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ABSTRACT

Circulating tumor cells (CTCs) are among the major causes of cancer metastasis, and their detection is critical
in the context of early diagnosis and metastatic cancer marker. Despite various advances, well established
approaches for CTCs are limited. This study aimed to develop a magnetic nanosensor-based approach for
detecting CTCs across multiple cancers. Herein, iron oxide magnetic nanoparticles (MNP) were fabricated and
coated with silica, characterized, and functionalized with antibody for epithelial cell adhesion molecule, an
epithelial-mesenchymal transition marker. Additionally, the detection efficacy of the developed nanosensor
was evaluated for HT-29 and MCF-7 cancer cell lines in vitro. Both base-MNPs (B-MNPs) and silica-coated
MNPs (C-MNPs) showed notable characteristic peaks in ultraviolet-visible and Fourier-transform infrared
spectra. Field-emission scanning electron microscopy showed the structural differences, with B-MNPs
exhibiting a relatively uniform spherical distribution, whereas C-MNPs showed a markedly rough morphology.
The results of zeta potential (-24 and —31 mV) and particle size analyses (78 and 112 nm) for B-MNPs and C-
MNPs, respectively, indicated their physicochemical stability. Additionally, confocal laser scanning
microscopy showed the successful antibody functionalization on the nanoparticle surface, and
immunofluorescence images showed effective detection of both HT-29 and MCF-7 cells in vitro, with notable
differences. Altogether, the findings of this study demonstrate that the proposed nanosensor could achieve
effective detection of tumor cells regarding multi-cancer detection, providing a research basis for further

development of an established protocol for circulating tumor cell detection.
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INTRODUCTION
Cancer is a complex disease and one of the major
global health concerns, with more than 19 million
cases and 9 million mortalities reported by June
2025 (Ferlay et al., 2024). In addition, factors such
as malignancy exacerbate the disease condition,
further increasing cancer-related mortality.
Metastasis refers to the process in which cancer
cells from the primary tumor migrate to different
locations in the body to establish the secondary
tumor (Gerstberger et al., 2023). The epithelial-
mesenchymal transition (EMT) is a critical event
involved in metastasis; it is a dynamic biological
process wherein epithelial cells lose their polarity
adhesion

and intercellular properties;

subsequently, they acquire characteristic
properties of the mesenchymal cells and exhibiting
enhanced motility and invasiveness (Steinestel et
al., 2014; J. Yang et al., 2020). Typically, EMT
leads to the detachment of cancer cells from the
primary tumor, allowing circulating tumor -cell
(CTC) generating and their invasion in surrounding
tissues, ultimately introducing them to the
circulation system for colonization at secondary
sites (Lamouille et al., 2014). Notably, this
transition is regulated by various key transcription
factors, including Snail, Slug, and Twist (Debnath
et al., 2022; Garg, 2013), and different signaling
pathways, such as transforming growth factor-f,
Wingless/Int1, and neurogenic locus notch
homolog protein pathways (Garg, 2013; Gonzalez
and Medici, 2014). Overall, EMT is intricately
linked to cancer metastasis and plays a pivotal role

in tumor progression and therapeutic resistance.

CTCs represent the fraction of cancer cells that are
detached from the primary tumor and enter the
bloodstream (circulatory system), thereby serving
as critical metastasis-associated mediators.
Reportedly, these cells come in existence when
cells from the primary tumor undergo EMT,
thereby acquiring migratory and invasive
characteristics, which enable their escape from the
tumor microenvironment (Pantel and Speicher,

2016; Williams, 2013).

However, following their entry in the -circulation
system, CTCs are exposed to carious challenges,
including shear stress, immune surveillance, and
detachment-induced cell death (van der Toom et al.,
2016; Yang et al., 2024). To address such challenges,
CTCs have been shown to survive through mechanisms
such as clustering, coating with platelets, and the
expression of stem-cell-like markers (Yang et al., 2024;
Zhou et al., 2024), and owing to these mechanisms,
surviving CTCs are migrate to distant organ sites, and
upon reaching the next target site, they undergo
mesenchymal-epithelial transition, thereby initiating
the formation of secondary tumors (Yao et al., 2011).
These findings underscore the importance of CTCs,
warranting extensive studies on the detection and
analysis of CTCs to develop advanced approaches, such
as minimally invasive liquid biopsy, for monitoring
tumor progression, assessing prognosis, and guiding
the therapy development (Chauhan et al., 2021;

Lianidou and Pantel, 2019).

Regarding CTC detection, surface markers play a
crucial role in the characterization of CTCs, offering
various potential targets for detection. Among them,
epithelial cell adhesion molecule (EpCAM), which is a
transmembrane glycoprotein, is one of the most
studied CTC surface markers, and its expression is
typically found on the surface of epithelial-derived
tumor cells (Baeuerle and Gires, 2007; Spizzo et al.,
2011). Various studies have shown EpCAM is involved
in cell—cell adhesion process and is overexpressed in
many cancer types (Cimino et al., 2010; Imrich et al.,

2012; Wenqi et al., 2009; Zhou and Zhu, 2018).

Furthermore, it is a prominent target for the only
Food and Drug Administration-approved technology
for CTC enrichment in diagnostic platforms, namely
the CellSearch®
Biosystems, Inc., Huntingdon Valley, PA, USA)
(Riethdorf et al., 2018).

system  (Menarini  Silicon

The system can target EpCAM, a major research
subject implicated in many studies on CTCs, and
isolates epithelial-like CTCs from blood samples for

further molecular analysis.
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Among various approaches being developed for CTC
detection, nanoparticle-based CTC detection methods
contribute to a rapidly advancing field that utilizes the
unique physicochemical properties of nanoparticles
to enhance the detection sensitivity, specificity, and
multifunctionality in cancer diagnostics (Liu et al.,
2022; Myung et al, 2016). To date, various
nanoparticle types, including magnetic, gold, silica,
and polymeric nanoparticles, have been fabricated
and functionalized with different targeting ligands
such as antibodies (for example, anti-EpCAM),
peptides, or aptamers to selectively bind to markers
on the surface of CTCs (Chang et al., 2018; Cho et al.,
2012; Huang et al., 2017; Jia et al., 2021; Medley et
al., 2011; Opoku-Damoah et al., 2018). Furthermore,
various studies have developed and employed
magnetic nanoparticles (MNPs) for immunomagnetic
separation of CTCs and to enable their efficient
enrichment and isolation under a magnetic field
(Chang et al., 2018; Ding et al., 2016; Jia et al., 2021;
Kwak et al., 2017; Marciello et al., 2016; Zhu et al.,
2016). However, despite considerable advances,
challenges remain in establishing standardized
protocols, improving biocompatibility, and ensuring
consistent performance in clinical settings.
Nevertheless, nanoparticle-based approaches present
substantial potential to overcome the limitations of
the conventional antibody-based detection methods,
research for more sensitive, rapid, and
comprehensive CTC detection protocol generation for
early cancer diagnosis and good prognosis.
Consequently, combining EpCAM with fabricated
MNPs is considered a notable strategy for
comprehensive CTC detection and characterization in

metastatic cancer.

Hence, the present study aimed to develop a magnetic
nanosensor for enhanced CTC detection by targeting
EpCAM, the EMT-specific marker. Herein, iron
oxide-based MNPs were fabricated as base-MNPs (B-
MNPs), which were then subjected to silica coating to
generate silica-coated MNPs (C-MNPs). The MNPs
were characterized for their fabrication and stability.
Finally, C-MNPs were coated with EpCAM primary
antibody to prepare the antibody-functionalized C-

MNPs (referred to as nanosensors). Additionally, the
efficacy of fabricated nanosensors was assessed in
vitro in breast and colon cancer cell lines. The
findings of this study may provide a basis for the
further development of magnetic nanosensor-based
protocol for cancer monitoring and metastasis risk

assessment.

MATERIALS AND METHODS

Materials

Tetraethyl orthosilicate (TEOS), N-
hydroxysuccinimide = (NHS), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide = (EDC)  were

obtained from Sigma Aldrich, India. (3-Aminopropyl)
triethoxysilane (APTES) was obtained from Sisco

Research Laboratories Pvt.

Ltd., New Mumbai, India. EpCAM primary antibody
was purchased from Cell Signaling Technology.
Fluorescein isothiocyanate (FITC)-labeled secondary
antibody was obtained from Thermo Fisher Scientific.
Phosphate-buffered (PBS),
streptomycin, fetal bovine serum (FBS), Dulbecco's
modified Eagle medium (DMEM), 4’,6-diamidino-2-
phenylindole (DAPI), trypsin, and methanol were

saline penicillin—

purchased from Himedia Chemicals, Mumbai, India.
A ferrite magnet was procured from the local market
in Chidambaram, Tamil Nadu, India. All other

reagent used were of analytical grade.

MNP preparation

B-MNP preparation

In this study, B-MNPs were prepared using the co-
precipitation method (Marciello et al., 2016), with
some modifications. Briefly, 2 mg of FeCl3-6H20 and 1
mg of FeSO4-7H20 were added to 5 mL of distilled
water and vortexed to achieve an aqueous solution with
a Fe3*:Fe2" molar ratio of 2:1. Next, the solution was
added with double volume (10 mL) of NH,OH (25%)
and mixed thoroughly. Following this, the mixture was
incubated in a water bath at 80°C for 30 min to allow
precipitation. The precipitate was removed using a
magnet. The separated fraction was washed thrice with
double-distilled water and then sonicated in three sets

of 10 min each to reduce the particle size. The
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sonicated particles were then placed in 5 mL of

methanol and stored at 4°C until further use.

C-MNP preparation

To prepare C-MNPs, B-MNPs were subjected to silica
coating. Herein, B-MNPs were removed from
methanol and mixed with 80% ethanol (10 mL). They
were sequentially added with TEOS and APTES,
ensuring their final concentration to be 1% of the
mixture. Next, the mixture was incubated for 3 h
while mixing to allow silica coating and surface
functionalization. After incubation, the C-MNPs were
separated from the mixture and washed thoroughly
with ethanol to remove unreacted reagents using a
magnet. The separated fraction was washed thrice
with double-distilled water, placed in 5 mL of

methanol, and stored at 4°C until further use.

MNP characterization

Before functionalizing with antibody, both B-MNP
and C-MNP were subjected to characterization to
evaluate their successful fabrication, physicochemical
properties, and stability. Both NMPs were
characterized through ultraviolet-visible (UV-Vis)
spectroscopy, Fourier-transform infrared (FTIR)

spectroscopy, field-emission scanning electron

microscopy (FESEM),
analysis (EDAX), zeta potential analysis, and particle

energy dispersive X-ray

size analyses.

UV-Vis spectroscopy

Herein, UV-Vis spectroscopy was performed to
determine the presence of fabricated MNPs using a
(UV-1800 UV-VIS

Spectrophotometer, Shimadzu Corporation, Japan).

spectrophotometer

The absorption spectra (200-1200 nm) were

analyzed wusing the Origin 8.5 Pro software
(OriginLab).
FTIR spectroscopy

FTIR spectroscopy analysis was performed using
Thermo Nicolet iS5 (Thermo Fisher Scientific) to
identify the chemical bonds and functional groups
present on the fabricated MNPs to confirm the

successful attachment of coating materials. The

infrared spectra (4000-400 cm™) were analyzed

using the Origin 8.5 Pro software (OriginLab).

FESEM and EDAX

FESEM was performed using the Zeiss—Sigma 300
(Carl Zeiss AG) to observe the morphology and
surface structure of the fabricated B-MNPs and C-
MNPs. Additionally, EDAX was performed to obtain
the elemental composition data of both MNPs. The
FESEM images were analyzed using the ImageJ

software (ImageJ).

Zeta potential analysis

In this study, zeta potential analyses of both MNPs
were performed using the Zetasizer Nano ZS9o0
system (Malvern Instruments, Malvern, UK) to
measure the charge on their surface and evaluate

their colloidal stability and aggregation potential.

Particle size analysis

Particle sizes of both B-MNP and C-MNP were
analyzed using the Zetasizer Nano ZS90 system
(Malvern Instruments, Malvern, UK) to determine
the hydrodynamic diameter, size distribution, and
uniformity of both MNPs.

Antibody functionalization of C-MNPs

Following characterization, the surface of C-MNPs
were coated with EpCAM primary antibodies. Briefly,
C-MNPs were extracted from methanol and added
with PBS. Next, 0.5 g of NHS and 1 g of EDC were
mixed at a ratio of 1:2 and added to the MNP solution,
followed by 1 h of incubation, while mixing, to

activate the surface for antibody conjugation.

Subsequently, 1 pL of EpCAM primary antibody was
added to the solution, and the mixture was incubated for
further 5 h, while mixing, to allow for antibody coating
on the C-MNP surface. The generated magnetic
nanosensors were separated from the mixture using the

magnet and were resuspended in PBS.

Confocal laser scanning microscopy (CLSM)
Herein, CLSM was employed to visualize the

fluorescence emitted by antibodies coated on the
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surface of C-MNPs using NIKON- A1 MP Laser
(Nikon

Corporation) to confirm the successful antibody

Scanning Confocal Microscope
conjugation and nanosensor generation. The
nanosensor with EpCAM antibody was placed on a
slide, followed by the incubation with FITC-labeled
secondary antibody for 1 h at 28°C. After placing
the coverslip, the slide was viewed under the
microscope. The obtained CLSM images were

analyzed using the ImageJ software (ImageJ).

Cell culture
In this study, two cancer cell lines namely MCF-7
(breast cancer) and HT-29 (colon cancer) were
used to assess the detection efficacy of the
fabricated nanosensor. Both cell lines were
maintained under standard conditions of 37°C in a
humidified atmosphere containing 5% COz2. The
cells were cultured in DMEM supplemented with
10% FBS and 1%

Subculturing was performed after cells reached

penicillin—streptomycin.

70—-80% confluence to ensure optimal growth and

viability.

Antibody-based immunofluorescence assay

Antibody-based immunofluorescence assay was
performed in vitro to assess if the antibody bound
to cancer cells. Briefly, MCF-7 cells (108 cells/mL)
were suspended in DMEM and plated onto a six-
well plate. The plate was incubated overnight
under abovementioned culture conditions (section
2.6) to allow cells to adhere. After cells were
adhered, the wells were washed thrice with PBS to
remove unbound cells and debris. Next, the cells
were incubated overnight at 4°C with EpCAM
primary antibody. After another set of three PBS
washes, FITC-labeled secondary antibody was
added to the wells, followed by a 1-h incubation at
28°C. The wells were again washed three times
with PBS, and DAPI was added to stain nuclei and
wells were incubated for 30 min in the dark at
28°C. Finally, fluorescence was observed under a
fluorescence microscope (Life Technologies, USA).
The images were analyzed using the Origin 8.5 Pro

software (OriginLab).

Nanosensor-based immunofluorescence assay
For in vitro nanosensor-based immunofluorescence
assay, MCF-7 and HT-29 cancer cells were employed.
Briefly, the cells were (108 cells/mL) were suspended
in PBS and subjected to 10-fold serial dilutions to
prepare cell suspensions with 108 to 10! cells/mL in
PBS. The diluted cell suspensions were sequentially
plated onto 12-well plates and DMEM was added.

After overnight incubation to allow cells to adhere
under abovementioned culture conditions (section
2.6), wells were washed thrice with PBS to remove
unbound cells and debris. The adheres cells were then
incubated overnight with the nanosensor, namely
EpCAM antibody-functionalized C-MNP, at 4°C.
Following three PBS washes, FITC-labeled secondary
antibody was added to the wells, and the cells were
incubated for 1 h at 28°C. These wells were again
washed three times with PBS, and DAPI was added to
stain nuclei, and the cells were incubated for another
30 min in the dark at 28°C. Finally, fluorescence was
observed under a fluorescence microscope (Life
Technologies, USA), and the fluorescence intensity
was measured at 520 and 358 nm for FITC—EpCAM
and DAPI using a Spectramax Microplate Multimode
Reader (Molecular Devices, USA). The images were
analyzed wusing the Origin 8.5 Pro software
(OriginLab).

RESULTS

MNP preparation

Herein, following the precipitation in the water bath at
80°C, a black-colored precipitate was obtained. After
sonication, when subjected to the magnetic field of the
ferrite magnet, it could be seen that the black fraction
moved and accumulated toward the magnet, indicating
the successful fabrication of MNPs (Fig. 1). Following
silica coating, C-MNP was obtained which showed
attraction to the ferrite magnet, indicating that retained

the magnetic properties of B-MNP were retained.

MNP characterization
UV-Vis spectroscopy
The UV-Vis spectra of both B-MNPs and C-MNPs

showed similar peaks (Fig. 2), confirming their
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successful formation. Notably, the peaks at 390 and
384 nm in B-MNP and C-MNP spectra, respectively,
were attributed to ligand-to-metal charge transfer
transitions from 02~ to Fe3* in MNPs. Notably, in the
spectra of C-MNP, the peak slightly shifted (384 nm;
hypsochromic shift), which may be attributed to the
silica coating. Additionally, small peaks at 262 and
272 nm were observed in B-MNP and C-MNP spectra,
respectively. These secondary peaks may be because
of minor interactions among the particles, with a
higher peak for C-MNP (at 272 nm) attributable to
the interference from the silica coating. Overall, these
results showed that both B-MNPs and C-MNPs were
successfully fabricated, along with the presence of

silica coating in C-MNPs.

M
-l

Fig. 1. Schematic diagram of magnetic nanoparticle
preparation and prepared nanoparticle under the

influence of magnetic field

Absorbance (a.u.)

T T T T
200 400 600 800 1000 1200
Wavelength (nm)

Fig. 2. Ultraviolet-visible spectra (200-1200 nm) of

C-MNP and B-MNP. B-MNP, base magnetic
nanoparticle; ~ C-MNP, silica-coated  magnetic
nanoparticle

FTIR spectroscopy

The FTIR spectra of B-MNP and C-MNP are shown in
Fig. 3. The FTIR spectrum of B-MNP exhibited
various characteristic peaks corresponding to its
functional groups and molecular vibrations. Notably,

the broad peak at 3369 cm™! corresponds to O—H

stretching, and the peaks between 2950 and 2831
cm1 correspond to C-H stretching vibrations.
Additionally, distinct peaks were observed at 1651 and
1436 cm!, which are attributable to C=0 and COO-
stretching vibrations. The following peaks were
attributed to the solvent methanol, in which the MNP
was stored. Additionally, peaks in the range of 1114—
1020 cm'l, corresponding to Fe—O stretching
vibrations, along with a sharp peak at 674 cm!
confirmed the presence of the Fe—O bond, which is
characteristic of the MNP core structure. Notably, the
FTIR spectrum of C-MNP confirmed successful silica
coating on the B-MNP surface. The broad peak at
3400 and the peak at 2850 cm™! is indicative of O—H
and C-H stretching vibrations. Additionally, the
presence of a C=0 stretching vibration was confirmed
by the peak at 1644 cm™1. The peak at 1451 cm™! was
attributed to the C—H bending vibrations, while Si-
O-Si asymmetric stretching vibrations appeared
between 1155 and 1077 cm™1. The peak at 726 cm™!
was attributed to Si—O-Si symmetric stretching,
further supporting the successful functionalization of
the nanoparticle surface. These silica-specific peaks in
the C-MNP spectrum confirmed the successful silica
coating of B-MNP, thereby demonstrating the

effective surface functionalization.

Transmittance (a.u.)

3369 2950 2831 1020

4000 35’00 30‘00 25‘00 20’00 1 5‘00 1 0‘00 500
Wavenumber (cm™)

Fig. 3. Fourier-transform infrared spectra (4000-—

400 cm-1) of C-MNP and B-MNP. B-MNP, base

C-MNP, silica-coated

magnetic  nanoparticle;

magnetic nanoparticle

FESEM-EDAX
Notably, the results of FESEM-EDAX analyses of B-
MNP and C-MNP are presented in Fig. 4A and 4B,
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respectively. The FESEM images (Fig. 4A, above
panel) showed that the morphology of B-MNP
exhibited a relatively uniform distribution of

spherical  nanoparticles, along with  slight
agglomeration. Most of the particles presented nearly
uniform morphology, with exception of agglomerates.
Furthermore, the corresponding EDAX results
confirmed the presence of iron as the predominant
element, along with oxygen. In contrast, the FESEM
images of C-MNP (Fig. 4B, above panel) showed a
non-uniform morphology, along with an uneven
surface. The EDAX results further revealed the
presence of silicon, along with iron and oxygen,
indicating that the silica coating was successfully
applied on B-MNPs. The relative decrease in iron
signal in C-MNP may be attributed to the extensive
surface coverage by the silica coating. Altogether,
these FESEM-EDS results validate the successful
synthesis and structural-functional differentiation of

the fabricated MNPs.

(A) B-MNP

(B) C-MNP

Fig. 4. Field emission scanning electron microscopy
images (above) and energy-dispersive X-ray analysis
results (below) for (A) B-MNP and (B) C-MNP. B-
MNP, base magnetic nanoparticle; C-MNP, silica-

coated magnetic nanoparticle

Zeta potential

The results of zeta potential analyses of both B-MNP
and C-MNP were (Fig. 5A and 5B,
respectively). Notably, B-MNP and C-MNP presented

the zeta potential values of -24 and -31 mV,

similar

respectively. The negative values of the potential are
consistent with the characteristic of both iron oxide
and silica coating, with the further decrease in the
value of C-MNP attributable to the successful coating
of silica. Additionally, this magnitude of the negative
charge suggested a higher colloidal stability and
dispersion of the fabricated MNPs.

Overall, the results highlighted that both MNPs
exhibited good stability, with CMP exhibiting superior

results.

(A) B-MNP(-18 mV)

NEREE

°
Zata Potentil (V)

(8) C-MNP (-24 mV)

NEREE

®
Zeta Potential (mV)

Fig. 5. Zeta potential analyses results of (A) B-MNP
(-18 mV) and (B) C-MNP (-24 mV). B-MNP, base
C-MNP, silica-coated

magnetic  nanoparticle;

magnetic nanoparticle

Particle size

Particle size analysis of B-MNP and C-MNP revealed
their hydrodynamic diameters (Fig. 6A and 6B,
respectively). Notably, the sizes of B-MNP and C-
MNP were found to be 78 and 112 nm, respectively.
Additionally, size distribution graph indicated that
the size of most of the particles were consistent and

did not vary across a range.

(a) B-MNP (75 nm)

8 B

&

Intensity (%)

g 8

(8) C-MNP (112 nm)

5 B

£

Intemsity (%)
s 8

Fig. 6. Particle size analyses results of (A) B-MNP (75
nm) and (B) C-MNP (112 nm). B-MNP, base magnetic
C-MNP, silica-coated

nanoparticle; magnetic

nanoparticle
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CLSM

The results of CLSM show the successful coating of
antibodies on the C-MNP surface (Fig. 7). The green
fluorescence signal indicated FITC, corresponding to
EpCAM primary antibody bound to the C-MNPs. The
following results indicated the successful fabrication

of the EpCAM antibody-bound nanosensor.

1x 20x 40x

Fig. 7. Confocal laser scanning microscopy images
showing successful antibody conjugation of the
epithelial cell adhesion molecule antibody-
functionalized silica-coated magnetic nanoparticles.

Magnification: 1x, 20x, and 40x

Antibody-based immunofluorescence assay

The results of in vitro immunofluorescence assay
(Fig. 8) showed that the EpCAM antibody effectively
bound to MCF-7 cells, emitting green fluorescence
owing to FITC-tagged
Additionally, DAPI efficiently counterstained cell

secondary  antibody.

nuclei, emitting blue fluorescence.

EpCAM DAPI

Merged

Fig. 8. Immunofluorescence assay results showing
the binding of MCF-7 cells to EpCAM antibodies.
Green, fluorescein isothiocyanate—EpCAM antibody;
Blue, DAPI. EpCAM,
molecule; DAPI, 4’,6-diamidino-2-phenylindole

epithelial cell adhesion

Nanosensor-based immunofluorescence assay
The results of in wvitro nanosensor-based
immunofluorescence assay in MCF-7 and HT-29 cells
are presented in Fig. 9 and 10, respectively. Notably.
the cells emitted green fluorescence, indicating
nanosensor binding to MCF-7 (Fig. 9A) and HT-29

cells (Fig. 10A).

prrr el

Ne. of cclls

Fig. 9. EpCAM antibody-bound nanosensor-based
immunofluorescence assay images (A) for MCF-7 cells
(108-10" cells/mL). (B) Fluorescence readings for
fluorescein isothiocyanate (FITC)-EpCAM antibody
and DAPI for cell
concentrations. Green, FITC—EpCAM antibody; Blue,
DAPI. EpCAM , epithelial cell adhesion molecule;
DAPI, 4’,6-diamidino-2-phenylindole

dilutions with different

The blue fluorescence indicated nuclear staining by
DAPI. Additionally, the graphs show that the
fluorescence readings for EpCAM and DAPI were
consistent with the dilutions of MCF-7 (Fig. 9B) and
HT-29 (Fig. 10B) cell cultures (108-10* cells/mL). The
fluorescence readings reduced with decreasing
number of cells and indicated similar intensity
between EpCAM and DAPI, which is consistent with

the results observed in the images.

Db cmty  30¢ 1 1o 10 10t 10 100 10t
(a)
EpCAM
" --------
- -------
FpCAM

SAFFFEFT

Fig. 10. EpCAM antibody-bound nanosensor-based
immunofluorescence assay images (A) for HT-29 cells
(108-10" cells/mL). (B) Fluorescence readings for
fluorescein isothiocyanate (FITC)-EpCAM antibody
and DAPI for cell with  different
concentrations. Green, FITC—EpCAM antibody; Blue,
DAPI. EpCAM , epithelial cell adhesion molecule;
DAPI, 4’,6-diamidino-2-phenylindole

dilutions
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DISCUSSION

This study aimed to develop magnetic nanosensors to
effectively capture CTCs across multiple cancer types.
The findings of this study collectively demonstrate the
successful fabrication and characterization of high-

performance MNPs for CTC detection and capture.

Additionally, immunofluorescence microscopy results
confirmed effective CTC labeling through co-
localization of the EMT marker (EpCAM; green
fluorescence) and DAPI-stained nuclei (blue
fluorescence), underscoring the ability of the
nanosensor to detect CTCs with notable specificity.
The findings underscore the potential of proposed
further

nanosensor  for development  and

establishment of a CTC detection protocol.

Various studies have focused on enhancing the
specificity and capture efficiency of CTCs utilizing
epithelial markers, along with reporting different
therapeutic targets offering enhanced CTC detetction
(Peters et al., 2016; Ramaker et al., 2016; Rogalla and
Contag, 2015). Overall, they contribute to the
development and establishment of minimally invasive
protocols for monitoring disease progression and
therapeutic response in patients with tumors.
Notably, breast cancer cells have been utilized for the
characterization and evaluation of different
approaches targeting the EMT-associated epithelial
markers, including EpCAM (Koénigsberg et al., 2011;
Onstenk et al., 2015; Weissenstein et al., 2012). For
instance, Suresh et al. investigated antibody-
conjugated iron oxide nanocubes which targeted
human epidermal growth factor receptor 2 and
epidermal growth factor receptor. They reported that
the nanocubes allowed for the capture of both
epithelial and mesenchymal CTCs, further enhancing
the comprehensiveness of the detection approach
(Suresh et al.,, 2020). Similarly, colon cancer cells
have also been utilized in to evaluate different CTC
detection approaches (Cohen et al., 2006; Nicolazzo
et al., 2017). Altogether, these studies suggest that
advances in MNP-based CTC technologies is an
essential component of liquid biopsy platforms, with

the potential to enhance early detection, disease

prognosis, and monitoring of therapeutic efficacy

across multiple cancer types.

In the present study, UV-Vis spectrum of B-MNP
revealed a peak maxima at 390 nm, which is similar
to the that reported previously (Parvin et al., 2018).
Furthermore, the peak exhibited a slight shift to 384
nm, attributable to silica coating, which has been
shown to induce weak blue shifts, indicating
successful nanoparticle formation and silica-coating-
induced surface modification. FTIR spectra supported
this by showing characteristic Si—-O-Si bands and
notable spectral differences suggestive of functional
silica coatings; notably, the results of FTIR spectra for
silica bonds were consistent with those previously
reported (Santra et al, 2001). FESEM images
displayed spherical morphology for both B-MNP and
C-MNP, with surface of B-MNP more even
morphology than that of C-MNP. Additionally, EDAX
confirmed the presence of silica in C-MNPs, along
with a relative decrease in peak of iron, further
verifying that the surface of B-MNP was successfully
coated. Zeta potential analysis revealed considerable
negative surface charges for both MNPs (-24 mV for
B-MNP and -31 mV for C-MNP), indicating their
good colloidal stability. Finally, particle size analysis
revealed that the hydrodynamic diameters of B-MNP
and C-MNP were 78 and 112 nm; the graph showed
narrow size distributions, indicating that most of the
particles were of uniform sizes. Additionally, confocal
laser scanning microscopy revealed that antibody
conjugation on C-MNP surfaces was successful
following the coating of C-MNPs with EpCAM
primary antibody, as indicated by the green
Altogether, these

fluorescent findings

validated  the

signals.

structural  integrity,  surface
functionality, and stable dispersion of the developed
EpCAM-antibody-bound magnetic nanosensor.

Following the successful fabrication of the
nanosensors, in vitro immunofluorescence assays
were performed in this study using MCF-7 (breast
cancer) and HT-29 (colon cancer) cell lines using the
antibody alone and the nanosensor. The EpCAM

primary antibody effectively bound to both cells, with
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green fluorescence from FITC-labeled secondary
antibody denoting EpCAM, and blue fluorescence
denoting DAPI-stained nuclei. Similar findings were
observed for the immunofluorescence assays
assessing the fabricated nanosensor in MCF-7 and
HT-29 cells. The nanosensor constituted the EpCAM
primary antibody, which, in turn, was bound to the
FITC-tagged secondary antibody. Consistent with the
results of the antibody-based immunofluorescence
assay, green and blue fluorescence were recorded for
EpCAM and DAPI. Additionally, the fluorescence
intensities were quantitatively analyzed, revealing
consistent EpCAM and DAPI signals across all serial
cell dilutions (108-101 cells/mL); the signal intensity
decreased proportionally with decreasing number of
cancer cells. The gradual downward trend observed
for fluorescence was consistent with the result found
in the fluorescence microscopy images. Altogether,
these assays indicated the effective specificity and

sensitivity of the fabricated nanosensors.

This study has some limitations. First, the detection
efficacy of the nanosensors was determined using
cancer cells alone, which is different from the natural
microenvironment of CTCs. Hence, the effects of
interference from various other cell types and
molecules on the efficacy of nanosensors need to be
assessed, along with statistical significance. Notably,
future investigation needs to focus on incorporating
cell-spiking analyses with multiple components such
as peripheral blood mononuclear cells and whole
blood. Additionally, the

nanosensors was not assessed in living organism. This

action of fabricated

prompts the need for in vivo study to analyze the

efficacy of the nanosensors in an animal model.

CONCLUSION

Overall, MNPs have shown great potential

regarding the future direction in cancer

diagnostics, particularly in the detection of CTCs
and monitoring metastasis for better prognosis of
patients with exhibit

tumors. They unique

physicochemical properties, including their
magnetism, a high surface area-to-volume ratio,

and ease of surface modification, allowing them for

highly  sensitive and

applications.

specific
Regarding CTC

functionalization of MNPs with antibodies against

diagnostic

detection,

EMT-specific markers, such as EpCAM, can offer
considerable advantages in isolating rare CTCs
blood

separation techniques. Moreover, this approach

from the samples through magnetic
offers advantages of a minimally invasive, real-time
method to assess tumor progression, evaluate

treatment efficacy, and predict disease prognosis.

Altogether, the findings of this study demonstrate
the successful fabrication of an iron oxide-based
nanosensor. The fabricated MNP was successfully
coated with silica to generate C-MNP, which was
further functionalized with EpCAM antibody. The
proposed nanosensor presented notable stability
and could effectively detected different cancer cell
lines. The proposed method provides a strong
research basis for further protocol development for
effective detection of CTCs to improve cancer
diagnostics and monitoring of metastasis
development. Future studies on the application of
MNPs for diagnostic and therapeutic purposes
need to integrate fluorescence-based approaches
with other

technologies, such as magnetic

resonance imaging, flow cytometry, and
photoacoustic imaging, along with other surface
visualization and

markers to enhance the

quantification of metastatic sites.

Furthermore, advances need to be made in
biosensor design, integrating approaches such as
microfluidics and machine learning, to establish
MNP-based assays as an automated, miniaturized,
and accurate testing tool for cancer therapy and

diagnostics.
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