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1. Introduction

Cancer is one of the most devastating diseases, causing

Immunomagnetic particles exhibiting
programmable hierarchical flower-like
nanostructures for enhanced separation of tumor
cells}

Na He,? Han Bao,>“ Jingxin Meng, () ®¢ Yongyang Song, 2 ** Li-Ping Xu {2 *? and

Shutao Wang () P<

Immunomagnetic particles are extensively used for the separation of biological molecules and particles,
and have exhibited great potential in many fields including biosensors, disease diagnosis and biomedical
engineering. However, most immunomagnetic particles exhibit a smooth surface, resulting in a limited
separation efficiency for biological particles featuring enormous surface nanostructures, such as tumor
cells. Here we report flower-like immunomagnetic particles (FIMPs) prepared by streptavidin (SA)-assisted
biomineralization and one-step antibody modification, and demonstrate their superior capability for
highly efficient and selective separation of circulating tumor cells (CTCs). SA can link inorganic nanosheets
and magnetic nanoparticles together to obtain FIMPs with programmable hierarchical flower-like nano-
structures and provide enormous binding sites for post-antibody modification. The synergetic effect of
nano-sized petals and micro-sized particles in the hierarchical nanostructure enhances the interaction
between the cells and the matrix, thus enabling FIMPs to separate CTCs with high selectivity and high
efficiency. Our study provides a promising platform for the selective separation of trace biological mole-
cules and particles from complex samples and shows great potential for downstream detection and
diagnosis.

Due to an unmet need for the detection of CTCs in the
medical community, much endeavor has been invested in CTC
enrichment, using techniques such as density gradient

millions of deaths each year."* With the rising cancer inci-
dence, early and accurate diagnosis of cancer is vital since it
provides valuable information to improve the therapeutic
efficiency and survival rate of cancer patients.** Circulating
tumor cells (CTCs), escaping from the primary tumor site into
the peripheral blood, are considered to be one of the impor-
tant prognostic biomarkers for tumor metastasis,”® cancer
diagnosis”® and cancer treatment.>'® The low abundance of
CTCs in human biofluids'"'? requires high-sensitivity plat-
forms for CTC isolation."*"*

“Beijing Key Laboratory for Bioengineering and Sensing Technology, School of
Chemistry and Biological Engineering, University of Science and Technology Beijing,
Beijing 100083, P. R. China. E-mail: xuliping@ustb.edu.cn

bCAS Key Laboratory of Bio-inspired Materials and Interfacial Science, Technical
Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing, 100190,

P. R. China. E-mail: yysong@mail.ipc.ac.cn

“University of Chinese Academy of Sciences, Beijing, 100049, P. R. China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr02929a

This journal is © The Royal Society of Chemistry 2024

centrifugation,>'® flow cytometry,"” microfluidic microarrays,'®"
size filtration®***' and immunomagnetic separation.’** Among
them, immunomagnetic separation is one of the most widely
used techniques due to its simplicity of operation, large surface-
to-volume ratio, fast kinetics, rapid magnetic response, and high
recovery efficiency.>**® The conventional separation of CTCs
merely relies on specific molecular interaction between antigens
in cells and recognition molecules on the surface of immuno-
magnetic particles.***” These immunomagnetic particles often
encounter separation efficiency bottlenecks due to undesired
antibody modification efficiency and neglect of the surface struc-
ture. On the one hand, the binding of these specific molecules
always requires tedious reaction steps.***° For example, CTC
capture was achieved using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) for activation and conjugated with an antibody to epithelial
cell adhesion molecule (anti-EpCAM).***' To modify the surface
of Fe;0, nanoparticles with an antibody to achieve CTC capture,
procedures including a complex layer-by-layer assembly (LBL)
technique using quantum dots and mercaptan and the binding
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of anti-EpCAM were used, while GSH-mediated disulfide bond
cleavage was used for further biofriendly recovery of CTCs.*?
Multiple reaction steps may influence the modification efficiency
for specific molecules and thereafter result in undesired CTC sep-
aration efficiency.>*** On the other hand, most existing immuno-
magnetic particles exhibit smooth surface structures.**°
However, the surface nanostructure can significantly improve the
capture efficiency of CTCs due to topological interaction between
the surface and the CTCs.*”*® Therefore, there is an increasing
demand for developing immunomagnetic particles with efficient
specific molecule modification and programmable surface
nanostructures.

Mimicking the biomineralization process in nature, many
wonderful organic-inorganic hybrid materials have been
created with unique nanostructures.’**' Here we report
flower-like immunomagnetic particles (FIMPs) with efficient
antibody modification and programmable nanostructures pre-
pared by SA-assisted biomineralization and one-step antibody
modification. Cu®**, magnetic nanoparticles, and SA were
mixed for biomineralization, and the magnetic particles were
modified with anti-EpCAM via a one-step reaction to obtain
Ab-FIMPs (Fig. 1a). SA can assist the nanostructure formation
of the magnetic particles with programmable hierarchical
flower-like nanostructures, and provides enormous binding
sites for post-antibody modification. The obtained Ab-FIMPs
can selectively separate CTCs with high selectivity and high
efficiency from biofluids with normal cells (Fig. 1b), providing
an important tool for the rapid capture of CTCs. Compared
with conventional immunomagnetic particles, the Ab-FIMPs
enhance topographic interaction with the cells and signifi-
cantly improve the cell capture efficiency, which provides new
insight into the fabrication of immunomagnetic particles and
holds great promise for reliable and sensitive CTC capture in
the clinical setting.
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2. Materials and methods

2.1. Chemicals and reagents

SA, CuSO,-5H,0 (>98%), and ethanol (>99.8%, GR) were
purchased from Sigma-Aldrich. Glutaraldehyde and hexam-
ethyl disilylamine (HMDS) were purchased from Aladdin
Chemistry Co. Ltd. Red blood cell lysis buffer, 1,1'-dioctade-
cyl-3,3,3',3"-tetramethylindocarbocyanine perchlorate (Dil), the
Calcein/PI Cell Viability/Cytotoxicity Assay Kit, and 3,3-diocta-
decyloxacarbocyanine perchlorate (DiO) were purchased from
Sigma-Aldrich. Trypsin-EDTA (0.25%), Gibco Ham’s F-12K
(Kaighn’s), Dulbecco’s modified Eagle’s medium (DMEM),
and Roswell Park Memorial Institute 1640 (RPMI 1640) were
obtained from Invitrogen. Fetal bovine serum (FBS) and peni-
cillin-streptomycin (PS) were purchased from Thermo Fisher
Scientific. Biotinylated anti-EpCAM was purchased from R&D
Systems (USA). The prostate cancer cell line (PC-3, EpCAM-
positive), human hepatocellular carcinomas (HepG2, EpCAM-
positive), T lymphocyte cell line (Jurkat, EpCAM-negative),
human breast cancer cell line (MCF-7, EpCAM-positive), and
lymphoma cell line (Daudi, EpCAM-negative) were purchased
from Beijing Xiehe Hospital. All other reagents were of
analytical grade and used as received without further purifi-
cation. Ultrapure water (Milli-Q, 18.2 MQ cm) was used in all
experiments.

2.2. Apparatus

Scanning electron microscope (SEM) (SU8010, Hitachi, US)
and transmission electron microscope (TEM) (HT7700,
Hitachi, US) were employed to characterize the synthesis of the
FIMPs. A Nicolet 400 Fourier transform infrared spectrometer
(Madison, WI), an AXIS ULTRADLD spectrometer (Kratos,
Japan), and an X-ray photoelectron spectrometer (Thermo
Scientific K-Alpha+) were employed to characterize the compo-
sition of the FIMPs. The images of the cells adsorbed on the
Ab-FIMPs were monitored using a fluorescence microscope
(Nikon, TE2000).

2.3. Preparation of Fe;0,—~NH, microparticles

Fe;0, microparticles were synthesized according to a pre-
vious work.**> 0.82 g of FeCl;-6H,0 and 0.6 g of FeCl,-4H,0
were dissolved in 10 mL of ultrapure water at a temperature
of 30 °C and stirred well for 20 min. Then, 2.5 mL of 28%
ammonia was added drop by drop, and stirred at 30 °C for
40 min. Then the precipitate was washed three to five times
with ultrapure water and then transferred to a centrifuge
tube, placed into a vacuum freeze dryer at 60 °C, dried for
48 h.

The obtained Fe;0, (20 mg) was mixed with 20 mL of anhy-
drous methanol, and 1 mL of 3-aminopropyltriethoxysilane
(APTES), followed by sonication for 5 min and stirred for 7 h at
room temperature to obtain amino-modified Fe;0,. The NH,-
Fe;0, was washed with ultrapure water and repeated three
to five times. The washed NH,-Fe;O, was transferred to a
centrifuge tube and 4 mL of ultrapure water was added to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Design of Ab-FIMPs for selective separation of CTCs. (a) The preparation process including biomineralization and one-step antibody modifi-
cation. (b) Ab-FIMPs selectively and efficiently capture trace CTCs from complex biological samples containing a large number of normal blood

cells, and the captured CTCs isolated using a magnetic force.

prepare a suspension of NH,-Fe;0, (5 mg mL™"), which was
kept at 4 °C.

2.4. Preparation of flower-like immunomagnetic particles
(FIMPs)

The FIMPs were prepared according to our previous work with
a slight modification.”® In brief, SA solution (20 pL, 5 mg
mL™"), NH,-Fe;0, solution (15 pL, 5 mg mL™"), and CuSO,
solution (17.5 pL, 120 mM) were added to 1 mL of PBS buffer
(100 mM, pH = 7.4). After reaction at room temperature for
48 h, the solution was centrifuged at 4000 rpm for 5 min, and
the obtained FIMPs were washed three times with ultrapure
water to remove excess CuSO,, NH,-Fe;0,, and SA. The FIMPs
were suspended in 100 pL of PBS buffer (10 mM) for further
use.

2.5. Preparation of FIMPs modified with anti-EpCAM (Ab-
FIMPs)

The FIMPs were incubated with biotin-anti-EpCAM for
45-90 min. The supernatant was removed after magnet adsorp-
tion and washed three times repeatedly with PBS. The follow-
ing cell capture experiments were then performed.

2.6. Cell culture

The culture medium was supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. MCF-7 and HepG2
were cultured in DMEM. PC-3 was cultured in Ham’s F-12K
medium, and other cells (Jurkat, Daudi) were cultured in
RPMI-1640 medium. All cells were incubated at 37 °C in an
incubator containing 5% CO,. When the cells had grown for 2
days to reach the exponential phase and pass through at
approximately 90% fusion, the culture medium was removed
and the cells were washed with PBS. The cells were digested

This journal is © The Royal Society of Chemistry 2024

with 0.25% trypsin solution for 3 min and then twice the
amount of fresh culture medium was added to inhibit trypsin
activity. The cells were isolated from the medium by centrifu-
gation at 1000 rpm for 3 min, resuspended and stored in fresh
medium, then counted using a cell counting plate.

2.7. Capture of CTCs

Taking target PC-3 cells as an example, the Ab-FIMPs were
added to the PC-3 cells solution (1 mL, 10> cells per mL) for
cell capture. The mixture was incubated in a cell culture incu-
bator at 37 °C with 0.5% CO, for 45 min with gentle shaking.
Several slight shakes at 5 min intervals were required to allow
full contact of the Ab-FIMPs with the PC-3 cells. The captured
PC-3 were collected by magnetic separation and washed three
times. The capture efficiency of the captured PC-3 cells was cal-
culated by dividing the number of captured cells by the initial
number of cells before separation. Jurkat cells and Daudi cells
were incubated with the Ab-FIMPs as a negative control, and
MCF-7 cells and HepG2 cells were used as a positive control.

2.8. SEM characterization of the morphology of the captured
cells

The morphology of the cells captured by the Ab-FIMPs was
observed. The captured cells were fixed with 2.5% glutaralde-
hyde solution at room temperature overnight. Subsequently,
the cells were dehydrated using different concentrations of
ethanol (30%, 50%, 70%, 90%, 95%, and 100%). Afterwards,
the cells were treated with 50% and 100% HMDS in anhydrous
ethanol for 15 min each time, respectively. Then the cells were
dried in a vacuum freeze dryer for 12 h and the morphology of
the captured cells was observed by SEM.

Nanoscale, 2024, 16,19245-19253 | 19247


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02929a

Open Access Article. Published on 18 September 2024. Downloaded on 3/14/2026 10:35:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2.9. Cell staining

PC-3 and Daudi cells were stained with cellular dyes (DiO and
Dil, 2 ug mL™"). After incubation in an incubator for 20 min,
the cell suspensions were centrifuged at 1000 rpm for 3 min
and the cells were washed twice with PBS for capture experi-
ments. The results were observed by fluorescence microscope.

2.10. Cell viability analysis

The collected tumor cells were stained with calcein (AM) and
propidium iodide (PI) and analyzed for viability. Suspensions
of isolated tumor cells were prepared in a culture medium
(Ham’s F-12K), then the cellular dyes AM and PI (2 pg mL™")
were added and mixed well. After incubation in an incubator
for 20 min, the cell suspension was collected by magnetoad-
sorption and washed twice with PBS. The results were visual-
ized by fluorescence microscope.

2.11. Preparation and treatment of lysed blood samples from
healthy volunteers

The red blood cells were removed from blood samples accord-
ing to the manufacturer’s instructions by adding 10 mL of red
blood cell lysis buffer to 1.0 mL of blood sample, and incu-
bated at room temperature for 12 min, then centrifuged at
400g for 5 min, and the supernatant was discarded. PBS was
added to wash the precipitate 2-3 times, and the precipitate
was resuspended in DMEM to perform the CTC capture
experiment.

2.12.
CTCs

Immunocytochemistry identification of the captured

To mimic patient blood samples, 10, 20, 50, and 100 PC-3 cells
(pre-stained with Dil) were spiked into 1 mL of whole blood
sample, respectively. The simulated samples were incubated
with magnetic beads under optimized cell capture conditions.
The captured cells were fixed with 4% paraformaldehyde for
10 min, permeabilized with 0.1% Triton X-100 for 20 min,
blocked with 2% BSA for 1 h, stained with PE-labeled anti-CK
(CK, a protein marker for epithelial cells) for 2 h, stained with
FITC-labeled anti-CD45 (CD45, a leukocyte marker) for 12 h,
and nuclear staining with DAPI was performed for 15 min.
The cells with CK19 positive and DAPI positive but CD45 nega-
tive phenotypes were classified as CTCs using fluorescence
microscope.

3. Results and discussion

3.1. Characterization of the nanostructure and morphology
of FIMPs

FIMPs were synthesized by SA-assisted biomineralization. In
the preparation of FIMPs, SA and NH,-Fe;0, were used as pre-
cursors. When SA, NH,-Fe;0,, and CuSO, were added to the
PBS solution, the coordination between Cu®** and the amino
groups in SA and NH,-Fe;0, induced the formation of a
copper phosphate primary nucleus, and it was used as a
nucleation site for the formation of larger copper phosphate

19248 | Nanoscale, 2024, 16, 19245-19253
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nanoflowers. As the incubation time increases, more nano-
petals combine to form large aggregates and begin to produce
flower-like nanostructures. After a few hours, the flower nano-
structure is fully formed. Three different FIMPs with controlla-
ble nanostructures were obtained at different biomineraliza-
tion times (12 h, 24 h, and 48 h) (Fig. 2), i.e. FIMPs-1, FIMPs-2,
and FIMPs-3. The morphology of the FIMPs was characterized
using SEM and TEM. As shown in Fig. 2(a—c), the FIMPs have a
relatively homogeneous flower-like morphology, consisting of
nanosheets assembled in interlocking combinations with
good mono-dispersity. The high-resolution SEM images show
that the FIMPs have a hierarchical nanostructure assembled by
hundreds of nano-petals. The size of the obtained FIMPs does
not vary at different biomineralization times, with sizes of
FIMPs-1, FIMPs-2, and FIMPs-3 for 5.25 + 0.02, 5.34 + 0.12,
and 5.35 + 0.03, respectively. However, their hierarchical nano-
structure becomes gradually obvious, and the density of the
petals gradually increases, which leads to a more complex
nanostructure. The petal nanostructure of the FIMPs can be
seen more clearly from the TEM image (Fig. 2d). The high-
resolution TEM (Fig. 2e) image further shows that the Fe;0,
nanoparticles are uniformly embedded in the petals of the
FIMPs. The zeta potential and fluorescence intensity were
used to characterize the amount of antibody on the Ab-FIMPs.
The decrease of zeta potential indicates more modification of
anti-EpCAM (Fig. 2f and Fig. S1at). It was also shown that the
negative potentials of FIMPs-1, FIMPs-2, and FIMPs-3 gradually
increased with the prolongation of biomineralization time,
which might be due to more SA being encapsulated in the fab-
ricated FIMPs. The antibody loading rates were obtained
according to the fluorescence intensity. As shown in Fig. S1b,
the anti-EpCAM load of FITC-Ab-FIMPs-3 is higher than those
of FITC-Ab-FIMPs-1 and FITC-Ab-FIMPs-2, indicating more
antibody modification. As shown in Fig. S1(c and d),} the anti-
EpCAM loading rates of FIMPs-1, FIMPs-2, and FIMPs-3 are
82.9% + 0.3%, 87.3% * 0.4%, and 95.5% + 1.5%, respectively.
The high antibody loading rate makes the fabricated FIMPs
very promising in biosensing. Moreover, with increasing bio-
mineralization time and hierarchical nanostructures of the
FIMPs, the loading rate of anti-EpCAM is higher. The FIMPs
can be separated using commercial magnets within 15 s
(Fig. S2t), indicating their potential for magnetic separation.
The analysis of the FIMPs was also carried out using XRD,
XPS, and FT-IR (Fig. S31). The Ab-FIMPs can be stably stored at
4 °C for 7 days, and the capture efficiency of CTCs is little
changed (Fig. S47).

3.2. The ability of Ab-FIMPs to capture circulating tumor
cells

The influence of capture time on capture efficiency was evalu-
ated. In our study, PC-3 cells with rich EpCAM expression were
selected as positive target cells, while Jurkat T lymphocyte cells
were selected as negative control cells. At the same concen-
trations of Ab-FIMPs and cells, the capture efficiency of PC-3
cells increases significantly with the incubation time and
reaches a plateau after 45 min. For the negative control cells,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characterization of the FIMPs. (a—c) SEM images of the FIMPs with increased nanostructure complexity, (d and e) TEM images of the FIMPs,
(f) zeta potential values of the magnetic particles before and after antibody modification.

the capture efficiency of Jurkat cells is lower than 11%
(Fig. 3a). In order to obtain the highest capture specificity,
45 min was chosen as the optimal cell capture time.

The Ab-FIMP concentration was also optimized to get
higher cell capture efficiency. The cell capture
efficiency increases with the increase of Ab-FIMP concen-
tration and reaches a plateau at an Ab-FIMP concentration of
about 5 x 10° mL™" (Fig. 3b). Thus the subsequent cell capture
experiment was performed at an Ab-FIMP concentration of 5 x
10° mL™".

3.3. Enhanced specific recognition from the hierarchical
nanostructures of Ab-FIMPs

Considering the significant effect of magnetic bead mor-
phology on capture efficiency, three kinds of Ab-FIMPs with
different hierarchical nanostructures were obtained at various
biomineralization times and employed to capture the target
PC-3 cells (Fig. 3c). Ab-FIMPs with different hierarchical nano-

This journal is © The Royal Society of Chemistry 2024

structures (Ab-FIMPs-1, Ab-FIMPs-2, Ab-FIMPs-3) show cell
capture efficiency of 56.2% + 1.7%, 67.1% + 1.2%, and 83.3% =
2.1%, respectively. These results suggest that the increased
nanostructure complexity of Ab-FIMPs can improve the cell
capture efficiency significantly.

To reveal the relationship between the capture efficiency
and the nanostructure of Ab-FIMPs, the morphology of cap-
tured cells was characterized by SEM (Fig. 4(a-c)). After cell
capture by using Ab-FIMPs-1 with fewer petals, PC-3 cells were
surrounded by magnetic particles, indicating that CTC capture
can be achieved using the fabricated magnetic particles. Few
and short filopodia could be observed. For Ab-FIMPs-2, more
and longer filopodia of the cells appeared. After cell capture
using Ab-FIMPs-3, we observed the emergence of large lamel-
lar pseudopods that extended into more and longer protruding
filopodia and grasped the nano-petals on Ab-FIMPs-3. The
enhanced capture efficiency could be attributed to the
increased nanostructure complexity by integrating nano-sized
petals and micro-sized particles. As the biomineralization time

Nanoscale, 2024, 16, 19245-19253 | 19249
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increases, the densities of the nano-sized petals and reco-
gnition probe also increase, forming a morphological gradient.
These results suggest that the topological effect between the
Ab-FIMPs-3 and CTCs favors their interaction and improves
their cell capture efficiency.

19250 | Nanoscale, 2024, 16, 19245-19253

3.4. Capture performance analysis
The cell capture specificity of the Ab-FIMPs was studied by

comparing the capture efficiency of Ab-FIMPs-3 and FIMPs-3.
Compared with Ab-FIMPs-3, FIMPs-3 exhibits a much lower

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02929a

Open Access Article. Published on 18 September 2024. Downloaded on 3/14/2026 10:35:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper

capture efficiency for PC-3 with a significant difference specificity of the Ab-FIMPs was further evaluated by employing
(Fig. 5a), suggesting that the specific CTC capture of FIMPs-3 three EpCAM-positive cell lines (including PC-3, MCF-7, and
depends on the anti-EpCAM modification. The cell capture HepG2) and two unspecific cell lines (Daudi and Jurkat). The
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Fig. 5 (a) The influence of anti-EpCAM modification on the capture efficiency. (b) Capture efficiency of different cell lines, including EpCAM-posi-
tive cell lines (PC-3, MCF-7, and HepG2) and non-specific cell lines (Daudi and Jurkat) (the cell concentration was 10° cells per mL). Data are pre-
sented as the mean + standard deviation of three measurements.
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CD45, and DAPI for nuclear staining. Data are presented as the mean + standard deviation of three measurements.
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different cell lines (PC-3, MCF-7, HepG2, Daudi, and Jurkat)
show cell capture efficiency of 84.3% + 0.9%, 92.83% =+ 0.4%,
90.97% + 0.8%, 6.6% + 1.5%, and 6.8% + 4.9%, respectively.
The capture efficiency for the EpCAM-positive cell lines of Ab-
FIMPs-3 is higher than that of nonspecific cell lines with a sig-
nificant difference (Fig. 5b). We have tested the capture
efficiency of different cell lines (PC-3, MCF-7, and HepG2) at a
lower tumor cell concentration (10° cells per mL). The cell
capture efficiencies of PC-3, MCF-7, and HepG2 at a tumor cell
concentration of 10° cells per mL are 84.2 + 0.9%, 91.64% =
0.84%, and 90.67 + 0.72%, respectively (Fig. S5t). Thus, there
is no significant change in the capture efficiency when the cell
concentration is reduced. These results demonstrate that the
Ab-FIMPs are highly efficient and specific for recognizing
EpCAM-positive cell lines. We also tested the performance of
the Ab-FIMPs in recognizing and isolating target CTCs from
the cell mixture, and the results confirm that the fabricated
Ab-FIMPs can identify and capture rare CTCs from the cell
mixture selectively (Fig. S67).

To deeply understand the effect of the capture process on
cell activity, changes in the PC-3 cell viability before and after
capture were studied by a well-established AM/PI staining
method. The results show that the cell viability of the captured
CTCs is comparable to the pre-capture results (Fig. S77).
Therefore, the fabricated Ab-FIMPs not only capture CTCs
efficiently and specifically, but also do not affect the survival of
the CTCs, which is important for further single-cell analysis.

3.5. Capture sensitivity of Ab-FIMPs-3 for rare CTCs in the
mimic sample

We further explored the performance of Ab-FIMPs-3 in captur-
ing rare CTCs from the simulated patient blood samples.
Samples spiked with MCF-7 cells and PC-3 cells, respectively,
were tested under optimal cell capture conditions. MCF-7 cells
and PC-3 cells (stained with Dil) were added to 1 mL of
DMEM, lysed blood, and whole blood samples from healthy
volunteers, respectively. The counting results (Fig. 6(a and b))
show that the capture efficiency of MCF-7 cells in DMEM,
lysed blood, and whole blood are 91.65% =+ 2.4%, 86.4% +
2.3%, and 83.4% =+ 0.4%, respectively. The capture efficiency of
PC-3 cells in DMEM, lysed blood, and whole blood are 84.93%
+ 1.3%, 82.05% + 1.5%, and 79.15% + 0.7%, respectively.
Thus, the great potential of Ab-FIMPs for efficient and specific
detection of CTCs in actual clinical samples is confirmed.

PC-3 cells (FITC-labeled anti-CK) captured on the Ab-FIMPs
can also be identified from non-specifically attached white
blood cells (WBCs, PE-labeled anti-CD45) by the commonly
used three-color immunocytochemistry method. The intensity
of DAPI and the expression levels of CK and CD45 in individ-
ual cells were quantified using a fluorescent inverted micro-
scope. As shown in Fig. 6¢, CTCs have a strong CK signal and a
weak CD45 signal. In contrast, WBCs exhibit high CD45 and
low CK expression levels. PC-3 cells (CK'/CD45 /DAPI"), WBCs
(CK™/CD45'/DAPT'), and cellular debris were distinguished
using combinatorial information. These results demonstrate
that the Ab-FIMPs could convincingly overcome the inter-
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ference of the complex matrix from whole blood, exhibit the
potential for utilization in further clinical diagnosis.

4. Conclusions

In summary, a facile biomineralization-inspired method has
been proposed to fabricate immunomagnetic particles for
efficient and specific CTC capture. SA assists the fabrication of
immunomagnetic particles with programmable hierarchical
flower-like nanostructures and provides a large number of
binding sites for anti-EpCAM modification. The nanostructure
of the obtained immunomagnetic particles can be controlled.
The high capture efficiency of Ab-FIMPs-3 reveals the syner-
getic effect of the nano-sized petals and micro-sized particles
in the hierarchical nanostructure enhance the interaction
between the cells and the matrix, which may provide new
insight into the fabrication of cell chips. Moreover, the capture
efficiency for CTCs with the Ab-FIMPs is comparable to or even
better than that of most existing materials (Table S1t) and the
obtained Ab-FIMPs can also achieve efficient separation of
CTCs from whole blood samples, which indicates its promis-
ing potential for early cancer screening in clinical preoperative
tests.
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