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Abstract
Amid the COVID-19 pandemic, cancer continues to be the most devastating disease worldwide. Liquid biopsy of circulating
tumor cells (CTCs) has recently become a painless and noninvasive tool for obtaining carcinoma cell samples for molecular
profiling. Here, we report efficient detection and collection of cancer cells in blood samples by combining stem cell antigen
(CD44)-specific immunosilica particles and immunofluorescent quantum dots with spectrally and temporally resolved single-
photon counting. We accurately detect 1–10 cells among 100 cancer cells of the breast, lungs, or cervix in 1mL blood
samples. In addition, the bright and narrowband emission of CdSe/ZnS quantum dots enables temporally and spectrally
resolved photon counting for multiplexed cancer cell detection. The cancer cell-specific and large immunosilica particles
helped us collect the specific cells. We validate the detection efficiency and multimodality of this strategy by time-stamped
and energy-dispersed single-photon counting of orange- and red-emitting quantum dots and green-fluorescing nuclei
stained with Syto-13/25 dye. Thus, the present work highlights the prospects of multimodal CTC detection for noninvasive
cancer screening and postsurgical or therapeutic follow-up.

Introduction
COVID-19 and cancer are the major life-threatening

challenges facing humanity today. Although cooperative
research at the molecular biology, immunology, and
genetics interface has controlled the COVID-19 pan-
demic1–3, cancer continues to be the most devastating
disease worldwide, underscoring the significance of
advanced cancer screening and therapeutic modalities4–7.
Liquid biopsy of metastatic cells or circulating tumor cells
(CTCs) have shown their excellence in the isolation, early
stage detection, and genomic identification of various
carcinomas4,8–12. CTCs invade the circulatory or lym-
phatic systems after shedding from the parent tumor,
eventually causing metastasis13–15. Hence, CTCs are

potential targets for cancer management by providing
crucial therapeutic information to ascertain cancer recur-
rence and enhance chemotherapeutic outcomes16–19.
Nevertheless, the extreme rarity of CTCs calls for accurate
isolation and enumeration strategies20,21.
Fluorescence is a promising tool for CTC detection22,23, for

which the collection of cells from a blood sample is essential.
Overexpressed epithelial antigens on CTCs are detectable
targets. Antigen-specific antibodies (abs) conjugated to
nanomaterials such as graphene oxide24, silicone nano-
pillars25, gold nanoparticles26, magnetosomes27, Strep tags28,
silica particles29–31, or quantum dots (QDs)32–35 are pro-
mising tags for CTC detection. These abs include anti-
EpCAM ab10,20, anti-CD44 ab12, anti-EGFR ab36, anti-HER2
ab37, and anti-Vimentin ab38. However, the epithelial-to-
mesenchymal transition (EMT) in CTCs downregulates the
epithelial phenotypes such as EpCAM, making accurate CTC
detection challenging39,40. Recent studies have shown the
association of stem cell antigens and the CD44 expressing
phenotype with many metastatic tumors and CTCs41,42.
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Furthermore, most CTC detection procedures targeting
anticancer antigens on epithelial cells show single modality
enrichment, limiting the CTC detection accuracy of samples
obtained by liquid biopsy.
We collected cancer cells (MCF7 and HeLa cells) from

blood samples using immunosilica microparticles targeting
the mesenchymal antigen CD44. The large silica particle size
helped us separate cancer cells without the use of a magnetic
or centrifugal force. Additionally, the large particle size pre-
vents endocytosis commonly observed for silica or magnetic
nanoparticles. We accomplished error-free characterization
of collected CD44-specific cancer cells by performing triple
fluorescence staining, multicolor imaging, and deconvoluting
the fluorescence spectral and decay profile data. Triple
staining of MCF7 and HeLa cells was performed using Syto-
13/25 nucleus-staining dye, a CdSe/ZnS quantum dot
(QD585)-conjugated anti-EpCAM ab, and a QD655-
conjugated anti-CD44 ab. Similarly, we isolated and char-
acterized H1650 and HeLa cells in blood samples using anti-
EGFR-ab-conjugated silica particles.

Experimental section
Materials and reagents
Mesoporous silica particles (FUJIFILMWako), streptavidin

(FUJIFILM Wako), phosphate-buffered saline (PBS, FUJI-
FILM Wako), (3-aminopropyl)triethoxysilane (APTES, TCI,
Japan), (D-/L-) biotin N-hydroxysuccinimide ester (biotin-
NHS, Sigma, Japan), anti-EGFR ab (Sigma, Japan), biotin-
anti-EpCAM ab (BioLegend, USA), anti-CD44 ab (Sony,
Japan), Alexa Fluor®488 anti-CD44 ab (Sony, Japan),
streptavidin-QD585/655-conjugate (Thermo Fisher Scien-
tific, USA), fetal bovine serum (FBS, Thermo Fisher Scien-
tific, USA), penicillin/streptomycin (P/S, Thermo Fisher
Scientific, USA), trypsin (Thermo Fisher Scientific, USA),
and Syto-13/25 (Thermo Fisher Scientific, USA) were used as
obtained.

Preparation of ab-functionalized silica microparticles
Mesoporous silica microparticles (2.0mg; 75 ~ 150 µm

size) were silanized by adding 25 µL of APTES solution (1 wt
% APTES, 80wt% acetone, and 19wt% water). SEM images
showing the surface morphologies of the silica particles are
presented in Fig. S1. Silanization was carried out in a
microtube in a shaker for 30min (25 °C). The settled parti-
cles were thoroughly rinsed with acetone and PBS and sta-
bilized in PBS. Biotin-NHS (10 eq.) dissolved in PBS was then
added to the silanized microparticles, allowed to react at RT
for 30min by gently mixing, and washed with PBS and water.
Next, a streptavidin solution (12.5 eq.) in PBS was added to
the biotinylated microparticles and reacted at RT for 30min,
similarly to the previous step, followed by washing with PBS.
A separate solution of biotinylated anti-CD44 ab (30 eq.) was
prepared in PBS. It was added to the streptavidin-
functionalized silica microparticles, reacted at 25 °C

(30min), and continuously mixed by up-down flipping. The
microparticle-ab conjugate sample was rinsed with PBS,
stabilized in PBS, and stored at 4 °C. Additionally, a mono-
clonal anti-EGFR-ab-silica conjugate was prepared as
explained above.

Cell culture, labeling, and detection
MCF7 and HeLa cells were cultured in DMEM with 10%

FBS and 1% P/S. NCI-H1650 cells and human T cells were
cultured in RPMI 1640 medium with 100U/mLP/S, 250 ng/
mL fungizone, and 10% FBS and collected by centrifugation.
MCF7 or HeLa cells (~70% confluence) were incubated

with QD655-anti-EpCAM-ab and QD585-anti-CD44-ab
conjugates (6 nM, 37 °C, 30 min). The cells were washed
with PBS and incubated with Syto-13 nucleus-staining dye
(250 nM) for 15 min. The antigen expression level was
determined from fluorescence photocount images in a
200 ns window with 500 to 800 nm spectral resolution. An
optical parametric amplifier (OPA) was pumped by a
regenerative amplifier (RegA) to generate 405 nm
(200 kHz, 150 fs) output pulses as the excitation light
source. An oscillator (76MHz) seeded the RegA. Single-
photon maps were generated using a polychromator-
streak camera assembly. The fluorescence signals
(>500 nm) were identified using a filter, and the spectrally
and temporally resolved photons from the polychromator
were counted with the streak camera. PL lifetime values
were calculated by fitting PL decay values to the third-
exponential equation. Fluorescence images were taken
with an Olympus microscope (IX70) through a 10X or
40X objective lens and a 500 nm longpass filter. The
labeled cells were excited with a 465 nm (200mW) con-
tinuous wave (cw) laser (ACAN A12), and fluorescence
images were obtained using a digital camera (OLYMPUS,
Model No. XZ-2).

Blood sample collection and PBMC isolation
We collected and used PBMCs following the procedure

approved by the Ethics Committee (No. 2020–7) of the
Graduate School of Dental Medicine, Hokkaido University.
PBMCs from a healthy adult donor were collected and iso-
lated by centrifugation with Histopaque-1077 (Merck, USA)
according to the manufacturer’s protocol. Briefly, 3mL of
whole blood was layered on top of 3mL of Histopaque-1077.
After centrifugation, the plasma layer was discarded, and the
layer containing mononuclear cells was collected. The cells
were washed with the cell culture medium and resuspended
in the cell culture medium. This step was repeated twice, and
finally, the cells were mixed well by gentle pipetting.

Capture and identification of CTCs in a model blood
sample
MCF7 or HeLa cells were spiked into a solution of

PBMCs in a buffer resembling the clinical samples. The
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cancer cell concentrations were set to 104, 103, or 102

cells/mL, and the PBMC number was maintained at a105

cells in all cases. We applied two strategies for cell
labeling. First, we obtained unlabeled cancer cells with
anti-EpCAM-ab-conjugated silica particles and then
stained the cells with Syto-13/25 and QD585/655 ab
conjugates. However, we found intense background
fluorescence due to the nonspecific binding of the QDs to
the silica (Fig. S2), which prevented us from efficiently
detecting the cancer cells attached to the particles.
Therefore, to eliminate background noise, we followed a
pre-labeling procedure. In this procedure, cells in a blood
sample were labeled with Syto-13 nucleus-staining dye
(250 nM), QD655-anti-EpCAM ab (6 nM), and QD585-
anti-CD44-ab conjugates (6 nM) by coincubation (25 °C,
30 min). The cells were collected, washed with PBS, and
resuspended in PBS. The prelabeled cells were separately
added to modified anti-CD44-ab-conjugated silica
microparticles (1000 particles/mL). The cells were col-
lected on silica particles by continuously flipping the
silica-cell suspension up and down for 30min, and then,
the silica particles settled under gravity. The settled par-
ticles were gently washed with PBS to minimize the
detachment of the cells. The particles were dispersed on a
glass slide, mounted on the microscope, and excited with
a 405 nm fs laser. Temporally and spectrally resolved
photocount maps were obtained using a polychromator-
Streak camera assembly. Additionally, a color CCD
camera was used to obtain multicolor images of the cells
attached to the immunosilica particles.
To generalize the cell collection method, we repeated the

aforementioned experiments using silica microparticles
functionalized with an anti-EGFR ab to identify EGFR-

overexpressing carcinoma cells such as H1650 or HeLa and
used T cells as modal blood cells. In this experiment,
fluorescence staining of HeLa cells was carried out using a
QD655-anti-EpCAM-ab conjugate (6 nM), AlexaFluor488
anti-CD44-ab conjugate (6 nM), and Syto-25 (250 nM),
whereas H1650 and T cells were stained only with Syto-25.

Results and discussion
Determination of CD44 and EpCAM antigen levels in MCF7
cells
We examined the labeling efficiency of MCF7 cells, the

most common breast cancer cells, with anti-CD44 ab and
anti-EpCAM ab43. Briefly, cultured MCF7 cells were labeled
by incubation with Syto-13 nucleus-staining dye, QD585-
anti-CD44 ab, and QD655-anti-EpCAM ab. The details of
the cell culture condition, ab conjugate preparation, and cell
labeling process are presented in the experimental section.
Figure 1A shows a fluorescence image of the immunos-
tained cells excited at 465 nm and measured with a 480-nm
longpass filter. Here, the number of CD44 and EpCAM
antigens expressed on the cell surface was determined by
time-resolved fluorescence photon counting. The photons
emitted from the triply stained cells were identified using a
spectrometer-streak camera system.
We characterized MCF7 cells using a three-color fluor-

escence image and a single-photon histogram (Fig. 1B).
The histogram was further resolved by deconvoluting the
energy-dispersed fluorescence photons (Fig. 1B) and gen-
erating three decay curves (Fig. 1C) with three distinct
fluorescence lifetime values (approximately 4 ns for Syto-
13 dye, approximately 11 ns for the QD585-anti-CD44 ab,
and approximately 19 ns for the QD655-anti-EpCAM ab).
Lorentzian fitting was used to resolve each spectrum into

Fig. 1 Characterization of MCF7 cells. A Fluorescence image of the cells showing the emission from Syto-13 (green), QD585-anti-CD44 ab (orange),
and QD655-anti-EpCAM ab (red). B A single-photon histogram of the cells. The lower part of the histogram in B shows the fluorescence spectra
(approximately 515, 585, and 655 nm) deconvoluted from the histogram data. The broken lines represent the Lorentzian fits based on the three
fluorescence intensity maxima. C The fluorescence decay curves deconvoluted from the data in the histogram in B.

Sobhanan et al. NPG Asia Materials (2022) 14:3 Page 3 of 8



three with photocount maxima of ~515 nm (Syto-13
nucleus stain), 585 nm (QD585-anti-CD44 ab), and
655 nm (QD655-anti-EpCAM ab). Therefore, by combin-
ing three-color imaging with spectrotemporal resolution
(the three fluorescence spectral maxima and three fluor-
escence lifetime values), this experiment showed a 9-fold
increase in cancer cell detection accuracy.
The EMT transition causes MCF7 cells to acquire stem-

like properties, such as overexpression of the stem cell
marker CD4442. The spectral fingerprints and three fluor-
escence decay data helped us determine the EpCAM and
CD44 ratios in this cell line. Considering the comparable
fluorescence quantum efficiencies of QD585 and QD655
(approximately 0.8) and using equimolar QD-labeled abs, we
found that the expression of the CD44 antigen in MCF7 cells
was 4-fold greater than that of EpCAM. This difference was
identified by comparing the integrated photocounts of
QD585-anti-CD44 ab (20488 photons) and QD655-anti-
EpCAM ab (5367 photons) (Fig. 1B). The higher photocount
at ~585 nm suggested that CD44 is better than EpCAM for
capturing MCF7 cells in a blood sample. Nevertheless, if the

energy transfer from QD585 to QD655 is significant, the
number of photons counted at ~585 nm (QD585-anti-CD44
ab) is less than the true number. In this case, the expression
level of CD44 estimated is more accurate than the
estimated value.

Capturing and identifying MCF7 cells using silica particles
We prepared immunosilica microparticles to collect and

characterize cancer cells in a blood sample. In addition, we
prepared anti-CD44 ab and anti-EGFR ab by biotinylation
and stabilized them in PBS. The anti-CD44 ab was tethered
to streptavidin-conjugated silica microparticles and purified
by repeated washing and gravity separation. The immuno-
silica particle preparation and cancer cell collection proce-
dures are shown in Fig. 2A, and the related details are
presented in the experimental section. Cancer cells from the
PBMC or T cells in a blood sample were isolated by gravity
separation facilitated by the large size (75 ~ 150 µm) and high
specific gravity (~2.2 g/ml) of the silica particles. The sedi-
mentation coefficient of the silica is significantly higher than
that of cells due to the difference (approximately. 1.2 kgm−3)

Fig. 2 Cancer cell isolation and detection. A A scheme showing silica particle functionalization and cancer cell separation from a blood sample.
B Fluorescence image of silica particles with MCF7 cells. C A Streak camera image and the corresponding fluorescence spectra of cells attached to
silica particles. The broken lines represent the Lorentzian fits for the Syto-13 dye (515 nm), QD-CD44-ab conjugate (585 nm), and QD-EpCAM-ab
conjugate (655 nm). D, E The fluorescence decays based on the deconvoluted data shown in C for the three labels.

Sobhanan et al. NPG Asia Materials (2022) 14:3 Page 4 of 8



in the specific gravities of PBS and silica, allowing gravity
separation of the particles in seconds.
Furthermore, the use of large silica particles helped us

prevent endocytosis of silica and magnetic nanoparticles by
cells, which is common to traditional CTC isolation. In
addition to conjugating anti-CD44-ab to silica particles, we
treated a blood sample with a QD585-CD44-ab-blocking
solution. Here, the low concentration (6 nM) of QD-ab-
labeled conjugate led to the identification of only a portion of
CD44 antigens on MCF7 cells, leaving a large portion of the
antigens unblocked for cell capture using anti-CD44-ab-
conjugated silica particles. We confirmed the presence of
excess CD44 antigen by performing a control experiment in
which MCF7 cells were labeled with two different con-
centrations (6 nM and 30 nM) of QD585-anti-CD44-ab
solution. After washing the cells, we determined the fluor-
escence photocounts from an equal number of cells in the
samples labeled with 6 nM or 30 nM QD-ab conjugates. The
integrated photocounts determined from the streak camera
images showed that <30% of CD44 antigens were labeled
with a 6 nM conjugate solution. The corresponding fluor-
escence spectra of different parts of each sample are shown
in Fig. S3. The photocount ratios suggest that 60% or more of
the CD44 antigens remained intact for potential binding to
silica particles.
In the aforementioned method, a mixture of PBMCs

and MCF7 cells was prelabeled with the nuclear staining
dyes Syto-13, QD585-anti-CD44 ab, and QD655-anti-
EpCAM ab. The stained cells suspended in PBS were
mixed with anti-CD44-ab-conjugated silica particles, and
the MCF7 cells were isolated by gentle mixing of the
sample. The silica particles were allowed to settle under
gravity in a “natural gravity-mediated enrichment”
method. The cancer cells attached to the silica particles
were characterized by microspectroscopy. Figure 2B
shows a fluorescence image of MCF7 cells attached to
anti-CD44-ab-conjugated silica particles, and the corre-
sponding single-photon histogram is shown in Fig. 2C.
We deconvoluted the histogram data to obtain a triply
degerate fluorescence spectrum (Fig. 2C), and three decay
curves (Fig. 2D, E). The characteristic fluorescence spec-
tral maxima (515, 585, and 655 nm) correspond to stained
nuclei (Syto-13 dye), CD44 (the QD585-anti-CD44 ab
conjugate), and EpCAM (the QD655-anti-EpCAM ab
conjugate). Additionally, the decay profiles with the
characteristic fluorescence lifetimes of Syto-13, QD585,
and QD655 confirmed the attachment of MCF7 cells to
the silica particles. The detection of 1–10 cells from 100
MCF7 cells in a 1 mL blood sample was achieved, with the
PBMC count consistently maintained at 105. Interestingly,
by using anti-CD44 ab to collect MCF7 cells, we avoided
the nonspecific adsorption of PBMCs onto silica particles.
Only a few PBMCs were nonspecifically attached, as
indicated by only the green emission of Syto-13 detected.

Thus, we distinguished nonspecifically attached PBMCs
from MCF7 cells based on the lack of orange and red
fluorescence in the fluorescence images and streak camera
histograms. In contrast, multicolor imaging supplemented
by spectral and lifetime data helped us identify MCF7
cells.

Estimation of CD44 and EpCAM antigen levels in HeLa cells
To confirm that EMT antigen-specific cancer cells were

collected and characterized, we chose HeLa cells in which
the expression of epithelial (EpCAM) antigens was
downregulated44 and that of EMT-specific CD44 was
upregulated. Similar to the labeling procedure used with
MCF7 cells, HeLa cells cultured on a tissue culture plate
or in a blood sample with the Syto-13 dye, QD585-anti-
CD44 ab, and QD655-anti-EpCAM ab were labeled.
Figure 3 shows the fluorescence image (3 A) and the
temporally and spectrally resolved photocounts (3B) of
HeLa cells. In this experiment, we did not detect QD655-
EpCAM-ab fluorescence, indicating the poor expression
of EpCAM by HeLa cells. Figure 3D shows the fluores-
cence image of HeLa cells attached to the anti-CD44-ab-
conjugated silica particles. First, we treated HeLa cells and
PBMCs in a blood sample with Syto-13 dye, a QD585-
anti-CD44-ab conjugate, and a QD655-anti-EpCAM-ab
conjugate. Then, anti-CD44-ab-functionalized silica par-
ticles were added to the blood sample, and HeLa cells
were selectively attached to the silica particles by gentle
up and down mixing of the sample. The bimodal fluor-
escence spectrum (Fig. 3C) of the silica particles showing
the spectral characteristics of Syto-13 and QD585 and the
corresponding fluorescence lifetimes (Fig. S4) confirmed
the selective capture of HeLa cells.

The advantage of CD44-targeted CTC collection
To increase the modality of cancer cell detection and

minimize false-positive results due to nonspecific adsorption
of PBMCs onto silica particles, we used silica particles
modified with an anti-EGFR ab. We treated HeLa cells and
PBMCs in a blood sample with Syto-25 dye, a QD655-anti-
EpCAM-ab conjugate, and an AlexaFluor488-anti-CD44-ab
conjugate. In this experiment, the anti-EGFR ab was chosen
because EGFR is overexpressed in various cancer cells,
indicating that is an alternative biomarker for non-EpCAM-
enriched CTCs. Figure 4A shows the fluorescence image of
HeLa cells attached to the anti-EGFR-ab-conjugated silica
particles. The green-only fluorescence spots in Fig. 4A
represent PBMCs attached to silica particles. Undesired
binding of PBMCs to anti-EGFR-ab-silica particles is not
surprising because of the overexpression of EGFR on PBMCs
and T cells12. Figure S5 shows the corresponding single-
photon histogram based on the fluorescence spectrum and
decay curve characteristic of Syto-25, confirming the capture
of PBMCs. In contrast, anti-CD44-ab-conjugated silica
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Fig. 3 HeLa cell isolation and detection. A, D Fluorescence images identified with the emission from Syto-13 dye (green) and QD585-anti-CD44 ab
(orange) in HeLa cells (A) in a tissue culture dish and D attached to the anti-CD44-ab-conjugated silica particles. B, E Single-photon histograms
showing the time- and energy-dispersed photocounts from HeLa cells (A) in a tissue culture dish and D attached to the anti-CD44-ab-conjugated
silica particles. C The fluorescence spectrum based on the deconvoluted data shown in E.

Fig. 4 EGFR-selective cell capture. A A fluorescence image of HeLa cells identified with Syto-25 dye and the AlexaFluor488-anti-CD44-ab conjugate
and attached to anti-EGFR-ab-conjugated silica particles. B–D Fluorescence images of anti-EGFR-ab-functionalized silica particles treated in a 1 mL
blood sample containing (B) 104 H1650 and 106 T cells, C 104 H1650 cells with no T cells, and D 106 T cells but no H1650 cells.
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particles were ideal for the selective isolation and detection of
MCF7 (Fig. 2) and HeLa (Fig. 3) cells.
To verify the collection and detection of cancer cells

using anti-EGFR-ab, we chose H1650 cells that upregulate
EGFR45. We labeled H1650 and T cells (model blood
cells) with Syto-25 dye alone and treated the cell samples
with anti-EGFR-ab-conjugated silica particles. Figure
4B–D presents the immunofluorescence images of H1650
cells on silica particles collected from samples with dif-
ferent H1650 and T cell ratios. Figure 4D, which shows a
sample with 106 T cells/mL but no H1650 cells, indicates
many T cells bound to the immunosilica microparticles.
Although EGFR overexpression in many cancer cells46

promises anti-EGFR-ab for their collection, blood cells
expressing EGFR interfere with the process. Therefore,
the anti-CD44 ab is more promising than the anti-EGFR
ab. In contrast, stem cell biomarkers such as CD44 and
multiple fluorescence labeling are error-free detection
methods for CTC collection and detection. The study
presented demonstrates the technical benefits of using
mesenchymal biomarkers, spectrally and temporally
resolved modalities, and the self-segregating immunosi-
lica particles for CTC detection.

Conclusions
We demonstrated a microspectroscopy method com-

bined with mesenchymal cell-selective immunosilica
microparticles for error-free cancer cell detection in
which 1–10 cancer cells were accurately identified among
100 cancer cells in a 1 mL blood sample. In this study, we
explored cancer cells’ properties for selective attachment
to silica microparticles using anti-CD44, anti-EpCAM, or
anti-EGFR ab. The large silica particles prevented endo-
cytosis by cells and favored cancer cell isolation without
the application of an external centrifugal force. Succes-
sively, the bright and narrowband emission of quantum
dots helped multiplexed cancer cells detection, which was
improved by combining the fluorescence spectra and
decay data of the quantum dots and nucleus-staining Syto
dye. Furthermore, this research demonstrates the sig-
nificance of mesenchymal antigen-selective cancer cell
collection and characterization. The multicolor imaging
and spectrotemporally resolved multimodal fluorescence
detection can be further developed for advanced cancer
screening and clinical follow-up technologies.
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