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Abstract

Background and Objective: There is a growing need to comprehend the potential outcomes of nanoparticles (NPs) on human well-
being, including their potential for detecting and treating leukemia. This study examined the role of iron folate core—shell and iron oxide
nanoparticles in inducing apoptosis and altering the expression of the B-cell lymphoma 2 (Bcl-2), Bcel-2 associated X-protein (Bax), and
Caspase-3 genes in leukemia cells. Methods: The obtained iron oxide and iron folate core—shell nanoparticles were analyzed using a
variety of analytical techniques, including ultraviolet-visible (UV-Vis) absorption spectroscopy, Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), dynamic light scattering (DLS), zeta potential, and transmission electron microscopy (TEM). Addi-
tionally, FTIR and UV-Vis were used to characterize doxorubicin. The MTT test was utilized to investigate the cytotoxicity of iron oxide
and iron folate core—shell nanoparticles. The expression of the apoptotic signaling proteins Bcl-2, Bax, and Caspase-3 was evaluated
using the real-time reverse transcription polymerase chain reaction (RT-qPCR) method. Additionally, flow cytometry was performed to
gauge the degrees of necrosis and apoptosis. Results: UV-Visible spectroscopy analysis showed that the generated iron oxide and iron
folate core—shell NPs had a distinctive absorption curve in the 250-300 nm wavelength range. The XRD peaks were also discovered
to index the spherical form with a size of less than 50 nm, which validated the crystal structure. The FTIR analysis determined the
bonds and functional groups at wavenumbers between 400 and 4000 cm™~'. A viable leukemia treatment approach is a nanocomposite
consisting of iron and an iron folate core-shell necessary for inhibiting and activating cancer cell death. The nearly resistant apoptosis in
the CCRF-CEM cells may have resulted from upregulating Bax and Casepase-3 while downregulating Bcl-2 expression. Conclusions:
Our study documents the successful synthetization and characterization of iron oxide, which has excellent anticancer activities. A metal
oxide conjugation with the nanoparticles’ core—shell enhanced the effect against acute leukemia.
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1. Introduction In healthcare, nanotechnology is widely used for tis-
sue healing, diagnosis, and treatment [7,8]. Among all the

Leukemia is a type of hematological cancer character- ~ NPs, metal NPs have drawn particular attention because of

ized by complex genetic and biological features that pro-
mote invasiveness [1,2]. Leukemia’s high prevalence and
low survival rates are a cause of concern for researchers
[3]. Leukemia can be treated using various methods,
such as radiotherapy, chemotherapy, targeted therapy, im-
munotherapy, and stem cell transplantation [4,5]. Doxoru-
bicin (DOX) is a well-known Food and Drug Administra-
tion (FDA)-approved anticancer drug. However, despite
being an effective anti-tumor medication, DOX can cause
serious side effects such as rapid excretion, short reten-
tion time, and, most notably, cardiotoxicity that can lead to
life-threatening cardiomyopathy and congestive heart fail-
ure [6]. Despite researchers’ efforts to improve leukemia
treatment strategies, favorable outcomes have not been
achieved.

their ability to function as various agents. Abdoli et al.
[9] and Xu et al. [10] reported that metal NPs based on
gold, silver, iron, and/or iron oxide have been used as can-
cer treatments. Iron oxide (Fe3O,4) nanoparticles (IONPs),
a type of metal nanoparticle, have been used extensively
in biomedical applications because of their unique proper-
ties [11]. According to Gonzalez-Rodriguez et al. [12] and
Cabana et al. [13], IONPs are used in various biomedical
applications, such as magnetic resonance imaging (MRI),
contrast agents, and drug delivery in cancer therapy. Ac-
cording to Alphandéry [14], IONPs have been increasingly
employed in hematological tumors in the past several years
due to their characteristics.

Folic acid is a popular targeted ligand, particularly in
cancer treatment. It is a synthetic version of vitamin B9
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or folate. However, folic acid does not occur in nature;
it should be noted that both names, folic acid, and folate,
are frequently used interchangeably [15]. As it takes part
in nucleotide synthesis, amino acid metabolism, and phos-
pholipid production, this essential chemical is required for
DNA replication and repair, RNA synthesis, and other bi-
ological processes [16]. Folate conjugation consequently
offers a substrate for medication delivery that targets Fo-
late receptor (FR). Small compounds, macromolecules, and
nanocarriers have been successfully studied using this tech-
nique [17,18]. For instance, a folate-targeted nanosystem
focusing on FR expression may improve leukemia treat-
ment’s capacity to target specific cells [19]. Research on
the potential cytotoxicity of the folate core—shell, used as
the outermost shell of magnetite iron oxide nanoparticles,
has yet to be done.

The current study aimed to determine whether the
doxorubicin chemotherapeutic drug, magnetite iron oxide
nanoparticles, and folate core—shell conjugated with iron
oxide nanoparticles was cytotoxic to human acute leukemia
cell lines and a control cell line. Analysis of the treated
group’s Bax, Bcl2, and Caspase-3 gene expression was
performed using real-time reverse transcription polymerase
chain reaction (RT-qPCR), and apoptosis was analyzed with
flow cytometry.

2. Materials and Methods
2.1 Synthesis of Iron Oxide Magnetic Nanoparticles

Iron oxide nanoparticle synthesis was completed as
previously described [20]. In a mixture, ferric and ferrous
ions were combined at room temperature in a 1:2 molar ra-
tio. Once the pH of the solution reached 10, 1.5 M NaOH
was gradually added to the reaction to carry out the co-
precipitation. The precipitate was magnetically separated
and then washed with distilled water numerous times until
the pH reached 7. The cleaned nanoparticles were allowed
to air dry at room temperature before being used in further
research.

2.2 Synthesis of Magnetic Iron Folate Core—Shell
Nanostructure

A total of 0.1 g folic acid was added to 100 mL of
deionized water, agitated for 30 minutes at 60 °C, and then
exposed to ultra-sonication for two hours at 0.9 cycles and
90% amplitude. After adding 50 mL of previously prepared
folic acid, 0.1 g of magnetite nanoparticles were added to
50 mL of doubled deionized water and stirred for 0.5 hours
with a mechanical stirrer. The mixture was then sonicated
for 6 hours (0.6 cycles and 50% amplitude).

2.3 Nanoparticle Characterization
2.3.1 UV-Vis Absorption Spectroscopy

This study characterized the optical absorption char-
acteristics of materials using ultraviolet-visible (UV-Vis)
spectroscopy. All absorbance measurements and data ma-

nipulation were performed on a computer running Shi-
madzu UV probe software, and a UV/Vis spectrophotome-
ter from the Shimadzu UV 2450 PC series (Tokyo, Japan)
was used to capture the spectra. The spectrophotometer was
equipped with two matching 1 cm quartz cells and had the
following spectral settings: one quick scan mode and a slit
width of 2 nm. The development of iron oxide nanoparti-
cles, iron folate core—shell nanoparticles, and doxorubicin
was monitored using UV-Vis spectra [21].

2.3.2 The Transmutation Electron Microscope (TEM)

The size and shape of iron oxide and iron folate core—
shell nanoparticles were determined using the transmis-
sion electronic microscope (TEM). The microscope (JEOL
-Tokyo -Japan- JEM.1400 electron microscope) was used
for the TEM characterization of nanoparticles. A drop of
the nanoparticle solution was placed on a carbon grid and
let dry in a descriptor before being spotted with TEM.

2.3.3 FTIR Analysis

Using spectroscopic-grade potassium bromide (KBr)
that was dried at 100 °C and chilled in a vacuum desicca-
tor to minimize moisture absorption, functional groups on
compounds were analyzed using FTIR (FT/IR-4X, Jasco,
Japan) in the intermediate wavenumber (450—-4000 cm~!)
for iron oxide and iron folate core—shell nanoparticles, and
doxorubicin.

2.3.4 Dynamic Light Scattering (DLS)

The size and size distribution of NPs were measured
using the dynamic light scattering (DLS) method with the
Zetasizer Nano ZS (Malvern Pananalytical Ltd, Malvern,
UK). The sample was put within a cuvette made of quartz.
Following equipment calibration, each sample was sub-
jected to three measurements. Size distribution was calcu-
lated using the collected data for iron oxide and iron folate
core—shell nanoparticles.

2.3.5 X-Ray Diffraction (XRD)

Utilizing a Philips1820 advance diffractometer with
Ni-filtered Cu Ko radiation and a scan rate of 0.24 per
minute, powder X-ray diffraction (XRD) experiments were
conducted for iron oxide and iron folate core—shell nanopar-
ticles. Copper potassium alpha radiation (40 mA) was uti-
lized while the device was run at a 45 kV voltage.

2.3.6 Zeta Potential (ZP) Measurement

The laser Doppler electrophoresis technique was em-
ployed to quantify the particle electrostatic charge, and
the findings are represented as zeta potential using the
Zetasizer-nano instrument (Malvern, UK). A total of 100
pL of the particle solution was diluted with 1.5 mL of water
and added into a cuvette to determine the particle electro-
static charge (ZP) of iron oxide and iron folate core—shell
nanoparticles.
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Table 1. Specific primer sequences used for real-time polymerase chain reaction (PCR).

Primer name Forward (5’-3")

Reverse (5'-3")

B-actin CTGTCTGGCGGCACCACCAT GCAACTAAGTCATAGTCCGC

Bax AAGCTGAGCGAGTGTCTCAAGCGC TCCCGCCACAAAGATGGTCACG
Bcl-2 AGATGTCCAGCCAGCTGCACCTGAC AGATAGGCACCCAGGGTGATGCAAGCT
Caspase-3 TTGATGCGTGATGTTTCTA CAATGCCACAGTCCAGTTC

Bcl-2, B-cell lymphoma 2; Bax, Bcl-2 associated X-protein.

2.4 Anti-Tumor Activity against Different Human Cell
Lines

The American Type Culture Collection (ATCC) was
used to obtain the human acute lymphocytic leukemia
(ALL) cell lines (CCRF-CEM, RS4; 11™)  human
acute myelogenous leukemia (AML) (THP1 (TIB-202™™),
Kasumi-1 (CRL-2724™), and normal cell line (CRL-
1980™) (ATCC, Gaithersburg, MD, USA). The acute
leukemia cells were typically grown in a DMEM medium.
We added 2 mM of L-glutamine to the media, 100 units
of penicillin G sodium, 250 ng of amphotericin B, 100
units of streptomycin sulfate, and 10% fetal bovine serum
(FBS). At sub-confluence, cells were kept at 37 degrees
Celsius in humidified air containing 5% carbon dioxide. At
75% confluence, cells were collected using trypsin/EDTA.
Gibco®/Invitrogen, USA, was the source of all cell culture
supplies. Unless otherwise specified, all compounds were
purchased from Sigma-Aldrich in the United States.

As performed by ATCC, short-tandem repeat STR
profiling uses multiplex PCR to simultaneously amplify the
amelogenin gene and seventeen polymorphic markers, in-
cluding the most informative polymorphic markers in the
human genome. ATCC uses the Promega PowerPlex 18D
system and the ThermoFisher Scientific GeneMapper ID-X
v1.2 software to analyze the amplicons.

The Mycoplasma test was performed in all cell lines
using Hoechst 33258 (Sigma-Aldrich), as recommended by
ATCC (Fluorescent Hoechst staining at 500X magnifica-
tion). Authentication of cell lines was performed by the au-
thors. Mycoplasma testing was performed using the Look-
out one-step Mycoplasma PCR detection kit (MP0050,
Sigma-Aldrich).

2.5 Cytotoxicity Assay

The cytotoxic effect of IONPs, iron folate core—
shell NPs, and Doxorubicin against acute leukemia
cells and CRL-1980 was estimated by MTT (3-[4,5-
Dimethylthiazol]-2,5-Diphenyltetrazolium bromide) assay.
During the metabolic activity, mitochondrial dehydroge-
nases convert the yellow tetrazolium salt of MTT to gener-
ate insoluble purple formazan crystals, which may be dis-
solved with detergent (acidic isopropanol). Before subject-
ing them to an MTT experiment, cells (5104 cells/well)
were treated with a serial concentration of nanoparticles
and doxorubicin (12.5, 25, 50, and 100 g/mL) at 37 °C in
an FBS-free mixture for 24 hours. A 570 nm absorbance
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reading was taken (FLUOstar OPTIMA; BMG Labtech
GmbH, Offenburg, Germany). The percentage of MTT
transformed into the insoluble formazan salt represented the
relative cell viability. Information was reported as the av-
erage percentage of still-alive cells in each treatment group
vs. the corresponding solvent-treated control groups. The
dose-response line equation determined each chemical’s
half-maximal growth inhibitory concentration (ICsq val-
ues).
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Fig. 1. Ultraviolet-visible (UV-Vis) spectroscopy analysis of
iron oxide (FesO.4) nanoparticles (IONPs).

2.6 Quantitative Evaluation of Bcl-2, Bax, and Caspase-3
mRNA Expression Levels

Following the manufacturer’s instructions, total RNA
was isolated from the cell lines using the Qiagen RNA ex-
traction kit (Qiagen Inc., Valencia, CA, USA). The Q5000
137 nanodrop (Quawell Technology, Inc., San Jose, CA,
USA) was used to measure the purity and amount of RNA.
The complementary DNA (cDNA) was produced by re-
verse transcription using a kit from Qiagen in Valencia, Cal-
ifornia, USA (Cat. No. 218161). The total reaction volume
contained 100 ng of total RNA and was 20 pL. The ref-
erence housekeeping gene used in the qPCR for apoptotic
genes (Bax, Bcl2, Caspase-3) was actin. Thermo Scien-
tific’s Maxima SYBR Green/ROXqPCR Master Mix and
specific primers were created (Table 1). The following con-
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ditions were used to carry out the qPCR: initial denaturation
at 95 °C for 5 min, followed by 40 cycles of denaturation
at 95 °C for 15 seconds, 64 °C for 40 seconds, and strand
extension at 72 °C for 1 min. Target gene critical thresh-
old (Ct) values were standardized using the equation x =
2~AACt where x = fold change relative to control.
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Fig. 2. Transmission electron microscopy (TEM) images of (A)
iron oxide and (B) iron folate core—shell nanoparticles. The
size of nanoparticles depends mainly on the concentration of pre-
cursor used in the synthesis of hematite. which proved that the
particle size increased with the raise of the precursor concentra-
tion (FeCls, 6H20) because the reactant with the higher concen-
tration enhanced the merge of crystal nucleus and agglomeration
of particles. Both nanoparticles prepared in favored size (7—42)
nm for application purpose.
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Fig. 3. Fourier transform infrared spectroscopy (FTIR) spec-
tra of (A) iron oxide, (B) iron folate core—shell, and (C) dox-
orubicin, respectively.

2.7 The Flowcytometric Cell Cycle Analysis

The impact of iron oxide and iron folate core—shell
nanoparticles at 100 pg/mL on cell cycle arrest was com-
pared to the control samples. Cell cycle distribution was
analyzed using the DNA PREP Kit from Beckman Coul-
ter USA, Inc. (Beckman Coulter 250 S. Kraemer Blvd.
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Fig. 4. The dynamic light scattering (DLS) analysis on the nanoparticle size.
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Fig. 5. X-ray diffraction (XRD) pattern of (A) iron oxide and
(B) iron folate core—shell depict the diffraction of X-rays by a
crystal lattice.

Brea, CA, USA). Monolayer cells from the CCRF-CEM
and THP1 cell lines were treated with the ICsy concentra-
tion of curcumin for 5 minutes. The cell concentration was
adjusted to 3-5 x 106 cells/mL by mixing 100 uL of single-
cell suspension with 100 uL of LPR. Finally, 2 mL of DNA
PREP Stain was added, and Beckman Coulter Epics XL was
used to incubate the mixture for 30 minutes.

2.8 Statistical Analysis

All data have been computed as mean and standard de-
viation (SD). One-way variance analysis (ANOVA) was uti-
lized to compare the data with the control group. p < 0.05
was shown to be significant. The Statistical Program for
Social Science (SPSS) Version 28 for Windows was used
for all statistical analyses (SPSS Inc., Chicago, IL, USA).
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3. Results

3.1 Characterization of Nanoparticles
3.1.1 UV-Vis Absorption Spectroscopy

The UV-Vis analysis confirmed the preparation of iron
oxide, iron folate core—shell nanoparticles, and doxoru-
bicin. The absorption spectra dispersed in deionized wa-
ter displayed abroad absorption peak at about 250-300 nm.
The mean absorption for doxorubicin, iron oxide, and iron
folate core—shell was 0.262 + 0.381, 0.166 + 0.431, and
0.134 £ 0.431, respectively. The UV-Vis analysis of IONPs
is represented in Fig. 1.

3.1.2 The Transmission Electron Microscope (TEM)

According to the size distribution, the spherical mi-
celles observed in the TEM image (Fig. 2) were nanocap-
sules with sizes between 7 and 42 nm.

3.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of iron oxide and iron folate core—
shell nanoparticles and doxorubicin are shown in Fig. 3.
Peaks and troughs in the spectra indicate absorption and
transmission of infrared light, revealing details about func-
tional groups, chemical bonds, and molecular structures.
Interpretation involves correlating peaks with known vibra-
tional modes of specific functional groups.

3.1.4 Dynamic Light Scattering (DLS)

The DLS analysis confirmed the size of magnitude of
Iron oxide and folic core—shell nanoparticles (Fig. 4). The
size of the iron oxide was 33 nm, and the iron folate core—
shell was 55 nm.

3.1.5 X-Ray Diffraction (XRD) Study

The structure and crystallinity of the produced
nanoparticles were evaluated by X-ray diffraction (XRD)
crystallography. Iron oxide chemical makeup determines
their color. XRD depicts the diffraction of X-rays by a crys-
tal lattice. Peaks in the pattern correspond to constructive
interference of X-rays scattered by crystal planes. The posi-
tion and intensity of these peaks provide information about
the crystal structure, including lattice spacing and orienta-
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tion, helping identify crystalline phases in a sample. Due
to the magnetite (Fe3Oy4) structure, the color is jet-black.
The jet-black color combines the magnetite (Fe3O,) struc-
ture and CH4 N> O, indicating the formation of an iron folate
core—shell. A graphite crystal was used to monochromatize
the incoming X-rays to a wavelength of 0.154 nm (Fig. 5).

3.1.6 Zeta Potential (ZP) Measurement

The stability of the particles was good as evidenced
by the zeta potential, which existed in the —24 + 141.92 mv
range for iron oxide and —28.2 £+ 195.85 mv for iron fo-
late core—shell (Fig. 6). As the surface of the particles in
a colloidal system is negatively charged, this lead to elec-
trostatic repulsion between particles, preventing them from
aggregating. In colloidal stability, a higher negative zeta
potential is often associated with better dispersion and re-
sistance to particle flocculation or coagulation.
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Fig. 6. Zeta potential analysis of (A) iron oxide and (B) iron
folate core—shell nanoparticle which suggest that the surface
of the particles in a colloidal system is negatively charged.

3.2 Cytotoxicity Analysis

In this study, the cells treated with various concentra-
tions of iron oxide, iron folate core—shell nanocomposite, or
doxorubicin were examined using the MTT test for the cyto-
toxicity of leukemia ALL (CCRF-CEM; RS4; 11) and AML
(THP1; Kasumi-1), and normal (CRL-1980) cell lines (Ta-
ble 2). The results showed that the presence of iron folate

core—shell nanocomposite reduced the viability of CCRF-
CEM, RS4;11, and THP1 cells dose-dependently, while the
cytotoxicity effect increased in Kasumi-1 and CRL-1980
cell lines (Fig. 7).

3.3 Analysis of Apoptotic and Necrotic Cells with Flow
Cytometry

By analyzing Bax, Bacl2, and Caspase-3 activity in
relation to different quantities of protein content for cells
treated with the ICs5q of iron oxide and iron folate core—
shell NPs, the apoptotic impact of iron oxide and iron fo-
late core—shell NPs was investigated (Table 3). Further re-
search on the apoptotic impact of the iron oxide and iron fo-
late core—shell NPs involved calculating the proportion of
apoptotic cells using flow cytometric analysis and double-
staining with Annexin V and procaine. Meanwhile, An-
nexin V-negative/propidium iodide-negative staining de-
notes the presence of viable cells. In contrast, Annexin
V-positive/propidium iodide-positive staining denotes the
presence of cells that have undergone late apoptosis. Rep-
resentative dot plots for the flow cytometric analysis com-
paring treated and untreated cells revealed that treated cells
had higher percentages of early and late apoptosis than un-
treated cells.

3.4 Bax, Bcl-2, and Caspase-3 Subfamily Expression in
Leukemia Cancer Lines

Our data demonstrate a high Bax and Casepase-3 ex-
pression level in the CCRF-CEM cell line treated with an
iron folate core—shell compared with the THP cell line,
while Bax and Caspase-3 expression in the CCRF-CEM and
THP cell line treated with iron were slightly similar. On the
other hand, Bcl-2 showed high expression in the THP cell
line treated with iron compared with the CCRF-CEM cell
line, while Bcl-2 expression in the CCRF-CEM and THP
cell line treated with iron folate core-shell were slightly sim-
ilar (Table 4, Fig. 8).

4. Discussion

UV-Vis spectroscopy was used to validate the produc-
tion of nanoparticles. Fig. 1 displays the UV-Visible spec-
trum of iron oxide nanoparticles—iron oxide nanoparticles
were present, as shown by the strong 250-300 nm peak.
Bonvin et al. [22] and Niraimathee et al. [23] reported
similar results. The created iron oxide nanoparticles were
evenly distributed and nearly spherical, as seen in the TEM
image in Fig. 2. The size range of the core—shell nanoparti-
cles for iron oxide and iron folate was 7—42 nm. This find-
ing is consistent with Guo et al. [24].

The FTIR examination of the synthetic iron oxide and
iron folate core—shell nanoparticles yielded results in the
400-4000 cm~—! wavenumber region, indicating the pres-
ence of both functional groups and chemical bonds (Fig. 3).
Because NH,OH was used to produce the FeoO4-NPs, the
absorption peaks at 1643 cm~! and 3441 cm~! indicated
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Table 2. The cytotoxicity analysis with different treatments.

1Cs0 (ng/mL)

Cell Lines p-value
Iron Iron folate core—shell ~ Doxorubicin
ALL CCRF-CEM 46.8 £+ 30.09 42.65 £ 31.1 148 £2.37  p1 =0.045%; p =0.081; p3 =0.836
RS4;11 54.94 +35.8 482 +35.6 19.38 + 8.0 p1=0.062; po =0.115; p3 =0.773
AML THP1 60.29 4+ 33.3 50.8 +29.34 24.24 +4.13 p1=0.043%; po =0.08; p3 = 0.645
Kasumi-1 83.5+84 85.83 +33.08 64.94 £19.02  p1 =0.081; p2 =0.256; p3 = 0.883
Normal COLO 829BL-CRL-1980  52.04 + 32.89 70.54 + 32.66 435242033  p1 =0.636; p2 =0.155; p3 = 0.398

p1: p-value for comparing between iron- and doxorubicin (control)-treated cell lines; p2: p-value for comparing between iron folate core—

shell- and doxorubicin (control)-treated cell lines; p3: p-value for comparing between iron- and iron folate core—shell-treated cell lines.

*. Statistically significant at p < 0.05.

ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia.

Table 3. Apoptosis and necrosis rates in early- and late-stage cells.

Apoptosis .
Necrosis
Total Early Late

1 TIron/CCRF 12.4 £ 0.16 5.1 £0.08 4.6+ 0.8 2.74+0.24
2 TIron/THP 10.2 +0.32 2.3+0.16 5.84+0.16 2.1 +£0.48
3 Iron folate core—shell/CCRF 16.0+0.4 53402 7.6 +0.2 3.14+0.6
4 Tron folate core—shell/THP 12.9+0.24 43+0.1 6.54+0.2 2.1 +0.34
5 cont. CCRF 2.3 +041 1.4+022 03 +0.22 0.6 +0.63
6 cont. THP 2.2 +0.25 1.3+£0.13 04 +0.15 0.54+0.38

p1=p<0.0001*; po=p < p1=p<0.0001%; p2= p1=p<0.0001*; p2= p; =p<0.0001%; py =

0.0001*; p3 =p < 0.0001%; p < 0.0001*; p3=p< p<0.0001*;p3=p< p<0.0001% p3=p<

pa=p <0.0001% ps =p < 0.0001*; ps =p < 0.0001*; ps =p < 0.0001*; pgs=p <

0.0001*; pg =p < 0.0001*  0.0001*; p5 =0.072; 0.0001*; p5s =p < 0.0001%*; ps = 0.204;
pe =p < 0.0001* 0.0001%*; pg = 0.0003* pe = 1.0000

p1: p-value for comparing between iron/CCRF and cont. CCRF; po: p-value for comparing between iron folate core—shell/CCRF and cont.

CCREF; p3: p-value for comparing between iron/THP and cont. THP; p4: p-value for comparing between iron folate core—shell/and cont.
THP; p5: p-value for comparing between iron/CCRF and iron folate core—shell/CCRF; pg: p-value for comparing between iron/THP and iron

folate core—shell/THP.
*: Statistically significant at p < 0.05.

Table 4. Fold change in the expression of Bax, Bcl-2, and Caspase-3 using real-time PCR.

Treated Groups Bax Bcl-2 Caspase-3
Iron/CCRF 422404 0.26 + 0.8 3.54+0.9
Iron/THP 4.514+0.6 0.33 +£ 0.6 3.76 £0.3
Iron folate coreshell/CCRF 7.04 + 0.4 0.19 +0.2 4.35+0.8
Iron folate coreshell/THP 4.61 +£0.7 0.16 £ 0.7 3.73+0.7

p1=p < 0.0001*; po =0.815

p1=0.854;p2=0.691  p1=0.171; py =0.932

p1: p-value for comparing between iron/CCRF and iron folate core—shell/CCRF; p2: p-value for comparing between

iron/THP and iron folate core—shell/THP.
*: Statistically significant at p < 0.05.

the bending vibration of absorbed water and surface hy-
droxyl (-OH) groups [25]. The stretching vibration of the
C-N group in aliphaticamine was responsible for the peak
at 1095 cm~!. Due to the vibrational intrinsic stretching of
the metal-oxygen bond vibrations (in this case, Fe-O), two
distinct peaks appeared at 586 cm ™' and 632 cm ™!, indi-
cating that the produced NPs were iron oxide [26,27]. A
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prior study further supported these results, establishing that
the produced nanoparticles were made of iron oxide [26].
Therefore, our findings using the FTIR study agreed with
the characterization results reported by others.

The type of solvent used, as well as the duration of the
chemical reaction, affected the particle size of the Fe30,
NPs. The size of the developed NPs was found to be in the
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Fig. 7. Cell viability in ALL, AML, and normal cell lines treated with ligands at various concentrations was determined using

MTT assay to assess the anticancer activity of iron oxide, iron folate core—shell NPs, and doxorubicin on CCRF-CEM, RS4;11,
THP1, Kasumi-1, and COLO 829BL-CRL-1980 cells. Each cell line was subjected to a dose of a different treatment (0.003-0.1 pg/
mL) for 24 h. Each data point shown is the mean 4+ SD from n = 3. The means of different groups differ significantly (p < 0.05) by

using a one-way analysis of variance. (A), (B), (C) and (E) showed lower IC50 values for iron folate core shell NPs with selected cell

lines, which indicate a higher potency in inhibiting the growth of these cells by 50%. (D) showed a higher IC50 value for all selected

NPs which indicate less potent of all selected NPs against Kasumi-1 cell line.

nanorange (1-100 nm) for metallic nanoparticles. Sizes for
the iron oxide NPs in Fig. 4 were obtained using the DLS
technique and were 33 nm and 55 nm, respectively. Com-
pared to the sizes observed during TEM analysis, the aver-
age size of the NPs obtained using DLS was nearly identical
and in agreement. The synthesized iron oxide and iron fo-

late core—shell’s structure and crystallinity were evaluated
using X-ray diffraction (XRD) crystallography (Fig. 5). A
graphite crystal was used to monochromatize the incident
X-rays to a wavelength of 0.154 nm. These findings agreed
with the previous studies [25]. The color of iron oxides is
a result of their chemical composition. The jet-black color
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Fig. 8. Expression changes of three apoptosis-associated proteins (Bax, Bcl-2, and Caspase-3) in the treated cells. The data

represented by the means of different groups differ significantly (p < 0.05) by using a one-way analysis of variance.

refers to the magnetite (Fe30,) structure, and the iron folate
core—shell was a mixture of the magnetite (Fe3Oy4) structure
and CH4N20.

In general, zeta potential measurements of the iron ox-
ide and iron folate core—shell nanoparticles revealed nega-
tive surface charges. Surface modification, however, could
produce highly positively charged NPs for improved col-
loidal stabilization [28]. The zeta potential values were ap-
proximately —24 + 141.92 mv for iron oxide NPs and ap-
proximately —28.2 + 195.85 mv for iron folate core—shell,
as shown in Fig. 6. This result agrees with Ostolska and
Wisniewska [29] and Racuciu et al. [30], who reported
that the ZP values of approximately -10 to -15 mV. On the
other hand, Leonel et al. [31] reported that the zeta po-
tential value was approximately —70 mV. Alangari et al.
[32] produced iron oxide NPs with sufficiently high pos-
itive charges (= +20.8 mV) on their surfaces, which may
have been made possible by the use of NH,OH during the
synthesis of the NPs.

Various clinical results for identifying multiple
efficacy-affecting components of nanomedicine are essen-
tial to address the intricacy surrounding disease progres-
sion, therapy, care, and recurrence risk. It is essential to
balance effectiveness against the impact on healthy cells
to minimize the adverse effects on the quality of life in
this situation [32]. Various nanocarriers are described in
the literature for their drug delivery systems to circumvent
these restrictions in cancer treatment [33]. To assess the
inhibitory effects of the free and conjugated nanoforms on
cell growth in leukemia cell lines, we devised the conju-
gation between iron oxide and iron folate core—shell as a
carrier in this study. Initially, the cell viability of leukemia
ALL (CCRF-CEM; RS4; 11) and AML (THP1; Kasumi-1)
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and normal (CRL-1980) cell lines were evaluated using the
MTT method. The results showed the viability of CCRF-
CEM; RS4; 11 and THP1 cells reduced dose-dependently in
the presence of iron folate core—shell nanocomposite, while
the cytotoxicity effect increased in Kasumi-1 and CRL-
1980 cell lines (Fig. 7). The cytotoxicity effect of iron con-
jugated to folate core—shell was lower than iron oxide in
a free nanoform. The IC5q values calculated for iron oxide
NPs in cells were 46.8 = 30.09 ug/mL (CCRF-CEM), 54.94
+ 35.8 pg/mL (RS4;11), and 60.29 + 33.3 ng/mL(THP1)
after treatment, while the ICsy values calculated for iron
folate core—shell NPs were 42.65 + 31.1 pg/mL(CCRF-
CEM), 48.2 £+ 35.6 pg/mL (RS4;11), and 50.8 + 29.34
pug/mL(THP1) in treated cells. On the other hand, the cyto-
toxicity of iron showed that the IC5( values were 83.5 - 8.4
pg/mL (Kasumi-1) and 52.04 4 32.89 ug/mL (CRL-1980),
which was lower than iron folate core—shell, 85.83 4 33.08
pg/mL (Kasumi-1), and 70.54 4= 32.66 pg/mL (CRL-1980).
The difference was not statistically significant (p = 0.993).

The assessment of the number of apoptotic cells us-
ing flow cytometric analysis with the AV/PI double label-
ing provided additional evidence of the apoptotic impact
of the induction of iron oxide and iron folate core—shell
NPs. Phosphatidylserine is often translocated from the in-
ner to the outer section of the plasma membrane to initiate
an early apoptotic event. Green fluorescence is produced
when annexin V binds to phosphatidylserines in the pres-
ence of calcium ions. These findings showed that late apop-
tosis or necrosis enhanced membrane permeability, allow-
ing PI to enter cells. PI binds to cellular DNA and dyes
the nucleus red. The findings showed that iron folate core—
shell may cause apoptosis in CCRF-CEM and THP and that
early apoptosis and necrosis could be observed in CCRF-
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CEM treated with iron and iron folate core—shell, respec-
tively. Results of our study revealed a rise in the percentage
of annexin V-FITC and PI-positive cells (upper right quad-
rant) in a time-dependent manner, indicating late apoptosis
(Table 3), with a significant difference between treatment
groups with iron oxide NPs, iron folate core—shell NPs, and
doxorubicin (p = 0.007).

Currently, apoptosis is thought to be the primary cause
of cell death. The antiapoptotic protein B-cell lymphoma-
2 (Bcl-2) has an antiapoptotic function. The pro-apoptotic
protein known as Bcl-2 associated X protein (Bax) can ac-
celerate cell death. When Bcl-2 is overexpressed, it exerts
an antiapoptotic impact because Bax has an antagonistic ef-
fect on the protein. Contrarily, when Bax is dominant, cells
are more prone to apoptosis [34]. Both CRRF-CEM and
THP cells were treated, which led to a reduction in Bcl-
2 and an increase in Bax gene expression. This data indi-
cated that nanoparticles predisposed these chemo-resistant
malignant cells to induce apoptosis by altering gene expres-
sion. The most thoroughly researched effector, caspase, is
caspase-3, which is activated in the perinuclear region of the
cell and linked to the release of mitochondrial cytochrome
¢, which may be inhibited by upregulating Bcl-2 proteins
[35]. Our investigation demonstrated that the combination
of the folate core—shell and iron oxide NPs significantly
increased the transcription and expression of caspase-3 in
CCRF CEM cells. This finding confirms that IONPs en-
hance the folate core—shell-mediated apoptosis and this is
linked to the gene and protein expression level. In cancer-
ous cells, apoptosis can be initiated by activating molecules
upstream of the signaling pathway or inhibiting antiapop-
totic factors.

5. Conclusions

Our study shows that the combination of iron oxide
and folate core—shell iron was an effective treatment for
leukemia. Iron oxide and iron folate core—shell NPs were
characterized by FTIR, XRD, TEM, and UV-Visible spec-
troscopy. The produced nanoparticles ranged in size from
7 to 42 nm, had appropriate monodispersity, and did not
aggregate. With no toxicity and compatibility with normal
cell lines, iron oxide and iron folate core—shell nanoparti-
cles exhibited the right amount of cytotoxicity against acute
leukemia malignancy. Therefore, synthetic iron oxide with
a folate core—shell could be considered as a possible anti-
cancer drug.
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