPs can cause cell death via
oxidative stress, and very little cytotoxicity [69]. Our findings are in
line with those of Chen et al. [70] who studied the antitumor efficacy of
the CTX loaded chitosan NP for drug delivery method on different cell
lines and demonstrated that CTX-chitosan-NPs were significantly more
effective than free drugs in inhibiting growth and proliferation. Fur-
thermore, flow cytometry analysis of the cell cycle conducted in their
study revealed that NPs had a greater capacity for intracellular uptake
than free drugs administered at the same concentration, which was at-
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tributed to the co-delivery of NPs exhibiting a uniform distribution and
a sustained release profile [70].

3.6.2. Gene expression in lung and breast cell lines

The results showed that the expression levels of p21 were signifi-
cantly decreased in cancer cells treated with CTX-PEGNPs, and CTX
when compared with those of negative cancer cell (non-treated cell
lines) (Fig. 3A). The p21 gene is found on chromosome 6p21.2 and is a
putative tumor suppressor gene linked to the development of a variety
of cancers, including lung cancer. The protein p21 regulates cell cycle
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Fig. 3. (A) Effects of CTX, and CTX-PEGNPs treatment on p21 expression in
A549 and MCF-7 cell lines. Gene expression levels were standardized using the
housekeeping gene f-actin. The data are presented as mean and standard error
of the mean (SEM). (B) The change in stathmin-1 expression in breast cancer cell
line treated with CTX, and CTX-PEGNPs. Expression levels were standardized
using the expression of the housekeeping gene f-actin. Data are presented as
mean = SEM. *p < 0.05, **p < 0.01 or ***p < 0.001 denote statistically signifi-
cant differences compared with free CTX.



A.A.H. Abdellatif et al.

and apoptosis; therefore, it is a candidate for establishing molecular
links between pathways that react to EGFR inhibition and CTX [71].
When DNA damage occurs, a buildup of p21 causes the cell cycle to get
arrested at the G1/S or G2/M checkpoint, allowing the cell enough time
to repair the damage. This occurs through both p53-dependent and -
independent processes [71]. We found that CTX drove the cell cycle to
enter the S phase and, as a result, p21 expression decreased. Addition-
ally, CTX-PEGNPs downregulated p21 expression, and the cells showed
a high apoptotic rate when compared with that of the cells treated with
CTX alone.

Studies on mRNA-protein relationsips have shown a poor correla-
tion between mRNA and protein expression levels [72]. Gene transcrip-
tion activity does not necessarily indicate protein synthesis. Many fac-
tors affect the relationship between these processes, such as time and
the absence or availability of biological supplementary factors [72].
The p21 protein interacts with and suppresses the transcription factor
STAT3 [73], which is consistent with the hypothesis that STAT3 path-
way modification by CTX-PEGNPs sensitizes the cells to EGFR inhibi-
tion. In fact, chemical suppression of the STAT3 pathway was demon-
strated to promote CTX-induced apoptosis [74]. Similar results were
obtained from the gene expression analysis of stathmin-1 in MCF-7 cells;
stathmin-1 was significantly overexpressed in untreated breast cancer
cells compared with CTX-PEGNP, and CTX -treated cells (Fig. 3B). Fur-
thermore, CTX-PEGNPs demonstrated less downregulation of p21 and
stathmin-1 in both A549 and MCF-7 cell lines than free CTX. Stathmin-1,
also known as oncoproteinl8 (Op18), is a microtubule-destabilizing
protein that binds to tubulin heterodimers and modulates microtubule
dynamics [23]. Microtubules function in a variety of biological activi-
ties, including cell proliferation, cell cycle progression, intracellular sig-
nal transduction, chemical transport, and cell motility. This suggests
that CTX-PEGNPs can influence cytotoxicity and the expression levels
of genes related to cancer progression and is a possible treatment ap-
proach for improving lung and breast cancer prognosis [23]. Stathmin-1
expression was significantly elevated in carcinoma tissues and is nega-
tively linked to the extent of carcinoma differentiation. Stathmin-1 over-
expression has been implicated in many human cancers, human breast
cancer, and NSCLC [75,76]. Wang et al. [77] discovered stathmin-1
overexpression in cancer cells as well, which was linked to lymph node
metastases, the advanced TNM stage, and other clinical characteristics.
Other in vitro investigations revealed that stathmin-1 overexpression en-
hances cancer cell proliferation, adhesion, and metastasis, while
xenograft experiments showed that stathmin-1 overexpression en-
hanced mouse tumor burden and promoted cancer lung metastasis
[78].

Fibronectin is a scaffolding protein that plays an important function
in anaplastic cancer/tumor growth and metastasis. Silencing FAK with
targeted siRNA dramatically reduced KYSE 170-STMNT1 cell adhesion,
invasion, and migration. This finding revealed that the degree to which
stathmin-1 promotes metastasis is dependent on increased integrin51/
FAK pathway activity in cancer cells. Furthermore, the protein levels of
integrin51/FAK in stathmin-1-silenced cells were reduced, suggesting
that the activation of the integrin51/FAK pathway is regulated by the
level of stathmin-1 protein [79].

Table 2
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3.6.3. DNA damage in lung and breast cancer cell lines treated with CTX-
PEGNPs

Single-cell gel electrophoresis, commonly known as comet assay, is
used to detect DNA damage in individual eukaryotic cells. The comet
assay can be applied to a wide range of medications and rapidly deliv-
ers reliable findings with minimal criteria [80]. We used comet assay to
assess the response of both A549 and MCF-7 cell lines to CTX-PEGNPs
and free drug treatments. These drugs had different effects on the dif-
ferent cancer cell types, illustrating the diversity of cancer types (Table
3:). Our findings revealed that the cells treated with CTX-PEGNPs
showed the highest values of DNA damage in A549 and MCF7cell lines,
with percentages of 19.25 + 0.85% and 20.25 * 1.12% (Table 3:),
when compared with that of the cells treated with CTX alone (Figs. 4A-
D), respectively. Comet assay visualization scores for (Fig. 4A) normal
DNA (class 0) and damaged DNA (Class 1) and (Fig. 4B) damaged DNA
(classes 2 and 3) in A549 lung cancer cell line treated with CTX-PEGNP,
and CTX free drug. Comet assay visualization scores for (Fig. 4C) nor-
mal DNA (class 0) and (Fig. 4D) damaged DNA (classes 1, 2, and 3) in
MCF-7 breast cancer cell line treated with CTX-PEGNPs, and CTX free
drug. Comet visual scoring was determined on a five-point scale rang-
ing from O to 4. In a grade-4 comet cell, all the DNA is in the “tail,”
whereas in a grade-0 comet cell, all the DNA is in the “head.” These
comet counts provided a quantitative measure for 100 cells on a scale of
0 to 4. Furthermore, a high score indicated that the cells were de-
stroyed, with most of the DNA in the tail. A drop in the score indicated
unfragmented cells [81]. Our findings are similar to those of Mirzaie et
al., who reported DNA fragmentation in MCF-7 cells treated with DTX-
CS-NPs, which was a characteristic morphological indication of apopto-
sis [82].

The uptake of CTX-PEGNPs by cells can be considerably influenced
by the NP size, concentration, and cell type [50,83]. Our in vitro model
using A549 and MCF-7 cells indicated that CTX-PEGNPs significantly
increased DNA damage, which might be attributed to increased particle
uptake by cells via bioadhesion, prolonged release, and EGFR-mediated
endocytosis when compared to that of treatment with CTX alone. Addi-
tionally, our results are consistent with those reported by Garanti et al.
who found increased cytotoxicity and DNA damage in U87 MG cells due
to the increased absorption of Asiatic acid loaded with RGD-decorated
solid lipid NPs [84]. In our study we confirm that the NPs of size 253
nm can internalized efficiently. Hoshyar, Gray et al. 2016 [87] reported
that the NPs of size range of (30 - 500 nm) can be internalized depend-
ing on the size of particles, with larger particles having reduced inter-
nalization. Lu, Wu et al. 2009 [88] stated that the cellular uptake is con-
sidered particle-size-dependent in the order (50 > 30> 110 > 280 >
170 nm). A 50-nm NPs size was approximately taken up 2.5 times
greater compared to 30-nm, 4 times with respect to 110-nm NPs, and 20
times in comparison to 280-nm NPs. Furthermore, Kulkarni and Feng
2013 [89] confirmed the higher cellular uptake efficiency of 200 nm
NPs by Caco-2 and MDCK cells after 2 h incubation, compared to 500
nm NPs which showed reduced internalization and cellular uptake.

3.6.4. Measurement of DNA fragmentation in A549 and MCF7 after CTX-
PEGNP treatment

Random breakage of DNA in necrotic cells results in a diffuse smear
during DNA electrophoresis. Thus, DNA gel electrophoresis was applied
to establish the mechanism of cell death that could be triggered by CTX-

Rate constants and correlation coefficients for all formulations using zero-order, first-order, Higuchi, and Hixson-Crowell equations.

Brand Zero-Order First-Order

Higuchi Diffusion model

Hixson-Crowell

2 2

Release rate constant I
(hr 1)

Release rate constant (%.hr™1) T

Release rate constant (%.hr!/2) r

2 2

Release rate constant (%!/3.hr 1) r

CTX-PNs  5.147 0.878  0.887

CTX 0.500 0.883  0.047 0.835

0.862 35.233 0.950  0.200 0.957
8.797 0.976  1.003 0.889
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Fig. 4. Comet assay visualization scores for (A) normal DNA (class 0) and damaged DNA (Class 1) and (B) damaged DNA (classes 2 and 3) in A549 lung cancer cell
line treated with CTX, CTX-PEGNP. Comet assay visualization scores for (C) normal DNA (class 0) and (D) damaged DNA (classes 1, 2, and 3) in MCF-7 breast cancer

cell line treated with CTX, CTX-PEGNPs.

PEGNPs. Late apoptosis is characterized by DNA fragmentation and nu-
clear condensation [85].

The rates of DNA fragmentation in A549 and MCF-7 cancer cell lines
are summarized in Table 4: and shown in Fig. 5A and B. The results

Table 3
Visual score of DNA damage in lung and breast tumor cell lines treated with
CTX, and CTX-PEGNPs.

Treatment No. of cells Class** DNA damaged

cells %
(Mean + SEM)

No of Analyzed* Comets 0 1 2 3
samples

Lung tumor cell lines (A549)

Cancer cell 4 400 38 362 23 11 4 950 + 1.554
lines
(=ve)

CTX 4 400 53 347 31 14 8 13.27 + 0.87¢

CTX- 4 400 77 323 27 21 29 19.25 + 0.85)
PEGNPs

Breast tumor cell lines (MCF-7)

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

CTX 4 400 61 339 30 19 12 15.26 * 1.49¢

CTX- 4 400 81 319 34 22 25 20.25 + 1.12°
PEGNPs

*: Number of cells examined per a group, **: Class 0 = no tail; 1 = tail
length < diameter of nucleus; 2 = tail length between 1 X and 2 x the diame-
ter of nucleus; and 3 = tail length > 2 x the diameter of nucleus. Means with
different superscripts (a, b, ¢) between treatments in the same column are sig-
nificantly different at P < 0.05.

showed that DNA fragmentation values increased significantly in both
cancer cell lines when compared with that of the negative control.
Moreover, the DNA fragmentation rates observed in A549 and MCF-7
cells treated with CTX-PEGNPs were 20.4 = 0.33 and 21.5 *+ 0.20, re-
spectively, which were substantially greater than those in free CTX-
treated A549 and MCF-7 cells. In our study, no ladder development was
observed in untreated cells, which indicated that the cytotoxic effect of
CTX-PEGNP treatment promoted the development of apoptotic DNA
fragments. These results showed that the effects of the CTX-PEGNP
treatment on A549 and MCEF-7 cell lines were mediated by an apoptotic
mechanism. Additional research is needed to investigate the biological
and apoptotic effects of CTX-PEGNPs, as well as the chance of causing
necrotic cell death in cancer cells. Many anticancer medicines, includ-
ing cladribine, cisplatin, and 5-fluorouracil, have been demonstrated to
have both apoptotic and necrotic effects. When a cell dies from necro-
sis, the plasma membrane loses its integrity, which allows the cytoplas-
mic contents to leak into the extracellular environment and produce an
inflammatory response [86] (.

)

However, we have confirmed our p21's qPCR data in A549 lung can-
cer cells & stathmin's qPCR data in MCF-7 brest cancer cells using the
DNA fragmentation procedure and commet assays, as we tried to dou-
ble confirm that our new formula has positively impacted the expres-
sion of both genes in two different types of cancer cells, therefore, posi-
tively impacted the DNA damging and the apoptic processes as well.
Thus, compared to our positive and negative control we thought the
current qPCR plus DNA fragmentation & single-cell gel electrophoresis
(commet assays) would be enough to prove the modified formula effect.
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Fig. 5. Agarose gel shows the DNA fragmentation proceeded within the two
used cell lines (A549/MCF-7). Each cell line has the positive, negative con-
trol and the CTX-PEGNPs formula. A) Show the qualitative data of DNA frag-
mentation in A549 lung cancer cell lines, DNA from untreated samples, Lane-
1 (9.1%), Free CTX drug treated samples, Lane-2 (14.3%) and CTX-PEGNPs
for 24 h, Lane-3 (20.4%), lane-M 100 bp DNA ladder marker. B) Show the
qualitative data of DNA fragmentation in MCF-7 breast cancer cell lines,
DNA from untreated samples, Lane-1 (10.2%), free CTX drug treated sam-
ples, Lane-2 (15.6%) and CTX-PEGNPs for 24 h, Lane-3 (21.5%), lane-M
100 bp DNA ladder marker.
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Table 4
DNA fragmentation detected in lung and breast cancer cell lines treated with
CTX, and CTX-PEGNPs.

Treatment DNA Fragmentation % Change Inhibition
M + SEM

Lung breast tumor cell lines (A549)

Cancer cell lines (—ve) 9.1 + 0.23¢ 0 0

CTX 14.3 + 0.41b 5.2 -62.86

CTX-PEGNPs 20.4 + 0.33b 11.3 -19.29

Breast tumor cell lines (MCF-7)

Cancer cell lines (—ve) 10.2 + 0.26¢ 0 0

CTX 15.6 + 0.25°¢ 5.4 —-64.47

CTX-PEGNPs 21.5 = 0.20° 11.3 -25.65

Means with different superscripts (a, b, ¢) between treatments in the same col-
umn are significantly different at P < 0.05.

4. Conclusions

Homogeneously dispersed NPs were synthesized with acceptable
size and stability and which consistently exhibited low PDI values using
a simple and easily reproducible method. CTX-PEGNPs had a consider-
able effect on the outcomes according to the findings of both cancer cell
lines. In addition, a significant downregulation of the p21 expression in
the A549 cell line and that of stathmin-1 expression in the MCF-7 cell
line was demonstrated as an important factor for cell proliferation, dif-
ferentiation, and death. Furthermore, the cytotoxic effect of CTX-
PEGNP treatment induced the development of apoptotic DNA fragmen-
tation. Based on these results, additional clinical trials should be con-
ducted to study CTX-PEGNP formulation as a potential treatment
modality for different cancer types.
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