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Introduction

Cancer, which is one of the most prevalent diseases worldwide, refers to the fast growth
and uncontrollable duplication of healthy cells in the body (Shim, et al. 2022; Yousefi
et al. 2020). Cancer is considered a significant medical challenge. Cancer cells can
extraordinarily develop and destroy normal tissues surrounding the cancer site and
result in a big health challenge in the human body (Clinton et al. 2020; He, et al. 2020).
The number of patients with cancer and its mortality are going on at an ever-increasing
rate as it is predicted that approximately more than 12 million people per year will suffer
from cancer by 2030 (Ion et al. 2021). Among different kinds of cancers, lung cancer is
reported as the first and second most prevalent cancer among males and females across
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the world, respectively (Almurshedi et al. 2018). According to statistics, the death rate of
lung cancer is higher than that of the combination of prostate cancer, colorectal cancer,
and breast cancer which is an eye-catching report (Xu et al. 2019). As a result, to sup-
press the ever-increasing rate of cancer prevalence throughout the globe, finding effi-
cient and breakthrough technologies for cancer therapy is required. Nanoparticle-based
drug delivery systems (DDS) are contemplated as a great candidate for prognosis, diag-
nosis, and treatment of cancer rather than traditional approaches, such as thermal ther-
apy, radiotherapy, hormone therapy, surgery, and chemotherapy (Naderlou et al. 2020;
Salam et al. 2022; Narmani et al. 2023). Conventional methods in cancer therapy have
always been accompanied by some unfavorable drawbacks, like low biocompatibility,
considerable side effects, repetitive and long-term treatment period, lack of specificity in
cancer targeting, low stability in the human body, applying high drug dosage, high cost,
resulting in drug resistance, and so on which have restricted their treatment efficiency
(Narmani et al. 2017; Stanicki et al. 2022; Almajidi et al. 2023). To put it in a more vivid
picture, chemotherapy, which refers to applying medicines or drugs for cancer therapy,
has a remarkable toxic effect on both cancerous and normal cells in the human body.
Besides, the prolonged and repetitive treatment periods, administrating high drug dos-
age, inducing the immune system response, inducing multi-drug resistance, anemia,
nausea/weight change/dietary issues, less practicality in the elderly, and unaffordabil-
ity are mentioned as the considerable deficiencies of chemotherapy which sometimes
result in lack of efficient treatment and mortality (Almajidi et al. 2024; Saadh et al. 2024).
Moreover, surgery is another most common modality in cancer treatment which usually
applies along with chemotherapy. Surgery has some remarkable drawbacks, including
post-surgery pain at the surgery site, infections at the location of surgery, the possibility
of inducing metastasis, and the reaction of the body to the applied drugs to numb the
area (local anesthesia), which made it as a less-efficient treatment approach for cancer
therapy (Jiang et al. 2023; Amirishoar et al. 2023).

Therefore, using novel and efficient approaches in cancer therapy, such as nanoparti-
cles-based DDS, would be beneficial in many ways (Narmani et al. 2018a; Sarani et al.
2024). Among nanoparticles, polymeric materials owing to a lot of merits, including
bioavailability, stability, solubility, tailored and engineered structures, etc., have poten-
tially attracted the attention of researchers and clinicians for the delivery of therapeu-
tics to cancer sites (Hadar et al. 2019). Natural polymers, such as polylactic-co-glycolic
acid (PLGA) and poly e-caprolactone (PCL), have been approved by the Food and Drug
Administration (FDA) for DDSs and clinical applications (Palama et al. 2017; Zhang
et al. 2018). PLGA nanoparticles are composed of lactide and glycolide monomers.
Regarding these nanoparticles, there are a number of merits, including appropriate
physicochemical aspects, biocompatibility, controlled drug release profile, bioavailabil-
ity, suitable mechanical strength, good solubility and stability, and so forth which made
them a promising platform for efficient DDS (Sheffey et al. 2022; Pelaz et al. 2017).
Moreover, easy manipulation and preparation features along with various synthesis
approaches and degradation rates have been mentioned as other practical applications
of PLGA nanoparticles and introduced as a useful candidate for delivery of bioactive to
cancer tissues (Ghitman et al. 2020). On the other hand, PCL, as a member of the ali-
phatic polyester family, is attained by the polymerization of a monomer and an initiator
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at high temperatures (Avramovi¢ et al. 2020). The semi-crystalline aspects of PCL (due
to high melting point and low glass transition temperature) have led to its regular struc-
ture which can degrade in the human body through hydrolyzing ester linkages in its
compartment. This degradation indicates its biocompatibility as a practical nanocarrier
and places PCL at the top of the practical nanomaterials list (Abrisham et al. 2020; Deng
et al. 2019). Semi-crystalline characteristics of PCL have resulted in high stability and
durability in the human body which is beneficial for the long-term presence of thera-
peutics in physiologic serum (Banimohamad-Shotorbani et al. 2021). Besides, degrada-
tion of PCL is not accompanied by the production of acidic byproducts in the human
body which further verifies the biocompatibility of this polymer. PCL can easily copoly-
merize with various hydrophobic, hydrophilic, and amphiphilic polymers, such as PEG,
chitosan, PLGA, etc., which is an appropriate property for having efficient DDS (Dethe
2022). Both PLGA and PCL nanocarriers can internalize in cancer cells by the enhanced
permeability and retention (EPR) effect and epithelial permeability (through opening the
tight junctions) (Dethe 2022; Birk et al. 2021).

On the other side, the kind of encapsulated drug, encapsulating capacity, and release
rate of DDSs has played a crucial role in cancer treatment efficiency (Khakinahad 2022).
Among various therapeutic agents, curcumin (Cur), a natural element derived from the
rhizomes of the turmeric plant, is one of the extensively studied therapeutics in many
clinical and pre-clinical experiments (Carolina Alves et al. 2019; Patel et al. 2020). Cur
can serve as an anti-inflammatory, anti-oxidant, anticancer agent, etc. in medicine
(Moutabian 2022). Cur regulates a number of molecular targets in the human cells, such
as VEGF (vascular endothelial growth factor), transcription factors (nuclear factor-kf;
NF-«p), growth factors like TGF-f1 (tumor growth factor -f1), and TNF-a (tumor
necrosis factor-a) (Shakeri et al. 2019; Tamaddoni et al. 2020). The mechanism of action
of Cur can be done intrinsically (mitochondrial) and extrinsically (mediated via cell
surface transmembrane death receptors) in target cancer cells (Farghadani and Naidu
2021). Since Cur is water-insoluble (nearly 1.34 mg/L) and unstable in neutral and rela-
tively alkaline pH conditions, its encapsulation in biocompatible hydrophilic compounds
such as PLGA-PCL nanocarriers would be promising for the treatment of lung cancer
(Carvalho, D.d.M. et al. 2015).

In the present work, we practically synthesized PLGA-PCL nano-beads for delivery of
Cur to lung cancer cells. The synthesized nanocarriers were characterized by applying
analytical devices, including FT-IR, DLS, TEM, and TGA. Then entrapment efficiency of
Cur and its release manner in various pHs were examined. Afterward, biomedical tests,
including cell viability, cell cycle arrest, quantitative Real-Time PCR (qRT-PCR), and
cellular uptake assays were performed for scrutinizing the ability of nanocarriers in the
suppression of lung cancer cells.

Materials and methods

Chemicals and apparatus

PLGA (50:50, Mw: 30,000-60,000), PCL (Mw: 14,000 Da), Cur, dichloromethane (DCM),
Polyvinyl alcohol (PVA) (M.W. 16 kDa), di-methyl-sulfoxide (DMSO), dichlorometh-
ane, dimethyl formamide (DMF), and cellulose dialysis membranes were purchased
from Sigma Aldrich. Furthermore, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium



Sadeghi et al. Cancer Nanotechnology (2024) 15:34 Page 4 of 23

bromide (MTT) salt, RPMI 1640 medium, and fetal bovine serum (FBS) were purchased
from Sigma-Aldrich. The A549 lung cancer cell lines and the human HGF normal fibro-
blast cell lines were prepared from the Institute of Pasteur, Iran.

Analytical tests for characterization of synthesized samples were conducted using a
NanoDrop 2000c UV-Vis (Thermo scientific), Fourier-transform infrared (FT-IR) (Per-
kin-Elmer 843), and dynamic light scattering (DLS, NanoBrook 90 Plus, Brookhaven)
spectrometer. Also, transmission electron microscopy (TEM) (Philips EM 208S) and
thermal gravimetric analysis (TGA) (STA 1500, Rheometric Scientific) were done for
analyzing synthesized nanobeads.

Synthesis of PLGA-PCL

PLGA-PCL nanobeads were prepared using a double emulsion (W/O/W) solvent evapo-
ration approach (Makadia and Siegel 2011). Practically, 10 mg PLGA and 20 mg PCL
were separately suspended in 6 ml of DCM (as organic phase) under stirring at 60 rpm
and room temperature to obtain an organic solution. Then 5 mL of 1% PVA solution
(as aqueous solutions) was prepared and mixed with organic solution (W/O) and emul-
sified applying a probe-based ultra-sonication at 60% set amplitude for 90 s on an ice
bag. Thereafter, the prepared emulsion was added to 30 mL of a 1% PVA solution and
followed by ultra-sonication at a 60% amplitude for 90 s to form a W/O/W emulsion.
Subsequently, the prepared emulsion was stirred for 3 h at room temperature and under
vacuum to remove extra DCM. To eliminate PVA, the prepared mixture was rinsed 3
times, centrifuged at 12,000 rpm for 40 min, and consequently, freeze-dried at — 60 °C
for 3 days to stabilize nanobeads. PLGA-PCL (P-P) was saved at 4 °C for analytical and
biomedical assessments. This phase of preparation was triplicated.

Synthesis of PLGA-PCL-Cur

In this section, the double emulsion (W/O/W) solvent evaporation technique was used
as same as the previous section. Briefly, 12 mg Cur and 20 mg PLGA-PCL were solu-
bilized in 5 ml of DCM and the mixture was homogenized using a 60 rpm stirring at
room temperature. In the following, 5 mL of 1% PVA solution was added to the prepared
organic solution followed by emulsification of the mixture using ultra-sonication at 60%
set amplitude for 90 s on an ice bag. Next, the prepared emulsion was added to 25 mL
of PVA solution (1%) and ultra-sonicated at a 60% amplitude for 90 s. After stirring for
3 h at room temperature, the mixture was put under vacuum conditions and excessive
DCM was removed. The formed PLGA-PCL-Cur (P-P-Cur) nanobeads were recovered
after washing (3 times) by centrifugation at 12,000 rpm for 40 min to remove the PVA
solution and unloaded Cur. Next, the prepared nanobeads were stabilized using a freeze
drier at — 60 °C for 3 days. Ultimately, the prepared nanobeads were saved at 4 °C for
analytical and biomedical tests.

Characterization of syntheses

FT-IR analysis

In order to qualify the formation of P-P and also confirm successful Cur loading into
nanobeads, the FT-IR was performed in the transmittance mode, using the pellet proce-
dure with KBr, in the wavelength range of 400-4000 cm™*. As 4 mg of the samples was
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mixed with KBr, compressed into disks using a hydraulic press, and disks were scanned
at the mentioned wavelength range.

DLS and stability analyses

DLS technique was used to measure the average hydrodynamic size and polydispersity
index (PDI) of the synthesized formulations. Briefly, the freshly prepared formulations
were sonicated using an ultrasonication set at 37 °C for 15 min to equilibrate the temper-
ature, and the average hydrodynamic size measurements were done at 37 °C in a quartz
cuvette at nM concentrations. Also, the size stability of nanobeads was assessed via this
analytical approach after incubating their nM concentrations under dark conditions at
4.°C for 21 days.

TEM analysis

The particle image and the morphology of the samples were evaluated using TEM. In
practice, freshly prepared formulations of nanobeads were dispersed onto a copper grid.
After drying samples at 25 °C, the excess liquid was absorbed using a filter paper. The
specimens’ images were taken at an accelerating voltage of 120 kV. Measurements of
the size were taken and averaged (in nm) and micrographs of specimens were attained
applying the TEM particle analysis software.

TGA analysis

The TGA analysis was conducted for the measurement of thermal stability of P-P and
P-P-Cur nanobeads. These measurements were performed under a nitrogen atmosphere
using 5 mg of specimens. The temperature ranges from 30 to 800 °C at a heating rate of
10 °C/min in a pan under a constant nitrogen flow rate (40 mL/min) were applied in this

analysis.

Drug release study

The release profile of Cur from P-P-Cur nanobeads was studied in PBS (simulated
in vitro microenvironment of cancer cells). To examine this analysis, a weight equiva-
lent to 3 mg Cur from the freeze-dried P-P-Cur sample was submerged in 5 mL of
PBS and spilled in the dialysis tube (sealed from one end) with molecular weight cut-
off 12,000 Da. The dialysis tube was pre-soaked in distilled water for 12 h before use.
Next, the tube was placed in a beaker containing 100 mL PBS medium under shaking
at 120 rpm and temperature of 37 °C. The pH of PBS was also set at 7.4. On the other
hand, the same process was done for evaluating drug release in acidic mediums (pH:
5.0 and 6.0) as a simulation of the acidic environment of cancer tissues and cancer cells.
Afterward, 10 uL of PBS (release medium) of different pHs was pitted out at various
time intervals, including 0.5, 1, 2, 3, 4, 8, 16, 32, and 64 h, and the same amounts of
PBS were replaced every time. Eventually, the absorption of the released Cur was quanti-
fied at around 420 nm using Nano-drop UV-Vis. The experiments were implemented in
triplicate and the percent of the released Cur was calculated.
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Cell culture

The human A549 lung cancer cell line and the human HGF fibroblast normal cells
were prepared from the Pasture Institute of Iran. These cell lines were separately
cultured in the RPMI medium (Gibco, UK) supplemented with 10% FBS, 2 mM glu-
tamine, 100 pgmL ™! streptomycin, and 100 ITU mL ™! penicillin for cellular tests. Cells
were eventually incubated at 37 °C and 5% CO, to grow up.

Cell viability assay

The lung cancer cell growth suppression ability of synthesized nanobeads, includ-
ing P-P, P-P-Cur, and Cur was studied on A549 and HGF cells after treatment with
50 nM, 100 nM, 150 nM, and 200 nM concentrations using the MTT assay. This test
is a rapid quantitative assay that depends on the activity of mitochondrial dehydro-
genase to cleave the yellow tetrazolium salt to insoluble purple formazan crystals in
viable target cells (Taghavi et al. 2017; Fotouhi et al. 2021). This test was done at 24 h,
48 h, and 72 h of post-treatment times. In practice, the synthesized specimens were
first prepared by solubilizing in a serum-supplemented tissue culture medium. Next,
the specimens were sterilized using 0.2 mm filtration at pH 7.4. On the other hand,
about 5000 cells/100 pL of both A549 and HGF cells were separately seeded in each
well of 96-well plates and incubated for 24 h for attachment to the wells. Thereafter,
the culture medium of wells was collected, 100 pL of various concentrations of the
prepared specimens was spilled in each well, and plates were incubated for 24 h, 48 h,
and 72 h. In what follows, after replacing the medium of plates with 200 puL RPMI
without serum, 20 pL of sterile-filtered MTT salt prepared in PBS pH 7.4 (5 mg/mL)
was added to the wells of the plate, and plates were incubated for 4 h. In the next step,
the suspension liquid of wells was collected and 100 uL. DMSO was added to each
well, and plates were incubated for 20 min. Subsequently, the optical density (OD) (or
color intensity) of wells was measured at 570 nm (n = 3) and the difference in OD val-
ues between the treated and non-treated cells was calculated as cell viability values.

Cell cycle arrest assay

The cell cycle arrest assay was carried out to study the cell cycle phase and values of
cancer cells in the sub-G, (apoptosis) phase after treatment with IC;, concentrations
of nanobeads. In practice, 2 x 10° cells/well of A549 lung cancer cells were seeded
in a 6-well plate. Next, after 24 h of incubation of cells for attachment, the IC;; con-
centrations of synthesized nanobeads (prepared in a serum-supplemented tissue cul-
ture medium) were applied for the treatment of cancer cells for 5 h. Thereafter, the
nanocomposite-containing medium was collected, the cells were washed (n=3) with
PBS, trypsinized, and rinsed using PBS. Afterward, the cells were transferred to a fal-
con tube, centrifuged at 3000 rpm for 5 min, and stained using PI. Consequently, cells
were incubated under dark circumstances at 4 °C and for 40 min and subjected to
flow cytometry to quantify the values of cancer cells in the Sub-G, phase.
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Gene expression assay

The quantitative Real-Time PCR (qRT-PCR) technique was done to survey the rela-
tive expression level of Caspase9 and Bcl2 after 5 h of treatment with IC;, concentra-
tions of synthesized nanobeads in A549 cells using Q Rotor-Gene (Qiagen, Iran). In
practice, the total RNA of cancer cells was isolated as the following procedure. After
mixing A549 cells with RNX-PLUS solution, the cells were submerged in 200 puL of
chloroform, centrifuged at 13000 rpm for 4 min at 4 °C, and the supernatant was col-
lected. Next, A549 cells were merged with isopropanol, centrifuged at 13000 rpm for
15 min at 4 °C, and the precipitation was collected and the supernatant discarded.
Then the precipitation was merged with 1 mL of ethanol 75% to extract RNA. In what
follows, cDNA was synthesized using 1000 ng of total RNA by the reverse transcrip-
tion process. As 10 pL of Master mix real-time, 3 pL (10 ng) RNA, and 7 pL dou-
ble distilled water were spilled in microtubes for synthesizing cDNA. Thereafter, the
qRT-PCR technique was conducted using a 14 pL of the reaction mixture, 1 pL of
cDNA, 7 pL of low rox Master mix real-time, and 0.5 pL of forward primer (Cas-
pase-9: 5TGGCTCCTGGTACGTTGA3; Bcl2: 5 TCGCCCTGTGGATGACTGA3
GAPDH: 5°GTGGTCTCCTCTGACTTCAAC3’) and 0.5 pL of reverse primer (Cas-
pase-9: 5’GAAACAGCATTAGCGACCCT3'; Bcl2: 5CAGAGACAGCCAGGAGAA
ATCA3’; GAPDH: 55GGAAATGAGGCTTGACAAAGTGGS3'). The temperature opti-
mization of PCR was also done by RT-qPCR set as the following: heating at 95 °C for
10 min, 45 cycles at 95 °C for 15 s, annealing at 59 °C for 25 s, and elongation at 72 °C
for 30 s. Ultimately, relative gene expression values were normalized to glyceralde-
hyde-3-phosphate-dehydrogenase (GAPDH) and data were quantified as fold change
relative to the control for both genes.

Cellular uptake

Fluorescein isothiocyanate (FITC)-labeled nanobeads were developed to assess the
delivery system in terms of enhanced internalization in the A549 cells as the following
procedure. Briefly, the A549 cancer cells were incubated at 37 °C (5% CO,) in RPMI
(Gibco, UK) medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and
1 mg/mL streptomycin. Afterward, 100 nM of Annexin V-binding V-FITC-nanobeads
was used for the treatment of A549 cells (1 x 10° cells/3 mL) in 6-well plates. This
incubation was performed at 37 °C for 40 min. Next, the cells were rinsed with PBS
(3 times), collected, and resuspended in PBS buffer. Finally, A549 cells were subjected
to the FACS Calibur device (BD Biosciences, CA, USA) for assessment of uptake

values.

Statistical analyses

The experiments were triplicated and outputs were reported as mean =+ standard error
of the mean. A comparison between groups was analyzed by one-way analysis of vari-
ance (ANOVA), and differences were considered significant for *p < 0.05.
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Fig. 1 FT-IR results of syntheses, including P (PLGA), P-P (PLGA-PCL), and P-P-Cur (PLGA-PCL-Cur). According
to the graph of PLGA, wide characteristic peaks at around 3150-3650 cm™ are responsible for the ~OH
groups, and the intense characteristic peaks at around 1650 cm™' and 1709 cm™' are recorded owing to the
stretching vibration of C=0 groups of PLGA monomers. For the P-P sample, the peaks at around 3500 cm™'
and 1727 cm™ are assigned due to hydroxyl and ester (carbonyl) groups, respectively. Moreover, the
absorption peaks of aliphatic groups are recorded at around 2920 cm™! (O-CH,) to 2866 cm™! (O-CH,) in P-P
nanobeads. Regarding the P-P-Cur sample, the broad peaks at around 3441 cm™" and 2945 cm™" are attained
owing to the stretching vibration of phenolic O-H and aromatic C-H stretch vibrations, respectively. The
absorption peaks at around 1633 cm™' and 1606 cm™' are attributed to C=0 stretching and aromatic ring
stretching of Cur in the compartment of nanobeads
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Results and discussion

FT-IR analysis

In order to approve the qualification of synthesis and successful Cur loading into P-P,
the FT-IR technique was performed for samples, including P, P-P, and P-P-Cur. Fig-
ure 1 depicts the results of the FT-IR spectroscopy based on the KBr approach. As can
be seen in Fig. 1, a sharp characteristic peak at around 3150-3650 cm ™! is recorded
due to the —OH group in the pure PLGA nanoparticles spectrum while the intense
absorption peaks at around 1650 cm™! and 1709 cm™' are detected owing to the
C=0 groups (stretching vibration) of monomers of PLGA (Abou-ElNour et al. 2019).
Moreover, the sharp peaks of C—O stretching of ester groups and C—H groups in the
compartment of PLGA are observed at around 1022 cm™! and 1226 cm™, respec-
tively. Besides, the absorption peaks at around 2700 cm ™' and 3000 cm ™! are respon-
sible for the stretching vibrations of the C—H groups in PLGA nanoparticles (Lu et al.
2019). Regarding P-P, the sharp signals of PCL are obtained at around 3500 cm™!
and 1727 cm ™! which are attributed to hydroxyl and ester (carbonyl) groups, respec-
tively (Benkaddour et al. 2013). The sharp characteristic peaks for aliphatic groups
are revealed at around 2920-2866 cm™' which are due to O—CH; and O—CH, in
P-P nanobeads (Yuan et al. 2012). For P-P-Cur nanobeads, the broad peak at around
3441 cm ™! and 2945 cm™! is attributed to the stretching vibration of phenolic O—H
and aromatic C—H stretch vibrations, respectively. Furthermore, the peaks at around
1633 cm ™! (C=O stretching) and 1606 cm ™' (aromatic ring stretching) are responsi-
ble for Cur in the body of nanobeads (Ching et al. 2019). The small consecutive peaks
of olefinic bending vibration of the C—H bond to the benzene ring detected at around
1490-1520 cm ™! and the peak at around 1419 cm™! appeared due to C—C vibrations.
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Fig. 2 DLS and TEM analysis results. According to the results of DLS, the hydrodynamic diameter for pure

P (PDI: 0.1), P-P (PDI: 0.18), and P-P-Cur (PDI: 0.13) nanobeads is determined at about 168 nm, 381 nm, and
477 nm, respectively. The TEM images of P-P and P-P-Cur nanobeads show a size range from 40 to 60 nm for
the P-P and 60-75 nm for the P-P-Cur sample. The shape of samples is globular and semi-spherical which is
suitable for efficient drug delivery to the cancer site
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Table 1 The results of average hydrodynamic diameter, PDI, and diameter stability for the fabricated

samples

Fabricated nanobeads Diameter/nm PDI Diameter
(nm) after
21 days

P 168+8 0.14+0.03 189+ 11

p-p 381410 0.1840.05 394413

P-P-Cur 477 £14 0.13+£0.03 498438

These assessments were done at 37 °C, pH 7.4, and H,0 solvent

Additionally, the characteristic peaks corresponding to C=O stretching vibrations
attached to the aromatic ring and C-O-C stretching vibrations revealed at around
1280 cm ™! and 1163 cm ™!, respectively (Gunathilake et al. 2022).

DLS analysis and stability assessment

The hydrodynamic diameter and the polydispersity index (PDI) of synthesized nano-
beads, including P, P-P, and P-P-Cur, were analyzed using the DLS technique. Figure 2
and Table 1 demonstrate the results of this technique. Hydrodynamic diameter and PDI
have been considered the prominent physicochemical properties of nanocarriers since
they can significantly affect pharmacodynamics and pharmacokinetics of DDSs as the
circulation, filtration, permeation, and absorption of nanocarriers in cancer sites and
cells are directly related to these aspects of DDSs (Mortezaee et al. 2021). According to
the results of the DLS device, the hydrodynamic diameter for pure P, P-P, and P-P-Cur
nano-beads is determined at about 168 nm, 381 nm, and 477 nm, respectively. These
data hint that there is a linear relationship between the copolymerization of nanocar-
rier and its diameter. As after using PCL, the dimeter of nanocarrier is increased by
more than 2-fold. Various interactions, such as electrostatic intermolecular interactions
and hydrogen bonds, are involved in the compartment of copolymerized DDS (Chen,
et al. 2016). The rise in the dimeter of P-P-Cur nanobeads could be coordinated with the
attachment of Cur to the surface of the nanocarrier by hydrogen bonds. There are other
elements, like drug entrapment efficiency, drug release rate, stability, and solubility in
the human body serum, etc., which can be affected by the context of a copolymer, PD],
and diameter (Rezvani et al. 2018). The PDI of samples is attained at around 0.1, 0.18,
and 0.13 for P, P-P, and P-P-Cur, respectively which indicates relatively homogenized
dispersity of synthesized nanobeads. On the other hand, the stability analysis of nanobe-
ads was carried out based on the assessment of diameter using a DLS instrument. This
analysis was done after 21 days of incubating nanobeads in dark conditions at 4 °C. As
can be seen in Table 1, the diameter of samples indicates small increase as the following
order: P nanobeads: from 168 to 189 nm; P-P nanobeads: from 381 to 394 nm; P-P-Cur
nanobeads: from 477 to 498 nm. These data present acceptable stability for the long-
term storage of nanobeads.

TEM analysis
The TEM technique was used to take a visual image of P-P and P-P-Cur nanobeads to

confirm their shape, size, dispersion, structure, and morphology (Narmani et al. 2019).
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From the TEM images in Fig. 2, it is crystal clear that a size range from 40 to 60 nm
and 60 nm to 75 nm is obtained for P-P and P-P-Cur nanobeads, respectively. The mor-
phology and the shape of samples are smooth and spherical and semi-spherical which is
appropriate for DDS. As it is reported, the diameter of cancer tissues’ vasculatures is in
a range from 200 to 700 nm which can preferentially give an allowance to DDSs with a
diameter less than 200 nm to infiltrate in the fenestrated blood vessels of the cancer site
(Narmani, et al. 2020). The efficient delivery of bioactive to cancer tissues can not only
decrease the dose of injected nanocarrier, but can also increase the internalization of
DDS into the cancer cells by the EPR effect and pinocytosis pathway. The repetition of
treatment times can reduce by having nano-size DDS as well.

TG Analysis and drug content

In order to scrutinize the Cur content and thermal stability of P-P-Cur and P-P nanobe-
ads, the TGA technique was carried out (Fig. 3). Moreover, the physical status of synthe-
sized nanocarrier has been mentioned to have crucial roles in the down-stream process
of the pharmaceutical industry (Dandamudi, et al. 2021). In calculating the drug con-
tent of nanocarrier, the weight loss values of TGA curves P-P-Cur and P-P nanobeads

were compared to determine the difference between their weight loss values (Narmani
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Fig. 3 Drug content values and drug release profile in acidic and normal pHs. Based on the TGA curves,
the total weight loss of P-P and P-P-Cur is recorded at around 96.23 and 97.52%, respectively. By comparing
these values, a difference of 1.29% is acquired which refers to drug content. Regarding drug release profile,
the burst Cur release is observed within the first 2 h for pure Cur whereas it is just 5% for P-P-Cur in pH
7.4. About 50% of Cur release from P-P-Cur nanobeads is obtained within 20 h at pH 7.4. The pH-sensitive
Cur release is recorded for P-P-Cur at pH 6.0 and 5.0 which is appropriate for fast drug release in the acidic
microenvironment of cancer tissues
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et al. 2018b). This difference is applied to the drug content of P-P-Cur. From Fig. 3, it
can be seen that the total weight loss of P-P and P-P-Cur is attained at around 96.23 and
97.52%, respectively which indicates an approximately 1.29% difference in the weight
loss values. This amount refers to the drug content of P-P-Cur nanobeads. On the other
hand, there are two main weight loss stages in the TGA curves of both samples. The first
one is about 3% weight loss at around 90-100 °C (boiling point of water) which coordi-
nates with the water evaporation in both formulations, and the other one is recorded at
around 200 °C in which more than 90% weight loss is observed for both samples. This
high value of weight loss is associated with the burning of various elements in the com-
partment of nanobeads.

Drug release profile

The in vitro drug release manner of P-P-Cur nanobeads was carried out in normal (pH:
7.4) and acidic medium (pHs: 5.0 and 6.0) which is similar to the cancerous microenvi-
ronment in the human body. Figure 3 shows the release profile of Cur from the nano-
beads. As it can be seen, the fast drug release (more than 50%) is recorded within the
first 2 h at pH 7.4 for pure Cur while it is only about 5.5% for P-P-Cur under the same
circumstances. About 19% and 23% release is attained for pH 6.0 and pH 5.0 after 2 h of
incubation, respectively which presents the impact of acidified pH in inducing release
rate. After passing 4 h of incubation, the release rate of nanobead is increased to 12%
in pH 7.4 which shows more than 2-fold of enhancement compared with its 2 h incu-
bation. This constant release approves the controlled release rate of nanobeads at pH
7.4. In comparison to pH of 7.4, the release rate of nanobead is approximately 3-fold
and 4-fold higher in pH 6.0 and 5.0 within the first 4 h, respectively. More than 50%
of drug release is observed after 16 h of incubation at normal pH for nanobeads which
presents the sustained and controlled drug release (Mariadoss et al. 2022). Copolymeri-
zation could effectively decrease the drug rate of nanocarriers which is appropriate for
having an efficient DDS. On the other hand, from Fig. 3, it is crystal clear that by increas-
ing the acidity of the release medium, the drug release rate increases which exhibits the
pH-sensitive drug release manner of nanocarriers (Narmani and Jafari 2021). To put in a
more vivid picture, nearly 20 and 23% of Cur release occurred at pH 6.0 and 5.0 after 2 h
of incubation, respectively, whereas it is 5.5% for normal pH. The main reason behind
this accelerated drug release manner of nanobeads is acidified pH in protonation side
chains of biopolymers, which results in the closing of branches together, opening the
nanobead cavities, and maximizing drug release rate. High metabolic rate in cancerous
tissues and cells leads to the production of acidic metabolites which change the normal
pH to acidic pH in the cancer site. Thus, having a fast drug release rate in acidic environ-
ment is favorable for the treatment of cancer (Narmani and Jafari 2021). On the other
hand, it is mentioned in reports that the Cur is less prone to crystallize in the emulsions
and is stable in them. Cur is more soluble in oil than in water. Moreover, Cur is more
stable in acidic pHs, especially in gastric pH, and can be used orally (Kharat et al. 2017).
Compared with other polymers, such as polyamidoamine (PAMAM) and polyethylene
imine (PEI), our fabricated nanobeads have demonstrated a controlled release manner.
For example, compared with a work by Fotouhi et al. in which they developed rituximab
functionalized PAMAM-PEG (polyethylene glycol) nanocarrier for controlled delivery
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Fig. 4 Cytotoxic effects of synthesized samples, including P, P-P, P-P-Cur, and Cur, on A549 and HGF cells after
24 h, 48 h, and 72 h of treatment with 50 nM, 100 nM, 150 nM, and 200 nM concentrations. Based on data,
around 86 and 93% of cell viabilities are observed for A549 cells after 24 of treatment with 50 nM and 200 nM
concentrations of P samples which presents the biocompatibility and biodegradability of biopolymer.
Regarding P-P nano-beads, about 97% cell viability is seen at 200 nM concentration at 24 h of post-treatment
while cell viabilities are remarkably declined to 63% and 41% for concentrations of 50 nM and 200 nM after
24 h of treatment, respectively. *P<0.05, **P<0.01, ***P < 0.001, ****P <0.0001
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of imatinib against leukemia cells, our nanobeads have exhibited controlled release man-
ner (Fotouhi et al. 2021). In particular, our nanobead had 12% release within 4 h while it
was about 16% for theirs at pH 7.4. Also, while 34% release was detected for their nano-
carrier after 8 h of incubation at pH 7.4, it is only 23% for ours.

Cell viability assay

The MTT test was applied to evaluate the lung cancer cell growth suppression potency
of synthesized nanobeads, including P-P, P-P-Cur, and Cur, on A549 and HGF cells after
24 h, 48 h, and 72 h of treatment (Fig. 4). Concentrations of 50 nM, 100 nM, 150 nM,
and 200 nM were used in this assay which is kind of rapid quantitative assay based on
the activity of mitochondrial dehydrogenase. This enzyme cleaves the yellow tetrazolium
salt into insoluble purple formazan crystals in live cells (Fotouhi et al. 2021). As can be
seen from Fig. 4, there is a concentration-dependent cell viability values for all samples.
By raising the concentrations of P and P-P samples, the cell viability increased which
indicates the biocompatibility of biopolymers and copolymerized nanocarrier while
the opposite manner in cell viability amounts is true regarding P-P-Cur and Cur sam-
ples (Pelaz et al. 2017; Abrisham et al. 2020). To put it in a more vivid picture, 86% and
93% cell viabilities are observed for A549 cells after 24 of treatment with 50 nM and
200 nM concentrations of P samples which states the biocompatibility and biodegrada-
bility of biopolymer. Also, the P-P nanobeads have demonstrated 97% cell viability at
200 nM concentration at 24 h of post-treatment time which further approves the safety
of biopolymers for use in DDSs. Approximately the same results are attained for HGF
normal cells in different treatment times at various concentrations after treatment with
P and P-P specimens (Avramovié et al. 2020; Banimohamad-Shotorbani et al. 2021).
However, the data for the cell viability values of the P-P-Cur sample in normal cells are
significantly different than that of cancer cells. For instance, the cell viability is observed
at nearly 80% after 24 h of treatment with 200 nM concentrations of P-P-Cur on nor-
mal cells which reveals the biocompatibility of synthesized nanobeads on normal cells.
The probable reason for this biocompatibility could be the antioxidant performance of
Cur since it has an antioxidant manner at low concentrations in the cytosol of normal
cells due to the low rate of metabolism and consequently, low level of uptake rate (Car-
valho, D.d.M. et al. 2015). On the other hand, after 24 h of treatment of cancer cells
with P-P-Cur nanobeads, the cell viability values are considerably declined to 63% and
41% for concentrations of 50 nM and 200 nM, respectively which exhibits the cytotoxic-
ity of Cur-loaded P-P. The results of pure Cur also expressed the toxic effect on cancer
cells, 68% (50 nM) to 48% (200 nM) at 24 h of post-treatment time; however, accord-
ing to the comparison between pure Cur and P-P-Cur samples, the cancer cell suppres-
sion ability of P-P-Cur is remarkably better than that of pure Cur which could be due
to the large amounts of long-term and fast drug release after degradation in the acidic
medium of late endosomes in the cancer cells (Narmani and Jafari 2021). Cancer cells
have a high metabolic rate and can significantly internalize every biocompatible nutri-
tion in the environment through the endocytosis process without being aware of its
cargo (Cur). The cell viability results of 48 h and 72 h are as same as that of 24 h in
both cell lines. The IC,, value is only acquired for cancer cells, 100 nM (after 24 h and
48 h) and 150 nM (after 72 h) for P-P-Cur and 200 nM for pure Cur in all treatment
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times. Our data are in line with the findings of work by Jusu et al. in which they have
synthesized a copolymerized PLGA-PEG-PTX (paclitaxel)-LHRH (luteinizing hormone-
releasing hormone) biopolymer for the treatment of breast cancer; according to their
study, about 80% cell viability was attained after 24 of treatment with 0.5 mg/ mL of
P-PEG-PTX-LHRH, whereas it is about 40% after treatment with 200 nM concentration
P-P-Cur in our research at the same conditions which present the better performance of
our synthesized nanobeads in suppression of cancer cells (Jusu et al. 2020). In another
work, Abdouss et al. have developed an H-sensitive nanocarrier based on chitosan-pol-
yacrylic acid-graphitic carbon nitride for the efficient delivery of Cur to breast cancer
cells (Abdouss et al. 2023). They used the water/oil/water (W/O/W) emulsification to
fabricate the nanocarrier. The cell viability assay indicated that a 5 ug/mL concentration
of Cur-containing chitosan-polyacrylic acid-graphitic carbon nitride did lead to about
60% cell viability after 48 h of treatment. Our fabricated nanobeads resulted in less than
40% cell viability at the same incubation time. Besides, in another research by Aliza-
deh et al,, the Cur-entrapped B-cyclodextrin-y-cyclodextrin hollow spheres of chitosan
have developed for the treatment of A549 lung cancer cells (Alizadeh and Malakzadeh
2020). They demonstrated that 15, 30, and 45 pg/mL concentrations of Cur-entrapped
B-cyclodextrin-y-cyclodextrin hollow spheres of chitosan could result in 61%, 181%, and
91% of inhibition in lung cancer cells, respectively. The best inhibitory function of pure
Cur is observed at 15 pg/mL concentration, with about 100% inhibition activity.

Cell cycle arrest assay
The flow cytometer technique was conducted to scrutinize the cell cycle arrest abil-
ity of fabricated nanobeads, including P-P, P-P-Cur, and Cur, in A549 cancer cells. The
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Fig.5 The cell cycle arrest outputs after treatment with 100 nM and 150 nM concentrations of nanobeads,
including P-P, P-P-Cur, and Cur in A549 cancer cells. The proportion of cancer cells in the apoptotic phase is
about 3.2%, 4.38%, and 7.55% for P-P, Cur, and P-P-Cur samples, respectively
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100 nM and 150 nM (IC,;) concentrations of samples were applied to implement this
test at 5 h of post-treatment time. Figure 5 exhibits the results of this analysis which
is based on the proportion of cells in the sub-G; phase. This stage of the cell cycle is
an indicator of values of cancer cells in the apoptosis phase. From Fig. 5, it can be seen
that after treatment of A549 cells with P-P nanobeads, the percent of cells in the sub-G;
phase is approximately 3.2% while after incubations of cancer cells with P-P-Cur sam-
ple, the percent of cells in apoptotic phase is increased more than 2-fold and reaches
7.55% which presents the capability of P-P-Cur nanobeads in inducing apoptosis in can-
cer cells (Moutabian 2022; Shakeri et al. 2019). Moreover, the proportion of cancer cells
is about 4.38% after treatment with a 150 nM (IC,;) concentration of pure Cur which is
nearly half of that for the P-P-Cur sample although the 150 nM concentration is used
for the treatment of cancer cells compared to 100 nM concentration of P-P-Cur sample.
The results of our study are in accordance with the findings of work by Debele et al., in
which they have developed glutathione (GSH)-sensitive micelle (PAH-SS-PLGA) loaded
with alpha-tocopheryl succinate (TOS) and Cur for the treatment of pancreatic cancer
after 48 h of treatment with drug-loaded micelles (at TOS and Cur concentration of
30 and 15 pg/mL, respectively) (Debele, et al. 2020). Their findings have indicated 45%
apoptosis after applying a high concentration of co-delivered nano-complex at 48 h of
post-treatment while our results presented low level of apoptosis using a low concen-
tration of a single drug-loaded sample after 24 h of treatment. Furthermore, the results
of this study are comparable with the findings of a research by Abdouss et al. in which
they developed H-sensitive chitosan-polyacrylic acid-graphitic carbon nitride nanocar-
rier based on water/oil/water (W/O/W) emulsification approach (Abdouss et al. 2023).
This drug delivery system was used for the delivery of Cur against breast cancer cells.
They indicated 22% and 17% apoptosis in MCEF-7 cells treated with 5 pug/mL concentra-
tion of chitosan-Cur-polyacrylic acid-graphitic carbon nitride and pure Cur after 48 h of
incubation, respectively. These results are relatively comparable with the outputs of this
study.

Gene expression assay

The qRT-PCR technique was implemented to study the relative expression level of Cas-
pase9 and Bcl2 after 5 h of treatment with IC;, concentrations of fabricated nanobe-
ads in A549 cells (Fig. 6). Caspase9 and Bcl2 are pro-apoptotic and anti-apoptotic genes
respectively in which their expressions play the prominent role in inducing and sup-
pressing apoptosis in cells. As indicated, the expression level of Caspase9 gene is not
significantly changed after treatment with 200 nM concentration of P-P while a relatively
7-fold increase occurs after 100 nM (ICg) concentration of P-P-Cur sample which not
only depicts the biocompatibility and biodegradability of P-P sample but also shows the
extensive impact of Cur-contained nanobeads on suppression of lung cancer cells (Dethe
2022; Farghadani and Naidu 2021). An increase of 2.5-fold in Caspase-9 is recorded for
the cells treated with 150 nM (IC,;) concentration of pure Cur which in comparison to
results of the P-P-Cur sample is negligible. The Caspase-9 gene is the member of the
cysteine proteases family which induces apoptosis through mitochondria-dependent
cytochrome c release pathway. This gene also causes apoptosis by chromatin condensa-
tion and DNA fragmentation and eventually results in the formation of apoptotic bodies
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Fig. 6 The relative gene expression level of caspase-9 and Bcl2 genes after treatment with P-P, P-P-Cur, and
Cur samples in A549 cancer cells. After using IC50 concentrations of P-P-Cur and Cur samples, the increase
of 7-fold and 2.5-fold is seen in expression levels of caspase9, respectively. The expression level of Bcl2 is
considerably decreased by more than 2-fold after treatment with P-P-Cur, whereas the reverse is true for
the P-P sample (rise to 3-fold) which shows biocompatibility of copolymerized sample. *P<0.05, **P < 0.01,
¥*p<0.001, ¥***P<0.0001

in cancer cells (Sharifi et al. 2015). On the other hand, Bcl2, which regulates and medi-
ates apoptosis in cancer cell through the mechanism by which mitochondria contrib-
ute to the intrinsic apoptosis pathway, has one of the main roles in the fate of cancer
cells (Czabotar et al. 2014). From Fig. 6, it can be seen that although pure Cur is led to
enhancement in the expression of Bcl2, the reverse result is true regarding the P-P-Cur
sample (as half as the control group). P-P nanobeads have also raised the expression of
Bcl2 up to 3-fold which is assigned to the biocompatibility of copolymerized nanocarrier
(Fotouhi et al. 2021).

Cellular uptake
To evaluate the internalization values of the P-P-Cur nanobeads in A549 cells, the

flow cytometry approach was performed. Investigating the efficiency of cellular
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Fig. 7 Cellular uptake results applying the flow cytometry technique. The internalization of P-P-Cur in the
cancer cells is 91.8% after 5 h of treatment while it is less than 1% for pure Cur which shows the effect of P-P
in solubilizing and internalizing Cur in target cells

uptake is one of the most important techniques in figuring out the potency of nano-
carrier in targeting cancer cells (Zhang et al. 2018; Gunathilake et al. 2022). The
results of this test which is done by applying the FITC-labeled nanobeads are demon-
strated in Fig. 7. Internalization of nano-sized material can be carried out through the
EPR effect and pinocytosis in target tissue and cells which approves the effective tar-
geting of cancer cell compared to conventional approach such as chemotherapy (Birk
et al. 2021). On the other hand, since the metabolic rate of cancer cells is higher than
normal cells, the internalization efficiency of nanodevice in cancer cells occurs at a
high level. According to the results, 91.8% internalization is attained after 5 h of treat-
ment with 100 nM concentrations of nanocarrier which approves the efficient cellu-

lar uptake of DDS in the target cells. The internalization of pure Cur is considerably
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lower than that of nanobeads which could be due to the insolubility of Cur in hydro-
philic mediums which, in turn, reduces its internalization in target cells (Carvalho,
D.d.M. et al. 2015). There are several possible pathways for the endocytosis of micro-/
nano-sized drug delivery systems in cancer cells. The major pathways include clath-
rin/caveolar-mediated endocytosis, phagocytosis, macropinocytosis, and pinocytosis.
The size and the shape of nanocarriers are associated with the type of endocytosis as
the globular nanocarriers indicated faster endocytosis than non-globular and tubu-
lar nanocarriers. Non-globular nanocarriers have higher cytotoxicity than globular
nanocarriers since they have poor endocytosis and are vastly exposed to blood flow
(Detampel et al. 2022). Besides, the large-sized nanocarriers (about 120 nm) could be
internalized through the clathrin-dependent pathway to the target cells. On the other
hand, while the clathrin-mediated endocytosis is involved in the endocytosis of nano-
carriers with a size of about 100 nm, the caveola-mediated endocytosis is responsible
for the internalization of nanocarriers with a size range from 60 to 90 nm. Gener-
ally, large-in-size nanocarriers can be internalized to cancer cells through phagocy-
tosis and non-specific macropinocytosis (300—-1000 nm) (Bannunah 2024). Moreover,
pinocytosis takes place for the internalization of nanocarriers with a smaller size
than those done during phagocytosis. As a result, it is possible for our synthesized
nanobeads to be internalized through clathrin-dependent, micropinocytosis, and
phagocytosis. The results of our work are relatively in consistent with a work by Muk-
hopadhyay et al. (2020). They have developed folic acid-functionalized PLGA-based
DDS for targeted delivery of gemcitabine and Cur to breast cancer cells and based on
their results, the internalization of Cur-loaded nanocarrier was about 20-fold higher
than that of pure Cur which indicated the impact of polymeric DDS in enhancing the
internalization of hydrophobic therapeutics (Mukhopadhyay et al. 2020).

Conclusion

In the present research, the Cur-entrapped copolymerized P-P nanobeads were fabri-
cated as a kind of biocompatible and efficient DDS against A549 lung cancer cells. The
synthesized nanobeads were analyzed applying analytical devices, including FT-IR, DLS,
TGA, and TEM, and the physicochemical aspects of nanobeads were determined. As
nano-metric size, suitable drug entrapment efficiency, and controlled and pH-sensitive
drug release behavior were observed for P-P-Cur nanocomposites. Afterward, differ-
ent biomedical assays, including cell viability (MTT), gene expression, cell cycle arrest,
and cellular uptake were conducted to evaluate the lung cancer cell inhibition ability
and apoptosis-inducing potency of the synthesized DDS. Biomedical tests have indi-
cated that P-P-Cur can effectively suppress A549 lung cancer cells and induce apoptosis
more efficiently than pure Cur which is relatively insoluble in aqueous mediums. These
data have exhibited that while the expression of anti-apoptotic gene decreases, apopto-
sis gene expression increases after treatment with P-P-Cur, and cellular uptake of Cur
raises when exposures to cancer cells in the form of loaded in copolymerized nanocar-
rier. Totally, these outputs have presented that the fabricated nanobeads would be an
excellent candidate for the treatment of lung cancer, and can replace with conventional
approaches in cancer therapy.
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