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ABSTRACT

Lung cancer is the number one killer among all cancer types. For decades, clinicians have been using con-
ventional chemotherapeutics, but they can’t rely on them alone anymore, because they poison bad cells
and good cells as well. Researchers exploited nanotechnology as a potential tool to develop a platform for
drug delivery to improve therapeutic efficiency. A quality by design synthesis of gefitinib-loaded starch
nanoparticles (Gef-StNPs) has emerged as an essential tool to study and optimize the factors included in
their synthesis. Therefore, we applied design of experiment (DOE) tools to attain the essential knowledge
for the synthesis of high-quality Gef-StNPs that can deliver and concentrate the gefitinib (Gef) at A549
cells, thereby improving therapeutic efficacy and minimizing adverse effects. The in vitro cytotoxicity
after exposing the A549 human lung cancer cells to the optimized Gef-StNPs was found to be much
higher than that of the pure Gef (ICso = 6.037 £ 0.24 and 21.65 + 0.32 pg/mL, respectively). The optimized
Gef-StNPs formula showed superiority over the pure Gef regarding the cellular uptake in A549 human
cell line (3.976 £ 0.14 and 1.777 £ 0.1 pg/mL) and apoptotic population (77.14 + 1.43 and 29.38 + 1.11
%), respectively. The results elucidate why researchers have a voracious appetite for using natural
biopolymers to combat lung cancer and paint an optimistic picture of their potential to be a promising
tool in battling lung cancer.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

annual deaths far outnumber prostate, breast, and colon cancers
combined (Sukumar et al.,, 2013). These data urge researchers to

Cancer has become a major hot spot for research due to its
debilitating effect on human health and crippling effect on govern-
ments’ economies. The U.S. government alone has spent over $100
billion on cancer research since the 1970s with limited progress
regarding patients’ survival. Cancer is the major cause of death
globally after heart diseases. The WHO reported 10 million deaths
from cancer in 2020. Among all cancer types, lung cancer is the
main cause of cancer death (Bade and dela Cruz, 2020). Lung can-
cer alone is responsible for 25% of all cancer deaths. Lung cancer
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figure out a solution to save patients’ lives.

So far, scientists are suffering a defeat in the battle against lung
cancer, because they are doing a terrible job of using conventional
chemotherapeutics which are vulnerable to degradation by the
acidic environment of the stomach, and by enzymes in the blood-
stream. Besides, the body barriers hinder cancer drugs from reach-
ing their targets. Therefore, exposing patients to off-target actions
“hurt normal cells”. The side effects of cancer drugs are crisis on
top of crisis for cancer patients because the patient suffers from
the adverse effects of cancer drugs besides the cancer itself. There-
fore, traditional cancer drugs give us a false sense of security in
combating lung cancer, and they are among the worst performers
(Anand et al., 2022).

The rapid development of nanomedicine research has offered
some grounds for optimism (Martins et al., 2020; Wolfram and
Ferrari, 2019). Cancer drugs without nanoparticles are quickly
washed out of the body through the kidneys (Peterson et al.,
2017), so they don’t have time to reach the tumor, but if we place
them inside nanoparticles, they won’t get washed out by the body,
having more time to find the tumor. Therefore, nanoparticles take
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center stage in the therapy of lung cancer. Moreover, they could
minimize the adverse effects of traditional cytotoxic drugs and
could help cancer patients tremendously. However, a major chal-
lenge of many nanoparticle types being labeled by the body as for-
eign. Therefore, they got stuck inside the liver and destroyed.
Natural nanoparticles are less likely to be engulfed by immune
cells in the liver, they are capable to escape the liver barrier
(Anand et al., 2022; C. H. Lin et al., 2017). They don’t get recognized
by the liver and end up inside the heart of the tumor.

Gef is an orally administered drug that inhibits the tyrosine
kinase domain of the epidermal growth factor receptor(Jeannot
et al., 2018). Gef is a first-line therapy against locally advanced
or metastatic non-small cell lung cancer that has been granted
FDA approval in 2015(Q. Lin et al., 2017). However, the downsides
of oral Gef are tremendous. First and foremost, it can’t effectively
target tumor tissue due to slow intestinal absorption, poor water
solubility, and poor bioavailability which will compromise the
therapeutic efficacy (Garizo et al., 2021). Second, Gef has a large
volume of distribution which will extend its adverse effects: hepa-
totoxicity, interstitial lung disease, and skin toxicity (Galimont-
Collen et al., 2007), and finally, lead to therapy withdrawal. There-
fore, it is crucial to develop an effective and safer formulation of
Gef.

Biopolymers-based nanoparticles could infuse researchers, and
hence patients with optimism regarding their safety, biocompati-
bility, biodegradability, and efficacy.

Starch is the most abundant biopolymer in nature second to cel-
lulose. Soluble starch is utilized to prepare StNPs to convert poorly
soluble, poorly absorbed, highly toxic Gef into more water-soluble,
more absorbed, and safer and more effective anticancer drug
(Wang et al., 2020; Xia et al., 2020; Aghda, n.d.; Wang et al.,
2020; Xia et al., 2020). Contrary to Gef therapy alone, nanoparticles
could identify the bad cells and save the healthy ones. Thanks to
the enhanced permeation and retention effects (EPR), the so-
called passive targeting, which relies on the existence of fenestra-
tions in the tumor blood vessels (in the endothelium). These fenes-
trations permit the passage of the nanoparticles into the cancer
cells (enhanced permeability). Furthermore, the lack of lymphatic
drainage in the tumor tissue makes it impossible to recapture these
nanoparticles (enhanced retention). Thereby, nanoparticles could
guide the Gef to the tumor tissue, leading to better anticancer effi-
cacy. Besides, the nanoparticles enable us to overcome the major
challenge in cancer therapy which is improving the amount of drug
reaching the tumor in order to have an effective therapy while lim-
iting the harm to healthy organs (K. Chen et al., 2018; Iyer et al,,
2006).

There are a lot of techniques by which StNPs could be prepared,
of these, nanoprecipitation is the most favorable due to its simplic-
ity, reproducibility, and the use of eco-friendly chemicals (Chin
et al.,, 2011; El-Sheikh, 2017). Soluble starch is cross-linked with
sodium tripolyphosphate (TPP) via phosphorylation process to pro-
duce new materials such as monostarch monophosphate or dis-
tarch monophosphate, both display anionic character owing to
the phosphate group (Carmona-Garcia et al., 2009; da Silva
Miranda Sechi and Marques, 2017; Manoi and Rizvi, 2010). Many
researchers prepared drug-loaded StNPs using harmful solvents
to dissolve starch such as sodium hydroxide, urea, hydrochloric
acid, or sulfuric acid (El-Naggar et al., 2015; Gutiérrez et al,,
2020; Kim et al., 2017). Herein, we designed StNPs with an
environment-benign solvent where hot water is used as the sol-
vent for starch.

A full factorial design was implemented as a strategy to
improve the synthesis of Gef-StNPs and to predict the optimum
formula. The desired formula was characterized for drug content,
entrapment efficiency (%EE), particle size (PS), transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), and
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in vitro release studies. It was also subjected to physicochemical
characterization using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and differential scanning calorime-
try (DSC) to examine the possible interaction between Gef and
StNPs. In vitro cell line study illustrated that Gef-StNPs improved
cellular drug uptake, inhibited cell growth, and induced apoptosis
of A549 cells much more than the pure Gef.

In this piece of work, we exploited the nature’s own nanoparti-
cles to combat lung cancer, where starch was used as a nanocarrier
for the cytotoxic drug “gefitinib” and the results were promising.
The Gef-StNPs showed superior cellular drug uptake, cytotoxicity,
and higher apoptotic population.

We investigated nanotechnology as a platform for delivery of
gef into A549 human lung cancer cells. Furthermore, we utilized
a quality by design approach to spot the optimum formula that
is capable of localizing the gef inside the tumor cells. What distin-
guishes this work from the previous publications is the use of
environment-benign solvent where water was used as the solvent
for starch during the synthesis of starch nanoparticles, while all the
reported methods in the fabrication of starch nanoparticles used
harmful solvents like sodium hydroxide, hydrochloric acid, urea,
and sulfuric acid.

2. Materials and methods
2.1. Materials

Soluble starch was provided by Starch and Glucose Company,
Egypt. Gefitinib was kindly gifted by King Saud University, Saudi
Arabia. Tween® 80 (polyethylene sorbitan monooleate) and
Sodium tripolyphosphate (TPP) were obtained from Sigma-Aldrich
Chemie GmbH (Germany). Phosphate buffer saline (FBS) was pre-
pared from disodium hydrogen phosphate and potassium dihydro-
gen phosphate. An analytical grade absolute ethanol was used.

2.2. Method of Gef-StNPs preparation

Cross-linked starch nanoparticles were prepared by antisolvent
nanoprecipitation technique as follows:

First, 250 mg soluble starch was dissolved in 10 mL water to
form a paste. Next, 25 mL of boiling water was added to the paste
and gave a cloudy or milky solution. Then, 100 mg Gef dissolved in
10 mL water containing different amounts of Tween® 80 (25 mg,
50 mg, 100 mg) was added to the starch solution. After that,
5 mL of water containing different amounts of TPP was added to
the solution, and the solution was magnetically stirred for 1 h at
a rate of 1500 rpm and temp. of 25 °C. The produced Gef-StNPs
were precipitated by the addition of 50 mL ethanol. The obtained
powder was centrifuged and washed twice with 80/20 ethanol/wa-
ter to sweep the unreacted compounds and finally with ethanol. In
the final stage, the nanoparticles were centrifuged for 1 h at
4500 rpm to isolate them. In the end, the supernatant was captured
to determine the Gef encapsulation indirectly. The freeze-dried
nanoparticle powders were kept in closed containers for further
investigation.

2.3. Experimental design

Design of experiment (DOE) was used as a statistical tool to help
study and understand the impact of the factors (alone and com-
bined) on the responses (the product) and enable us to optimize
the responses and analyze the studied factors. Studying of each fac-
tor is a tedious and time-consuming process. Thus, a full factorial
design can overcome these drawbacks by optimizing the factors
collectively at the same time, therefore reduces the total number
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of experiments required for achieving the optimization of the pro-
cess (Aref Shokri, 2019; Shokri, 2020, 2018). The main and interac-
tive effects of the 2 experimentally studied factors “TPP and
Tween” were investigated through the model equations designed
by a three-level full factorial design. The predicted results from full
factorial design model showed high values of R? revealing an
agreement with the experimental data and reflecting the suitabil-
ity of the full factorial design model (Arenas et al., 2007; Gottipati
and Mishra, 2010; Seyed Shahabadi and Reyhani, 2014).

Three-level two-factor full factorial design (32) was proceeded
utilizing the JMP® (version 16, SAS, USA) to study the effects of
independent variables: TPP and Tween® 80 on the responses: PS,
%EE, and %release to determine the optimum formula. J]MP® ana-
lyzed the results to statistically explore the data and to visualize
the findings.

2.4. ZEntrapment efficiency (%EE)

1 mL of the supernatant was diluted to 10 mL methanol and the
absorbance was measured spectrophotometrically (Shimadzu
1601; Shimadzu, Kyoto, Japan) at 250 nm using methanol as blank.
The amount of free Gef in the supernatant was calculated. The
amount of Gef entrapped was identified by subtracting the amount
of free Gef in the supernatant from the initial amount of Gef (El-
Naggar et al., 2015). The experiment was executed in triplicate
for each formula and the average was calculated. The %EE is calcu-
lated as follows:

%EE = (Total Gef — Free Gef) /Total Gef x 100 (1)

2.5. In vitro release study

The Gef release from the nanoformulations was conducted in
triplicate by using type 2 USP apparatus. Accurately weighed
Gef-StNPs equivalent to 5 mg Gef were placed in 900 mL FBS of
pH 5, stirred at a rate of 100 rpm, and temperature of 37 °C. At pre-
determined time intervals (between 5 and 60 min) 4 mL sample
was withdrawn and substituted with 4 mL fresh FBS. The amount
of Gef released was determined by measuring the absorbance
using a UV spectrophotometer (Shimadzu 1601; Shimadzu, Kyoto,
Japan)) at 250 nm wavelength. The maximum %release was noted
after 60 min. Therefore the %release of all the nanoformulations
was recorded at this point of time.

2.6. Characterization

2.6.1. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the pure Gef, starch, TPP, plain StNPs, and Gef-
StNPs were recorded by Thermo Scientific Nicolet iS50 FTIR spec-
trometer, USA. KBr was mixed with the grounded dried sample
and compressed into a pellet. FTIR spectra were obtained in the
wavenumber range from 4000 cm~' to 400 cm™! (Liu et al., 2017).

2.6.2. Particle size (PS) and morphological characterization by DLS,
transmission electron microscopy (TEM), and scanning electron
microscopy (SEM)

All batches were evaluated for PS (nm) and polydispersity index
(PDI) using the dynamic light scattering technique (Zetasizer Nano
series Nano-ZS, Malvern Instruments, Malvern) at a scattering
angle of 90° and a temperature of 25 °C.

The size and shape of the optimum formula were analyzed
using TEM (JEOL, JEM-2100, Japan). One drop from diluted
nanoparticles suspension was placed on a copper grid and allowed
to dry. Morphological investigation of plain StNPs and Gef-StNPs
was done by using SEM (Quanta FEG-250 SEM instrument, USA)
(Xia et al., 2017).
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2.6.3. Thermal analysis

2.6.3.1. Differential scanning calorimetry (DSC). DSC identifies the
chemical interaction of Gef and StNPs. DSC measurements were
carried out by LABSYS evo Setaram, France. 2-10 mg samples were
laid on aluminum pans and sealed. The probes were exposed to
temperatures from 25 to 250 °C at a rate of 10 °C/min under an
atmosphere of nitrogen (Liu et al., 2017).

2.6.3.2. X-ray diffraction (XRD). XRD analysis was employed to
detect the crystallinity of the pure Gef and the Gef-StNPs, which
was conducted using Bruker D8 discover diffractometer with cop-
per sealed tube X-ray source producing Cu-Ko radiation at a wave-
length of 1.5406 A°. The relative intensity data were collected over
the 20 range of 5-80° (Phillip Lee et al., 2009).

2.6.4. In vitro cytotoxicity

2.6.4.1. Cell viability assay. Yellow MTT (3-(4, 5-Dimethylthiazol-2-
yl)-2, 5- diphenyltetrazolium bromide, a tetrazole) is reduced to
purple formazan in the mitochondria of living cells. This reduction
occurs only with active mitochondrial reductase enzymes, and
therefore conversion is a key indicator of the number of viable
cells.

Cytotoxicity was determined in a cell line (A549) non-small cell
lung cancer (Nawah-Scientific, Cairo, Egypt). Cells were grown in a
DMEM medium supplemented with 10 % FBS, 100 units/mL of
penicillin, and 100 mg/mL of streptomycin(Garizo et al., 2021). Cul-
tures were maintained in a humidified atmosphere with 5 % CO, at
37 °C.

Each sample was diluted in DMEM complete media at 37 °C to
give a stock solution.

10 Concentrations of twofold serial dilutions were conducted.

Briefly, Confluent monolayers of cells were grown in 96 well-
microtiter plates for 24 hrs. Cells were incubated with various con-
centrations of the test samples in triplicate at 37 °C in a CO, envi-
ronment for 72 hrs. After that, gently added 20 pL 5 mg/mL MTT to
each well and incubated at 37 °C for 4 hrs. Then, the media was
carefully removed followed by the addition of 150 uL MTT solvent.
Covered with tinfoil and cells agitated on an orbital shaker for
15 min. Finally, the OD was measured at 570 nm in a microplate
reader (BMGLABTECH®FLUOstar Omega, Germany).

2.6.4.2. Evaluation of apoptosis by Annexin-V/PI staining assay. Flow
cytometry assesses the apoptotic pathways using Annexin V-FITC
apoptosis detection kit (Abcam Inc., Cambridge Science Park, Cam-
bridge, UK) coupled with 2 fluorescent channels flow cytometry.
After treatment with test compounds for 72 hrs and doxorubicin
(10 uM) for 48 hrs as a positive control, cells (10° cells) are col-
lected by trypsinization and washed twice with ice-cold PBS (pH
7.4). Then, cells were incubated with 0.5 mL of Annexin V-FITC/PI
solution for 30 min in dark at room temperature. After staining,
cells were injected via ACEA Novocyte™ flow cytometer (ACEA Bio-
sciences Inc., San Diego, CA, USA) and analyzed for FITC and PI
(Wang et al., 2010) fluorescent signals using FL1 and FL2 detector,
respectively (Aexjem 488/530 nm for FITC and Aexjem 535/617 nm for
PI). For each sample, 12,000 events were acquired and positive FITC
and/or PI cells were quantified by quadrant analysis and calculated
using ACEA NovoExpress™ software (ACEA Biosciences Inc., San
Diego, CA, USA).

2.6.4.3. Cellular drug uptake. Non-small cell lung cancer A549 cell
lines maintained in DMEM/RPMI-1640 media supplemented with
100 mg/mL of streptomycin, 100 units/mL of penicillin, and 10 %
of heat-inactivated fetal bovine serum in humidified, 5 % (v/v)
CO, atmosphere at 37 °C. Cells were seeded in a T25 flask (Greiner
bio-one, Germany) for 24 hrs. Then, cells were treated with fresh
media containing the predetermined drug concentration. Cells at



H. Amin, S.K. Osman, A.M. Mohammed et al.

a confluence of 80 % were harvested using trypsin/EDTA after the
requested time of incubation. Then, the pellet was obtained using
a cooling centrifuge.

HPLC analysis:

a) Standard preparation: Stock solution of Gef in methanol was
prepared then serial dilution to obtain the concentration of (0.1,
0.2,0.4,0.6,0.8, 1 pg/mL), filtered using 0.22 pm syringe filter then
100 pL were injected.

b) Sample preparation: 0.5 mL Acetonitrile added to each sam-
ple then vortexed for 1 min then sonicated for 30 min then cen-
trifuged for 15 min at 15,000 rpm, filtered using 0.22 pm Nylon
syringe filter then 100 pL was injected.

3. Results and discussion

3.1. DOE: Effect of TPP and Tween® 80 on the PS (nm), %EE, and %
release

DOE facilitates the simultaneous assessment of the impact of
TPP and Tween® 80 as well as their actual significance on the
selected responses. Table 1 describes the full factorial design.
Investigation of the effect of TPP and Tween® 80 revealed the sig-
nificant effect of TPP on PS (P-value = 0.0002), %EE (P-
value = 0.0012), and %release (P-value = 0.0003) (Fig. 1 a, b, and
c. . Similarly, Tween® 80 had statistically significant effect on PS
(P-value = 0.0004), %EE (P-value = 0.0020), and %release (P-
value = 0.0007), (Fig. 1 a, b, and c). Moreover, TPP and Tween®
80 had only a linear model, the P-values for TPP and Tween® 80
were 0.00025 and 0.00042, respectively. The interactive effect of
TPP and Tween®80 was insignificant (P-value = 0.43107) Fig. 2.
The experimental data had a high degree of correlation with the
predicted response, the PS actual vs the predicted plot had an R?
of 0.97 and a P-value of 0.0003, the %EE actual vs the predicted plot
had an R? of 0.94 and a P-value of 0.0017, and eventually the %re-
lease actual vs the predicted plot had an R? of 0.97 and a P-value of
0.0004 (Figs. 3a-3c). The statistical factorial approach optimized
the responses using the desirability function. The desirability is a
mathematical method used to spot the optimized formulation.
The optimization was set for minimum PS, maximum %EE, and
maximum %release. From factorial design we have selected F8
(TPP = 25 mg, and Tween®80 = 100 mg) as the optimum formula
(PS = 76 nm, %EE = 93.7 %, and %release = 99.3 %) with
desirability = 0.948 (Fig. 4.).

3.1.1. Effect of TPP on PS, %EE, and Zrelease

It is apparent from the cell plot in Fig. 5. that the PS ranges from
76 to 309 nm and manifests an upward trend with the rise in TPP.
An increase in TPP enlarges the PS (EI-Naggar et al., 2015). At TPP of
25 mg (F2, F8, F9), the mean PS was 125 nm. While at TPP of 50 mg
(F3, F4, F6), the mean PS rose to 179 nm, and at TPP of 100 mg (F1,

Table 1
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F5, F7), the mean PS skyrocketed to 259 nm, Fig. 6(a). The data dic-
tate that the PS booms with TPP elevation.

The %EE ranges from 57.4 to 93.7 %, Fig. 6(b). shows a down-
ward trend with the jump in TPP. At TPP 25 mg (F2, F8, F9), the
mean %EE was 87%, while at TPP 50 mg (F3, F4, F6), the mean %
EE dropped to 75%, and at TPP 100 mg (F1, F5, F7), the mean %EE
sank to 65%, Fig. 6(b). The data reveal a %#EE plunge with the rise
in TPP.

It is crystal clear that higher TPP enlarges the PS, and the PS has
a great influence on Gef entrapment, where the smallest particles
have a large surface area, and hence catch more drug inside the
nano-truck, while large particles unable to enter the core of StNPs.
Therefore, a significant enhancement in Gef encapsulation was
observed with the lowest TPP concentration.

Finally, TPP shows a great impact on Gef release from StNPs. %
Release ranges from 61.7 to 99.3 %, Fig. 6(c). shows a downward
trend with increasing TPP. At TPP 25 mg (F2, F8, F9), the mean %re-
lease was 90%, while at TPP 50 mg (F3, F4, F6), the mean %release
fell to 81%, and at TPP 100 mg (F1, F5, F7), the mean %release
shrank to 68%. The data conclude that the %release contracted with
higher TPP. This shrinkage illustrates that lower TPP concentration
led to small PS (large surface area), and hence the particles dissolve
easily. Furthermore, soluble starch is entirely cross-linked at low
TPP and results in a high molecular weight structure with wide
pores, and therefore high release. Conversely, higher TPP leads to
a highly cross-linked starch network, which consequently hinders
Gef release.

The response surface plot of TPP effect on PS (nm), %EE and %re-
lease is shown in (Figs. 7a-7c).

3.1.2. Effect of Tween®80 on PS, %EE, and %release

As depicted in Fig. 2. Tween® 80 had a significant effect on PS, %
EE, and %release.

PS shows a downward trend with increasing Tween® 80 con-
centration (Sadeghi et al., 2017). At Tween® 80 of 25 mg (F1, F4,
F9), the mean PS was 245 nm. While at Tween® 80 of 50 mg (F2,
F3, F5), the mean PS declined to 194 nm, and at Tween® 80 of
100 mg (F6, F7, F8), the mean PS Plunged to 124 nm, Fig. 8(a).
Therefore, higher Tween® 80 concentration leads to smaller PS,
because surfactant limits the growth of StNPs. Low Tween® 80
(25 mg) is unable to entirely coat the droplets’ surface area. Conse-
quently, the droplets stick together, thereby producing large parti-
cles with a small surface area. In a nutshell, Tween® 80 acts as a
stabilizing agent during the formation of nanoparticles and inhibits
crystal growth. A Similar trend of Tween® 80 impact on PS was
reported with gold nanoparticles and chitosan-coated alginate
nanoparticles (Scolari et al., 2019; Suchomel et al., 2018).

In terms of the %EE, it's proportional to Tween® 80 concentra-
tion (Chin et al., 2014). At Tween® 80 of 25 mg (F1, F4, F9), the
mean %EE was 67%. While at Tween® 80 of 50 mg (F2, F3, F5),

Full factorial design run matrix and the obtained responses: TPP and Tween are the studied factors, while the PS, the %EE, and the %Release are the responses.

Full factorial design

Formula Independent variable Dependent variables (Responses)
TPP Tween PS (nm) %EE %Release

F1 100 25 309 574 61.7
F2 25 50 117 84.9 86.1
F3 50 50 197 741 81.8
F4 50 25 245 63.6 69
F5 100 50 267 594 64.9
F6 50 100 94 86.2 91.7
F7 100 100 202 76.8 77.2
F8 25 100 76 93.7 99.3
F9 25 25 182 814 84.1
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Intercept 188.43 31.28 <0.0001
TPP(25,100) 66.34 7.18 9.24 0.0002
Tween(25,100) -59.33 7.18 -8.26 0.0004
TPP*Tween 117 8.56 0.14 0.8965

Fig. 1a. Parameter estimates display the significant effect of tpp and tween on the ps (p-value < 0.05), while the interactive effect was insignificant (P-value > 0.05).

Intercept 75.14 56.67 <0.0001
TPP(25,100) -10.39 1.58 -6.57 0.0012
Tween(25,100) 9.30 1.58 5.89 0.0020
TPP*Tween 1.61 1.88 0.86 0.4311

Fig. 1b. Parameter estimates display the significant effect of tpp and tween on the %ee (p-value < 0.05), while the interactive effect was insignificant (P-value > 0.05).

Intercept 79.32 80.15 <0.0001
TPP(25,100) -10.8 1.18 9.15 0.0003
Tween(25,100) 8.86 1.18 7.51 0.0007
TPP*Tween -0.29 1.41 -0.21 0.8451

Fig. 1c. Parameter estimates display the significant effect of tpp and tween on the %release (p-value < 0.05), while the interactive effect was insignificant (P-value > 0.05).
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Fig. 2. Pareto chart displays the linear model (TPP and Tween 80 had significant
effect (P-value < 0.05) on PS, %EE and %Release, but the interactive effect (quadratic)
wasn't significant (P-value > 0.05).
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the mean %EE climbed to 73%, and at Tween® 80 of 100 mg (F6, F7,
F8), the mean %EE spiked to 86%, Fig. 8(b). This reflects the great
influence of PS on the Gef encapsulation into StNPs, lower PS pro-
duced at higher Tween® 80 concentration has a large surface area
capable of capturing more drug in the core of nanoparticles and
increasing the efficiency of Gef loading.

When it comes to %release, it jumped up with a higher Tween®
80 concentration. At Tween® 80 of 25 mg (F1, F4, F9), the mean %
release was 72%. While at Tween® 80 of 50 mg (F2, F3, F5), the
mean %release hiked to 78%, and at Tween® 80 of 100 mg (F6, F7,
F8), the mean %release peaked at 89%, Fig. 8(c). The %release was
higher with the highest Tween® 80, this is due to small PS, large
surface area, and high energy state which increases the dissolution
of the particles and expands the hydrophilic character and the wet-
tability of the nanoformulations.

Figs. 9a- 9c. display the surface plot.
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Fig. 3a. Experimental values obtained from the 9 nanoformulations were very close to the predicted values.
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Figs. 10a-10c. display the impact of TPP and Tween® 80 on the
PS, the %EE and the %release, respectively.

(Figs. 11a-11f.) display theimpact of TPP and Tween on the PS
(nm), %EE and the %release, respectively via the heatmap.

3.2. Drug encapsulation (%¥EE) by the cross-linked starch nanoparticles

The entrapment efficiency of Gef in the 9 nanoformulations
were determined as illustrated in Fig. 12.
The average %EE ranges from 57 to 94%.

3.3. In vitro release study

We conducted the in vitro release study to predict and compare
the bioavailability of the pure Gef and Gef-StNPs. It is carried out in
FBS at pH of 5 and temperature of 37 °C.
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As shown in Figs. 13 and 14, the pure Gef has the lowest %re-
lease of 40 % after 60 min, while all the nanoformulations have a
much higher %release ranging from 62 to 99% at the same period.

3.4. FTIR spectroscopy

The FTIR spectra of the pure Gef, soluble starch, TPP, plain
StNPs, and Gef-StNPs are shown in (Figs. 15a-15e).

Gef shows the following: a sharp peak at 3399.61 cm~
(Gidwani et al., 2018) that was assigned to the secondary amine
group, N—H bending vibration from 1532.66 to 1625.01 cm™ !, C-
Cl peaks in the region of 545.08 - 774.65 cm™!, C-F peaks in the
region of 1028.72 to 1397.68 cm~', C—O peaks at 1110.18 cm™,
—C=N peak at 1902.9 cm~'. Peaks at a region of 654.56 to 911.75
are characteristic of the aromatic region (900-650 cm™')
and = C—H peak at 3100.14 cm™ .
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Fig. 5. The cell plot shows that the PS ranges from 76 to 309 nm, the %EE ranges from 57.4 to 93.7 % and the %Release ranges from 61.7 to 99.3 %.

Starch shows the following: broad band at 3384.96 cm™! is an
indicator of —OH stretching vibration (Lopez-Silva et al., 2021).

The region between 929.63 and 1240.82 cm™' is assigned to the
stretching vibration of C—C and C—O. Peaks at 2927.04 to
1083.08 cm~! were assigned to the C—H stretching of glucose
units. Peaks at 609.2 to 1375.2 are the fingerprint region of C—C
and C—O bonds in starch. The characteristic peak of C—0—C ring
vibration in starch is located at 765.76 cm™!.

Plain StNPs show the following: broad band at 3421.7 cm™! (-
OH stretching vibration), peak at 2922.79 due to C—H stretching
vibration. C—O peak at 1105.99 cm™".

Gef-StNPs show a broad band at 3400.03 cm' attributed to -
OH stretching vibration. The peak at 2923.05 cm™! is due to C—H
stretching vibration. The peak at 1108.87 cm™! due to C—O.

Peaks of Gef in the aromatic region disappeared reflecting Gef
encapsulation and the high similarity between plain StNPs and
Gef-StNPs indicates the high efficiency of Gef encapsulation inside
StNPs. Absence of characteristic peaks of Gef due to its
encapsulation.

3.5. Particle size and morphology analysis by DLS, TEM and SEM

PS analysis is used to understand dispersion and aggregation.
Large particles tend to clump together compared to small particles,
thereby resulting in a deposition. PDI is an indicator of nanoparti-
cle homogeneity. Homogeneous nanoparticle dispersion has a PDI
value that approaches zero, while a PDI value > 0.5 reflects high
heterogeneity. The results from DLS reveal that the 9 batches have
PS range from 76 to 309 nm, Figs. 16 and 17, and PDI range from
0.094 to 0.446 (PDI < 0.5) indicating uniformity of Gef-StNPs.
Therefore, soluble starch as a biopolymer can entrap Gef at a
nano-range. The PS determined by DLS was larger when compared
with TEM images, due to the analysis occurring in solution in case
of DLS and the particles are vulnerable to agglomerate and hence
increasing PS. While TEM measurement represents a dried layer
of nanoparticles on a TEM grid and there is no likelihood to
aggregate.

The morphology of plain StNPs, and Gef-StNPs by SEM and TEM
Fig. 18. TEM micrograph Fig. 18. displayed that Gef-StNPs have
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narrow PS distribution (Dong et al., 2020), ranging from 7.02 nm
to 45.7 nm with an average size of 28.7 nm, which as anticipated
was smaller than the DLS measurement.

The SEM images of plain StNPs and Gef-StNPs in Fig. 18. showed
porous structures possessing open and filled channels (Thi et al.,
2021), these porous structures are suitable for entrapping Gef
inside the cavities. The SEM micrographs showed no notable
change in the surface morphology of plain StNPs and Gef-StNPs
confirming the encapsulation of Gef inside the StNPs.

3.6. Thermal analysis

3.6.1. DSC

The thermogram of Gef, plain StNPs, and Gef-StNPs showed in
Fig. 19. The DSC thermogram of pure Gef exhibits a sharp
endothermic peak at 195.067 °C “the melting temperature”
(Nayek et al., 2021a, 2021b) with a melting temperature range of
184.54 — 236.90 °C, and the heat of fusion (AH) was 166.597 (J/
g) implying the crystalline nature of Gef.

DSC thermogram of plain StNPs displays a sharp endothermic
melting temperature at 99.858 °C with a melting temperature
range of 44.56 to 183.99 °C, and the heat of melting (AH) was
365.873 (J/g). The second endothermic peak observed at
215.864 °C with the heat of melting equal to 1.615 (J/g) was
ascribed to the degradation temperature value of plain StNPs.

DSC thermogram of Gef-StNPs reveals a sharp endothermic
peak at 89.875 °C with a melting temperature range of 39.72 and
165.55 °C, and the enthalpy (AH) was 234.116 (J/g). The second
endothermic peak observed at 183.499 °C with the heat of melting
equal to 3.013 (J/g) was attributed to the degradation temperature
value of Gef-StNPs. The characteristic peak of Gef faded away from
the Gef-StNPs, indicating the complete dispersion of Gef in the
StNPs. Moreover, this thermal analysis proves the thermal stability
of Gef-StNPs at high temperatures.

3.6.2. XRD

The diffractogram of Gef (Figs. 20a-20c) showed characteristic
sharp diffraction peaks at 20 values of 19.348°, 20.655°, 22.523°,
24.230° 26.389°, 28.616°, 35.978°, 42.124°, and 49.903°. Similar
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Fig. 6a. Bar graph displays that the mean PS increases with higher TPP levels.
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Fig. 6¢. Bar graph displays that the mean %Release decreases with higher TPP levels.
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Fig. 7c. Response Surface plot demonstrates that higher TPP decreases the %Release.
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Fig. 8a. BAR graph displays that the mean PS decreases with higher Tween levels.
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Fig. 8c. Bar graph displays that the mean %Release increases with higher Tween levels.
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Fig. 10a. Graph shows a rise in PS with higher TPP conc. and a decline in PS with higher Tween concentrations.
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Fig. 10c. Graph shows a decline in %Release with higher TPP conc. and a rise in %Release with higher Tween concentrations.
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Fig. 11a. Heatmap shows the impact of TPP on the PS, revealing that higher TPP increases the PS.
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Fig. 11b. Heatmap shows the impact of Tween on the PS, revealing that higher Tween decreases the PS.
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Fig. 11c. Heatmap shows the impact of TPP on the %EE, revealing that higher TPP decreases the %EE.
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Fig. 11d. Heatmap shows the impact of Tween on the %EE, revealing that higher Tween increases the %EE.
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Fig. 11e. Heatmap shows the impact of TPP on the %Release, revealing that higher TPP decreases the %Release.
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Fig. 11f. Heatmap shows the impact of Tween on the %Release, revealing that higher Tween increases the %Release.
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Fig. 12. The %EE of the 9 nanoformulations. The data expressed as the mean %EE (The optimized nanoformula is discriminated by red color).
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Fig. 13. In vitro drug release of the pure Gef and the 9 nanoformulations in FBS (pH of 5 at 37 °C and stirring rate of 100 rpm) using type Il USP apparatus. Data are the mean of
3 determinations.
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Fig.14. The %release of the pure Gef and the 9 nanoformulations. The data expressed as the mean %Release. (The optimized nanoformula is discriminated by red color).
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Fig. 16. The particle size distribution of the optimized Gef-StNPS by Dynamic Light Scattering.
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Fig. 17. PS of the 9 nanoformulations. The data expressed as the mean PS (The optimized nanoformula is discriminated by red color).

Fig. 18. SEM micrograph of plain StNPs (A), SEM micrograph of Gef-StNPs (B), and TEM micrograph of the optimized Gef-StNPs (C).

peaks were reported in previous studies (Alshetaili, 2021, W. Chen
et al.,, 2018), which attributed to Gef crystallinity. Soluble starch
diffraction patterns were observed with peaks at an angle from
10.277° to 54.310° Gef-StNPs diffraction patterns observed at
angle range from 15.808° to 31.992°. However, Gef-StNPs exhib-
ited 2 sharp peaks at 24.279° (relative intensity = 90.9 %), and
26.371° (relative intensity = 100 %).

The sharp crystalline peaks of Gef disappeared from the diffrac-
togram of Gef-StNPs indicating Gef encapsulation into the core of
StNPs, while the fundamental peaks of starch are maintained,
and the peaks intensity is minimized. Particularly notable is the
diminishing of the peaks of Gef-StNPs which is ascribed to the exis-
tence of Gef in the amorphous phase.

47

3.7. In vitro cytotoxicity assay

3.7.1. Cell viability assay

The effect of Gef and Gef-StNPs on A549 cells viability was stud-
ied using the MTT assay. All experiments proceeded in triplicate.
The ICso value was calculated on the non-linear regression fit
method by the GraphPad Prism software version 9.3.1. Cell viabil-
ity was calculated using the following formula: (OD of Sample-OD
of Blank)/ (OD of Control-OD of Blank) X100 (Eq.2).

OD is the optical density.

As shown in Figs. 21 and 22, Gef showed high cytotoxicity
against A549 cells (ICso = 21.65 * 0.32 pg/mL), (Abdulkhaleq and
Hassan Mohammed, n.d.) the cytotoxic effect was more
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Fig. 20a. XRD of Gef with characteristic sharp diffraction peaks, reflecting Gef crystallinity.
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Fig. 20c. XRD of the optimized Gef-StNPs revealing the disappearance of the sharp crystalline peaks of Gef.

pronounced with Gef-StNPs with an ICsq value of > 3-fold lower
compared to that of pure Gef (IC5o = 6.037 + 0.24 pg/mL). There-
fore, it’s evident that Gef-StNPs had a more powerful inhibition
of A549 cell growth than pure Gef. These results revealed that
more Gef-StNPs could be internalized into A549 cells, leading to
higher cytotoxicity by the accumulation of the drug in the cells.
These data clarify that starch played a critical role as a nanocarrier
for the delivery of Gef inside the tumor.

3.7.2. Apoptosis assay

Flow cytometry studies the mechanism of cell death. The flow
cytometry scatter plot (Figs. 23a-23c and 24.) is composed of 4
quadrants, the first quadrant (Q3) represents the viable cells which
neither attached to Annexin-V nor PI (Annexin-V negative and PI
negative or double negative). The second quadrant (Q4) expresses
the early apoptotic cells which can bind only to Annexin-V but not
PI (Annexin-V positive and PI negative). The third quadrant (Q2)
implies the late apoptotic cells, cells that are Annexin-V positive
and PI-positive (double-positive). Besides apoptosis, some cells

« Gefitinib IC5g= 21.65£0.32

o 100 = Gef-StNPs IC5,= 6.03740.24
= 80 =
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]
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Fig. 21. Cell growth inhibition of free Gef and Gef-StNPs showing the powerful
antiproliferative effect of the optimized Gef-StNPs compared to the pure Gef with
ICsp of 6.037 + 0.24 and 21.65 + 0.32, respectively.
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Fig. 22. Bar graph showing the %viability of Gef and Gef-StNPs showing the enhanced antiproliferative effect of the optimized Gef-StNPs compared to the pure Gef with

IC50 = 6.037 + 0.24 and 21.65 + 0.32 respectively.
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Fig. 23a. The scatter plot showing apoptosis of A549 cell populations exposed to doxorubicin (control), revealing %apoptosis of 3.07 + 0.65 %. [necrotic cells(Q1), late

apoptotic cells(Q2), healthy viable cells (Q3), and early apoptotic cells(Q4)].

may undergo necrosis (Q1), cells are Annexin-V negative and PI-
positive. Applying this smart technique to study the mechanism
of A549 cell death induced by Gef (Biswas et al., 2021)and Gef-
StNPs. The assay confirmed the apoptosis in A549 cells exposed
to Gef and Gef-StNPs.

Figs. 23 and 24 show that A549 cells, when exposed to doxoru-
bicin (positive control), didn’t show any significant apoptosis (3.0
7 = 0.65 %); however, Gef and Gef-StNPs exposed A549 cells

50

prompted higher apoptotic cell populations (29.38 + 1.11 %) and
(77.14 + 1.43 %), respectively. These results confirm the MTT assay
findings of the enhanced cytotoxicity produced by Gef-StNPs.

3.7.3. Cellular drug uptake

It is well-known that cancer cells have limited uptake of
chemotherapeutics which is a reason for multidrug resistance
(MDR). This MDR causes over 90 % of deaths in cancer patients
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Fig. 23b. The scatter plot showing apoptosis of A549 cell populations exposed to the pure Gef, revealing %apoptosis of 29.38 + 1.11 %. [necrotic cells(Q1), late apoptotic cells
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Fig. 24. The %apoptotic population elicited by Gef and Gef-StNPs was 29.38 + 1.11
and 77.14 + 1.43, respectively.
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receiving traditional chemotherapeutics, therefore it is critical to
engineer a system that could evade this MDR induced by cancer
cells. It appeared that nanoparticles have this capability.

This was confirmed by comparing the uptake of pure Gef and
Gef-StNPs inside A549 cells, utilizing HPLC (Markowicz-Piasecka
et al.,, 2019; Tan et al., 2020), Fig. 25. First, a six-point calibration
curve for Gef was conducted over a conc. range of 0.1-1 pg/mL
(0.1, 0.2, 0.4, 06, 0.8, 1 ng/mL). The calculations were based on a
plot of peak area vs concentration, Fig. 26. The results displayed
in Fig. 27, demonstrate an uptake from Gef-StNPs more than dou-
ble (3.976 * 0.14 pg/mL) that achieved from pure Gef (1.777 + 0.
1 pg/mL). These results emphasize the role of nanoparticles in
combating lung cancer because of their higher degree of internal-
ization inside tumor cells because smaller PS is easily uptaken by
cancer cells.



H. Amin, S.K. Osman, A.M. Mohammed et al. Saudi Pharmaceutical Journal 31 (2023) 29-54

0.15
0.10]
Au |
0.05]
5.217
0.00
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Minutes
Sample Name Gefitinib; Area 207889; Vial 47; Injection 1; Channel 996
0.0
0.08 ]
0.06
Au 7
0.04
L | . 5282
0.00 iy St
100  2.00 3.00 4.00 5.00 6.00 7.00 8.00  9.00 10.00
Minutes
Sample Name Gef-loaded StNPs; Area 469286; Vial 57; Injection 1; Channel 996
Fig. 25. HPLC chromatogram of Gef and the optimized Gef-StNPs.
> 3.976+0.14
160000 R“ = 0.9983 4- T
p Y =118886*X - 3375 o
@ 120000 ]
[l A
5 S 31
‘x“ 80000 iy
P S 1.777%0.1
0. 40000 S 27
S
1}
0 - : : : - - EY
0.0 0.2 0.4 0.6 0.8 10 1.2 =
Conc. (pg/mL) &

i - 0 ——
Fig. 26. HPLC calibration curve of the pure Gef. P Gefltl ni b - Gef-StN PS

Fig. 27. The cellular uptake of Gef and Gef-StNPs into A549 human lung cancer cells
displaying much higher uptake of Gef-StNPs due to its nano-size.

52



H. Amin, S.K. Osman, A M. Mohammed et al.
4. Conclusion

Every-five seconds, someone dies of cancer globally. The
National Cancer Institute reported 135,720 deaths from lung can-
cer in the U.S. in 2020. These data have been flashing warning signs
for governments, healthcare systems, and researchers. Researchers
are thus racing to design an effective and safe therapy for lung can-
cer to erase the suffering of cancer patients. The failure of tradi-
tional chemotherapeutics has shifted researchers’ focus towards
nanoparticles. We used soluble starch nanoparticles to deliver
Gef to cancer cells, preventing it from being in the wrong location.
In return, this offers a reduction in side effects, improvement in
solubility and bioavailability, better therapeutic control, higher
cellular uptake into A549 cells, and greater cytotoxicity repre-
sented in a much higher apoptotic effect and cell growth inhibition.
These outcomes demonstrate that the efficacy of Gef-StNPs is
established beyond any reasonable doubt and a lot of hopes are
hanging on nanoparticles derived from nature. Wrestling the can-
cer dragon to the ground looks to be a difficult task, but soluble
starch nanoparticles create an opportunity.
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