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Abstract: Iron oxide nanoparticles (IONPs) have shown great promise in targeted cancer therapy due to their unique
magnetic properties and ability to be functionalized with various ligands. This study explores the use of iron oxide
nanoparticles (IONPs) functionalized with macrocycle antagonists to target CXCR4 receptors on cancer cells. The
synthesis of superparamagnetic iron oxide nanoparticles (SPIONs) was validated through XRD and TEM analyses,
which showed uniform, roughly spherical particles. Fluorescence-loaded SPIONs provided enhanced imaging contrast in
Jurkat cancer cells. Flow cytometry demonstrated that the nanoparticles effectively blocked CXCR4 receptors,
highlighting their potential for targeted cancer therapy. These findings underscore the successful synthesis,
characterization, and functionalization of SPIONs, paving the way for advanced nanomedicine strategies in cancer

diagnostics and treatment.
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INTRODUCTION

The field of cancer imaging leverages advanced
techniques and knowledge to provide crucial insights
into cancer characteristics and the extent of
metastasis. Nanoparticle-based agents are
transforming cancer diagnosis and treatment by
exploiting the unique properties of nanomaterials,
enabling targeted therapeutic, diagnostic, and
multifunctional applications [1].

Various nanoparticle (NP)-based agents, such as
magnetic NPs, quantum dots (QDs), liposomal carriers,
carbon nanotubes, dendrimers, silica NPs, polymeric
NPs, and other inorganic metal-based NPs, play a
central role in cancer targeting constructs. These NPs
can be conjugated with molecules like antibodies or
peptides to specifically target cancer cells in vivo [2].

Targeting ligands that bind to specific biomarkers on
cancer cells are essential for cancer cell recognition.
This targeted imaging provides detailed cancer profiles,
facilitating precise diagnosis and appropriate
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therapeutic interventions. Over the years, numerous
biological processes specific to cancer progression
have been identified, along with proteins and
mechanisms that can be targeted or detected on
cancer cell surfaces. These include markers associated
with  extracellular matrix variations, membrane
receptors stimulated by growth factors, and markers of
apoptosis [2].

Many biomarkers have been utilized for cancer
targeting. For instance, the transferrin receptor (TfR) is
overexpressed on various cancer cells, including those
in breast, prostate, non-Hodgkin's lymphoma, chronic
lymphocytic leukemia, and bladder carcinomas. Folate
receptors, highly selective cancer biomarkers, are
overexpressed in lung, breast, colorectal, ovarian,
renal, and endometrial cancers, making them excellent
targets for tumor imaging. Additionally, the under-
glycosylated MUC-1 antigen (uMUC-1) is
overexpressed in colorectal, gastric, prostate, lung, and
breast cancers. Other successful markers include av33
integrin, HER2/neu receptor, CD20 receptors, and c-
MET [3.,4].

NPs can target cancer cells passively through
natural pharmacokinetic and phagocytic mechanisms
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or actively by functionalizing NPs with specific vectors
to target molecular processes in cancer cells. Active
targeting mechanisms enhance diagnostic accuracy
and therapeutic efficacy [5].

It has been reported that superparamagnetic iron
oxide nanoparticles (SPIONs) conjugated to a TfR
protein targeting agent showed around a 45%
reduction in signal intensity at the site of cancer cells
using a Tp-weighted MR imaging sequence. Although
the TfR protein is effective for targeting various
cancers, it is also moderately expressed in several
normal cell types, such as Kupffer cells, hepatocytes,
the endocrine system, pancreas, basal epidermis, and
testis. Another study demonstrated that SPIONs
attached to folate, when injected intravenously into a
rat model, could target implanted nasopharyngeal
epidermal carcinoma xenografts, reducing signal
intensity at the tumor site by about 40%. Furthermore,
Kiessling et al. studied SPIONs attached to an RGD
peptide for targeting av@3 integrins overexpressed in
nude mice bearing A431 or HaCaT-ras-A-5RT3 tumor
xenografts. MRI imaging clearly identified the tumor’s
heterogeneous properties compared to non-targeted
SPIONs, with much more localized uptake of RGD-
SPIONs [6]. For improved iron oxide nanoparticle
(IONP) cancer targeting, Lee et al. produced IONPs
coated with polyaspartic acid attached to cyclic RGD
peptides. These peptides were designed to bind to
integrin receptors (avB3). The coated NPs were also
attached to the DOTA chelator adjacent to the peptides
for 64Cu radiometal coordination to achieve multimodal
imaging (MRI/PET). The authors demonstrated that
U87 tumors were targeted with very high and clear
contrast compared to normal cells [7].

Despite significant advancements, developing
highly specific and efficient targeting systems for
cancer cells remains a challenge. Current targeting
mechanisms, while promising, often face issues related
to specificity, off-target effects, and the need for
multimodal imaging capabilities.

In this context the objective of this study is to
develop and characterize superparamagnetic iron
oxide nanoparticles functionalized with macrocycle
antagonists to specifically target CXCR4 receptors on
cancer cells. This involves validating the synthesis
through XRD and TEM analyses and assessing the
efficacy of these nanoparticles in enhancing imaging
contrast and blocking CXCR4 receptors in Jurkat
cancer cells.

MATERIALS AND METHODS

Synthesis of Iron Oxide Nanoparticles

The synthesis method described by Young Soo
Kang et al. was utilized. This method involves aging a
stoichiometric mixture of ferric and ferrous ions,
following the reaction: [8]:

2FeCl; + FeCl, + 80OH" — Fe304 + 4H,0

This process involves mixing Fe?" and Fe** ions in
a 1:2 molar ratio at an alkaline pH of 9, conducted
under an argon (Ar) atmosphere. A high concentration
of iron is necessary to achieve supersaturation, leading
to the formation of a magnetite colloid. The nucleation
stage happens rapidly, creating iron oxide nuclei
seeds, followed by a slower crystal growth phase as
iron precursors diffuse from the solution to the surface
of these seeds. Since magnetite particles are highly
prone to oxidation, an inert gas is used during the
reaction to prevent their transformation into maghemite.
After synthesizing and purifying these
superparamagnetic iron oxide nanoparticles (SPIONs),
some aggregation was observed as the nanoparticles
tend to cluster to minimize surface tension.
Transmission Electron Microscopy (TEM) and X-ray
Diffraction (XRD) were employed to analyse the
composition, shape, size, and size distribution of the
SPIONSs.

IONPs Coating with Siloxane Macrocycles

Ligand exchange was employed to attach targeting
vectors to nanoparticles (NPs) by substituting the oleic
acid coating with a siloxane macrocycle, resulting in a
silica layer. The NPs were synthesized by combining
ferric, ferrous, and oleic acid components at high
temperatures, rendering them soluble in non-polar
solvents. The ligand exchange reaction, adapted from
Esben et al., was conducted in toluene under basic
conditions [9]. Characterization techniques verified the
new coating, and the process rendered the NPs water-
soluble, facilitating their separation into the aqueous
phase. The mixture was stirred for 24 hours at room
temperature to produce the desired silica-coated NPs
with macrocycles on their surface.

Cell Lines

To evaluate the binding efficiency of the designed
nanoparticles (NPs) to CXCR4 receptors, which are
overexpressed on various cancer cells, Jurkat cancer
cells were utilized. These cells exhibit a five-fold
overexpression of CXCR4 receptors on their



38 Journal of Analytical Oncology, 2024, Vol. 13

Ahmed et al.

membranes. The Jurkat cells were cultured with 2 mM
L-glutamine, 10% (v/v) fetal bovine serum (FBS), 100
pg/mL streptomycin, and 100 U/mL penicillin. They
were maintained at 37°C in a humidified incubator with
5% CO; and 95% O,. After extensive washing with
PBS, the cells were cultured again for two days. The
cell lines were grown in upright 175 cm? flasks at a
density of 0.2-2 x 10° cells/mL.

Flow cytometry was employed to detect the
attachment of the NPs to the cancer cells and to
assess their ability to compete with monoclonal
antibodies for binding. While several techniques, such
as ELISA, Western blot, and immunostaining assays,
can be used to determine NP targeting and binding
mechanisms, flow cytometry is particularly effective for
analysing cell surface properties and markers. It counts
individual cells and plots their properties in a histogram.

Flow Cytometry

Flow cytometry is a technique used to quantitatively
analyze micrometer-sized particles. An aqueous
sample passes through a laser beam, producing
scattered and fluorescent light that is detected and
analyzed. The sample is hydrodynamically focused into
a thin stream, allowing cells to pass through the beam
one at a time. The interaction with the laser generates
voltage pulses proportional to the number and intensity
of photons, which are then converted into graphical
signals. Forward-scattered light correlates with cell
size, while side-scattered light relates to the internal
structure and granularity of the cells. Fluorescent dyes
or antibodies can be used to target specific receptors,
such as CXCR4, to determine their presence or
blockage [10].

The sample containing NPs-silica-macrocycle was
applied to cultured Jurkat cancer cells, which were
grown in a solution with 95% O, and 5% CO, at 37°C
for one week. Before the experiment, the cells were
centrifuged and re-suspended in 4 ml of PBS, and the
cell count was determined to prepare three samples: a
positive control, a negative control, and the NPs
sample, each containing 50 pl of cell suspension.

For the NPs binding experiment, 10 pl of a 20
mg/mL solution of NPs-silica-CB Cyclam-Ni (compound
51) was added and incubated at 4°C for 1 hour. The
negative and positive controls were set up as
previously described. The nanoparticle sample then
had 10 pl of the anti-CXCR4 antibody solution added,
and the mixture was further incubated for 1 hour at 4°C
before being washed with PBS. Finally, the secondary

antibody was added, and the sample was analysed by
flow cytometry.

Confocal Microscopy

Confocal microscopy was used to investigate the
interaction between the CXCR4 antagonist conjugated
on the NPs and the CXCR4 receptors on the surface of
cancer cell membranes. Jurkat cancer cells were
seeded in four 6-well plates at a concentration of
250,000 cells per well. After one day, the cells were
pre-treated with endocytosis inhibitors (8 mM
ammonium chloride) for 1 hour. The cell media was
then replaced with a solution containing NPs-
Fluorescence-CXCR4 (1 mg/mL), and the cells were
exposed for 2 hours. Afterward, the media was
removed, and the cells were washed three times with
phosphate-buffered saline (PBS) and mounted with
coverslips on confocal microscopy slides to protect the
samples. The microscopy laser was set to a range of
550-650 nm to excite the fluorescence. The microscopy
gains and offset settings were kept constant throughout
the imaging period.

RESULTS

X-ray diffraction (XRD) results confirmed the
presence of Fe;O, and identified the iron oxide
compounds in the sample, as shown in Figure 1.
Transmission electron microscopy (TEM)
characterization revealed that the superparamagnetic
iron oxide nanoparticles (SPIONs) were irregularly
shaped, roughly spherical, and uniformly sized.
Fluorescence-loaded NPs exhibited higher
fluorescence contrast compared to free fluorescence
mixed with Jurkat cancer cells. Figure 3 shows
confocal microscopy images of Jurkat cancer cells
incubated with fluorescence-loaded NPs (A) and free
fluorescence (B) for 2 hours at 37°C. Cells were
exposed to 280 ng/mL of fluorescence or equivalent
nanoparticle concentrations based on fluorescence
loading.

Figure 4 displays the positive and negative controls
for Jurkat cells. The positive control (left) shows the
fluorescence count after adding the CXCR4 binding
antibody to the cells, followed by a fluorescently tagged
secondary antibody in the absence of NPs,
representing the maximum signal.

In Figure 5, the green peak represents the positive
control, indicating that none of the particle sample is
bound to the receptor if this was reproduced with the
NPs sample. The solid purple peak represents the
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Figure 1: XRD peaks of iron oxide nanoparticles formed by co-precipitation method. The peaks match the expected pattern for
magnetite.
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(A) (B)

Figure 3: Confocal microscopy images of Jurkat cancer cells incubated with NPs loaded fluorescence (A) and free fluorescence
(B) in solution for 2 hours at 37°C.

(A) shows Jurkat cancer cells incubated with fluorescence-loaded nanoparticles, resulting in high fluorescence contrast. This
indicates efficient cellular uptake and strong binding affinity of the nanoparticles to CXCR4 receptors, enhancing imaging
contrast.

(B) shows Jurkat cancer cells incubated with free fluorescent dyes, resulting in lower fluorescence contrast. This indicates less
efficient cellular uptake and retention compared to nanoparticles, highlighting the advantage of using nanoparticles for enhanced
imaging.
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Figure 4: shows the positive control with the highest fluorescence signal when CXCR4 antibodies bind to Jurkat cells, indicating
maximum receptor binding. The negative control displays baseline fluorescence with no antibody binding. These controls help
compare the effectiveness of nanoparticles in blocking CXCR4 receptors.

negative control, indicating no anti-CXCR4 antibody
binding. If this is replicated in the test sample, it
suggests 100% saturation of the receptor with NPs that
are not displaced by the antibody. The NPs sample
data (pink peak) nearly overlaps with the negative
control, indicating that the nanoparticle-based agent
has blocked most, if not all, of the CXCR4 receptors on
the Jurkat cancer cells.
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Figure 5: The flow cytometry histogram shows the highest
fluorescence (green peak) when CXCR4 antibodies bind to
cells without nanoparticles. The baseline fluorescence (purple
peak) indicates no antibody binding. The pink peak,
overlapping with the negative control, suggests that
nanoparticles effectively block CXCR4 receptors, preventing
antibody attachment.

Furthermore, the fluorescence intensity of the NPs-
loaded cells was significantly higher than that of the
free fluorescence, indicating efficient cellular uptake
and strong binding affinity of the NPs to the CXCR4
receptors. This enhanced fluorescence contrast
underscores the potential of these functionalized

SPIONs for targeted imaging and therapeutic
applications in cancer treatment. The comprehensive
characterization and promising in vitro results warrant
further investigation into the in vivo efficacy and safety
of these nanoparticles for clinical applications.

DISCUSSION

The findings of this study provide valuable insights
into the synthesis, characterization, and
functionalization of SPIONs for targeted cancer
therapy. X-ray diffraction (XRD) analysis confirmed the
presence of Fe;0,, verifying the successful synthesis
of magnetite nanoparticles. This validation is essential
as it ensures the correct iron oxide phase, which is
crucial for biomedical applications [11]. The method we
used for the synthesis of IONPs offers several
advantages over other methods. The raw materials are
inexpensive, and the process requires only a single
reaction.

Transmission electron microscopy (TEM)
characterization showed that the SPIONs are
irregularly shaped, roughly spherical, and uniformly
sized. Consistency in size is vital for predictable
behavior in biological systems, affecting biodistribution
and cellular uptake. Achieving nanoparticles with
controlled morphology and size distribution is a
significant accomplishment, directly influencing their
performance in diagnostic and therapeutic applications
[12].

Furthermore, fluorescence studies indicated that
nanoparticles loaded with fluorescent dyes exhibited
significantly higher fluorescence contrast compared to
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free fluorescent dyes mixed with Jurkat cancer cells.
This enhanced contrast results from the efficient
encapsulation and stable retention of the fluorescent
dyes within the nanoparticles, preventing rapid diffusion
and degradation. Confocal microscopy images (Figure
3) clearly demonstrate that fluorescence-loaded
nanoparticles provide superior imaging contrast,
emphasizing their potential for targeted imaging
applications. This finding highlights the advantage of
using nanoparticles as carriers for fluorescent dyes,
enhancing the sensitivity and specificity of cancer cell
detection [13].

Flow cytometry analysis further confirmed the
effectiveness of the SPIONs in targeting cancer cells.
The positive control (Figure 4) established the
maximum fluorescence signal achievable by the
CXCR4 binding antibody, serving as a benchmark for
evaluating the nanoparticle samples. Comparing the
positive and negative controls with the nanoparticle
samples (Figure 5) showed that the fluorescence
intensity of the nanoparticle-treated cells closely
matched the negative control. This overlap indicates
that the nanoparticles effectively blocked the CXCR4
receptors on the Jurkat cancer cells, preventing the
binding of the fluorescently tagged antibodies [14,15].

This blocking effect is a significant finding,
demonstrating the potential of synthesized SPIONs for
targeted cancer therapy. By effectively blocking specific
receptors on cancer cells, the nanoparticles can inhibit
critical pathways involved in cancer progression,
potentially reducing tumor growth and metastasis.
Functionalizing nanoparticles with targeting ligands,
such as the CXCR4 antagonist used in this study,
opens new possibilities for precision medicine, where
treatments can be tailored to target specific molecular
markers on cancer cells [16,17].

Overall, this study highlights the successful
synthesis and functionalization of  SPIONs,
demonstrating their potential for targeted imaging and
therapeutic applications in cancer treatment. The
combination of XRD, TEM, and fluorescence studies
provides a comprehensive understanding of the
nanoparticles' properties and their interaction with
cancer cells. These findings pave the way for further in
vivo studies and clinical applications, where the
efficacy and safety of these nanoparticles can be
evaluated in more complex biological environments.

CONCLUSION

In conclusion, this study successfully synthesized
and characterized SPIONs functionalized with

macrocycle antagonists, demonstrating their ability to
target CXCR4 receptors on cancer cells. The
nanoparticles enhanced imaging contrast and
effectively blocked CXCR4 receptors, highlighting their
potential in targeted cancer therapy. The promising
results obtained suggest that SPIONs could play a
crucial role in the future of cancer diagnostics and
therapy, offering a versatile platform for developing
advanced nanomedicine strategies.
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