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Virtual-freezing fluorescence imaging flow cytometry with
5-aminolevulinic acid stimulation and antibody labeling for
detecting all forms of circulating tumor cells

A new strategy for detecting various forms of circulating
tumor cells (CTCs) and clusters was developed by applying
optomechanical imaging flow cytometry on CTCs with
induced accumulation of fluorescent metabolite. The
strategy provides morphological and molecular features
essential for characterizing CTCs. The investigation of
diverse CTCs enabled by this method could accelerate
research on correlations between CTC subtypes and the
prognosis of patients. The artwork was illustrated by
Hitomi Terakawa.
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1. Introduction

Virtual-freezing fluorescence imaging flow
cytometry with 5-aminolevulinic acid stimulation
and antibody labeling for detecting all forms of
circulating tumor cells}

Hiroki Matsumura, @ 12 Larina Tzu-Wei Shen, ® ° Akihiro Isozaki, @ *2

Hideharu Mikami, @2 Dan Yuan, @2 Taichi Miura,® Yuto Kondo, @2 Tomoko Mori,?
Yoshika Kusumoto,® Masako Nishikawa, & ¢ Atsushi Yasumoto, ©¢ Aya Ueda,®

Hiroko Bando,® Hisato Hara,® Yuhong Liu, @2 Yunjie Deng, @2 Masahiro Sonoshita, @
Yutaka Yatomi, © ¢ Keisuke Goda @ *2" and Satoshi Matsusaka*

Circulating tumor cells (CTCs) are precursors to cancer metastasis. In blood circulation, they take various
forms such as single CTCs, CTC clusters, and CTC-leukocyte clusters, all of which have unique
characteristics in terms of physiological function and have been a subject of extensive research in the last
several years. Unfortunately, conventional methods are limited in accurately analysing the highly
heterogeneous nature of CTCs. Here we present an effective strategy for simultaneously analysing all forms
of CTCs in blood by virtual-freezing fluorescence imaging (VIFFI) flow cytometry with 5-aminolevulinic acid
(5-ALA) stimulation and antibody labeling. VIFFI is an optomechanical imaging method that virtually freezes
the motion of fast-flowing cells on an image sensor to enable high-throughput yet sensitive imaging of
every single event. 5-ALA stimulates cancer cells to induce the accumulation of protoporphyrin (PplX), a
red fluorescent substance, making it possible to detect all cancer cells even if they show no expression of
the epithelial cell adhesion molecule, a typical CTC biomarker. Although PplX signals are generally weak,
VIFFI flow cytometry can detect them by virtue of its high sensitivity. As a proof-of-principle demonstration
of the strategy, we applied cancer cells spiked in blood to the strategy to demonstrate image-based
detection and accurate classification of single cancer cells, clusters of cancer cells, and clusters of a cancer
cell(s) and a leukocyte(s). To show the clinical utility of our method, we used it to evaluate blood samples
of four breast cancer patients and four healthy donors and identified EpCAM-positive PplX-positive cells in
one of the patient samples. Our work paves the way toward the determination of cancer prognosis, the
guidance and monitoring of treatment, and the design of antitumor strategies for cancer patients.

subsequent growth of additional tumors." This cancer spread
or metastasis is known to be a major cause of cancer-related

Circulating tumor cells (CTCs) are malignant cells that
originate from a primary tumor, circulate in the bloodstream,
migrate to a secondary site, and become seeds for the
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deaths. The presence and number of CTCs are thought to be
associated with prognosis and may be involved in the
intermediate stage of tumor metastasis.>’ Efforts have been
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made to identify and characterize CTCs in cancer patients due
to their tremendous potential for the diagnosis and treatment
of cancer via liquid biopsy.* In the circulatory system, CTCs
take various forms such as single CTCs, CTC clusters, CTC-
leukocyte clusters, and CTC-platelet clusters, all of which have
unique characteristics in terms of physiological function and
have been a subject of extensive research for the past several
years.”” Recent reports show that CTC clusters and CTC-
neutrophil clusters from cancer patients have higher metastatic
potential than single CTCs.>” Therefore, the capture and
analysis of all forms of CTCs in liquid biopsy can provide us
with a bigger picture of the metastatic process and could
advance our understanding of the biology of metastasis and
improve the management of therapies for cancer patients.
Unfortunately, conventional methods are limited in
accurately analyzing the highly heterogeneous nature of CTCs
for the following reasons. First, CTCs are rare and make up
only a small minority of cells circulating in a patient's blood,
while CTC clusters and CTC-leukocyte clusters are even rarer
than single CTCs, making it highly challenging to detect and
isolate a statistically significant number of these cells and
clusters.* Second, the size of CTCs is highly heterogeneous,
making it difficult to isolate them based on size-dependent
separation methods®® such as filtration'®™"* and microfluidic
methods.”*™® Specifically, these methods could miss some
CTCs that have a comparable size with other cell types such as
leukocytes. Third, a general biomarker for detecting CTCs has
yet to be identified. CellSearch, the first commercial CTC
isolation platform approved by the US FDA, is an antibody-
based method for detecting CTCs expressing epithelial markers
such as the epithelial cell adhesion molecule (EpCAM) and
cytokeratins (CKs), but not CD45 (common leukocyte
antigen)."” Unfortunately, the invasive potential of CTCs
through their epithelial-mesenchymal transition (EMT) cannot
be identified by this antibody-based method because they do
not always express these epithelial markers." Thus, the ability
to detect and isolate all forms of CTCs, including CTC-
leukocyte clusters from whole blood, is expected to significantly
advance our understanding of the pathophysiology of tumor
metastasis and further exploit the potential of liquid biopsy.
Recently, Matsusaka et al. have developed another CTC
biomarker that overcomes the above CTC identification
problem."® This approach is photodynamic detection based
on the accumulation of photosensitizing molecules induced
by 5-aminolevulinic acid (5-ALA) in malignant cells. 5-ALA is
a precursor of porphyrin in heme synthesis that induces
intracellular accumulation of protoporphyrin IX (PpIX) in
cancer cells due to their unique metabolic activity.'® Here,
PpIX is a fluorescent substance that emits red fluorescence at
a peak wavelength of 635 nm when excited by violet light
near 400 nm, suggesting that red fluorescence from PpIX is a
potential biomarker for CTC detection. It should be noted
that 5-ALA-based photodynamic detection has been widely
used for diagnosing various solid cancers,** further
supporting this potential. However, 5-ALA-induced PpIX
fluorescence is generally weak, rendering conventional
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imaging flow cytometry techniques for PpIX-based CTC
detection highly challenging.

In this article, we present an effective strategy for
simultaneously analyzing all forms of CTCs in blood by virtual-
freezing fluorescence imaging (VIFFI) flow cytometry™* with
5-ALA stimulation and antibody labeling. VIFFI is an
optomechanical imaging method recently developed by Mikami
et al,” which enables high-throughput acquisition of
microscopy-grade images by virtually freezing the motion of
fast-flowing cells (1 m s™) on an image sensor to effectively
increase the exposure time. Therefore, VIFFI combined with
5-ALA stimulation and antibody labeling overcomes the
problems of the previous methods and enables high-
throughput, blur-free, and sensitive fluorescence imaging of
every single event (e.g., single cell, cell cluster, cell debris) in
blood. In this work, we used VIFFI flow cytometry demonstrated
in our earlier report™ as a basis, but introduced a sheath-less
cell focusing method, namely elasto-inertial cell focusing,> >’
to increase the efficiency of cell introduction into a microfluidic
channel. As a proof-of-principle demonstration of the strategy,
we applied cancer cells spiked in blood to the strategy to
perform VIFFI flow cytometry of 5-ALA stimulated cells with
attenuated EpCAM expression at an event rate of ~750 events
per second (eps) with a signal-to-noise ratio (SNR) of ~4.4 for
PpIX fluorescence. Using the morphological features of cells or
cell clusters, we classified events into single cancer cells, cancer
cell cluster, and clusters of a cancer cell(s) and a leukocyte(s),
resulting in an estimated classification accuracy of ~99%,
~80%, and ~76%, respectively. Furthermore, spiking
experiments with various concentrations of spiked cancer cells
showed that the sensitivity of our strategy was ~0.29 with a
false positive rate of ~1.6 x 10~°. These results indicate that
VIFFI flow cytometry combined with 5-ALA stimulation made it
possible to accurately detect and analyze heterogeneous cancer
cell forms based on fluorescence images. Finally, we used the
method to test blood samples drawn from four breast cancer
patients and four healthy donors. In one of the patient samples,
21 cells positive for both EpCAM and PpIX were identified.
With these results, our work paves the way toward accurate
detection and enumeration of single CTCs, CTC clusters, and
CTC-leukocyte clusters altogether in a large heterogeneous
population of blood cells, thereby assisting the determination
of prognosis, the guidance and monitoring of treatment, and
the design of antitumor strategies for cancer patients.

2. Materials and methods
2.1. Overview

As shown in Fig. 1(a), the procedure of VIFFI flow cytometry
with 5-ALA-based cancer detection consists of three steps: (i)
sample preparation, (ii) image acquisition, and (iii) image
analysis. In the sample preparation step, blood is drawn from a
patient or healthy donor, followed by the extraction of a
peripheral blood mononuclear cell (PBMC) fraction from the
blood using a density gradient purification method (see section
2.3 for details). In addition, HT-29, a human colorectal cancer

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic of VIFFI flow cytometry with 5-ALA stimulation and antibody labelling. (a) Overview of the procedure. (
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) Fluorescence images of

HT-29 cells taken by a commercially available microscope. Top, EpCAM-FITC channel image; middle, PpIX channel image; bottom, merged image.

Arrows, a cell with attenuated EpCAM expression; scale bar, 20 um. (c) Bright-field image of HT-29 cells flowing at 1 m st

in a microchannel with

elasto-inertial focusing. Single cells and a cell cluster (pointed by black arrows) flow at the center of the microchannel. Scale bar, 100 um. (d)
Illustration of the major components of a VIFFI flow cytometer. (e) Library of representative images of HT-29 cells acquired by VIFFI flow
cytometry. Green, EpCAM-FITC; red, PplX; blue, CD45-PE; scale bar, 20 um; arrow, flow direction (1 m s™).

cell line, and HT-1080, a human fibrosarcoma cell line, are
prepared for spiking experiments (see section 2.4 for details).
The PBMCs, HT-29 cells, and HT-1080 cells are stimulated with
5-ALA and stained with anti-EpCAM and anti-CD45 antibodies
(see section 2.5 for details). 5-ALA stimulation enables us to
image cells with attenuated EpCAM expression [see static
fluorescence-microscopy images shown in Fig. 1(b)]. Then, as a
preparation step of image acquisition, a viscoelastic solution is
added to the prepared cell suspensions to focus cells at the
center of a microfluidic channel for elasto-inertial cell focusing
[see section 2.6 for details; see Fig. 1(c) for a captured image of
flowing cells obtained by a commercially available high-speed
camera). During the image acquisition step, cells are imaged
using a VIFFI flow cytometer” [see section 2.2 for details; see
Fig. 1(d) for the schematic of the VIFFI flow cytometer; see
Fig. 1(e) for an image library taken by VIFFI flow cytometry].
After this step, obtained images are analyzed and evaluated
based on fluorescence intensities and cellular morphologies to
find single cancer cells and clusters (see section 2.7 for details).

2.2. VIFFI flow cytometry

VIFFI is an optomechanical imaging method that virtually
freezes the motion of fast-flowing cells on an image sensor and

This journal is © The Royal Society of Chemistry 2023

sensitively acquires their blur-free fluorescence images™ [see
Fig. 1(d)]. This is enabled by precisely canceling the motion of
cells with a flow-controlled microfluidic component, a speed-
controlled polygon scanner, and a series of timing control
circuits. A light-sheet excitation beam scanner is used to scan
over the entire field of view during the exposure time of the
image sensor. The timings of the image sensor's exposure, the
excitation beam's illumination, and localization with respect to
the rotation angle of the polygon scanner are precisely
synchronized. By virtue of these elements, the virtual-freezing
~1000 times
integration time on the image sensor, thereby enabling high-
resolution (~700 nm) fluorescence imaging of cells flowing at a
speed of 1 m s™%. In this article, two excitation lasers with
wavelengths of 405 nm (LBX-405-300-CSB-PP, Oxxius) and 488
nm (Genesis CX 488/2000 STM, Coherent) were used to excite
PpIX and antibody-conjugated fluorophores, respectively. Two
dichroic mirrors (ff560-FDi01-25x36, edge wavelength: 560 nm,
Semrock; #34-741, edge wavelength: 605 nm, Edmund) were
used to split the collected fluorescence light from fluorescein
isothiocyanate (FITC), phycoerythrin (PE), and PpIX. An
objective lens (UPLANSAPO10x, NA = 0.40, Olympus) and tube
lens (U-TLU, f = 180 mm, Olympus)

scheme effectively achieves longer signal

were used to form images
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on a scientific complementary metal-oxide-semiconductor
(sCMOS) camera (PCO edge 5.5).

2.3. Extraction of PBMC fractions

PBMCs were isolated from whole-blood samples using an
iodixanol (OptiPrep, Abbott Diagnostics Technologies AS,
Norway)-based density gradient purification method, which is a
common procedure as a preparation step for CTC
detection.”®" Specifically, 9-10 mL of whole blood was first
collected using ethylenediaminetetraacetic acid (EDTA) tubes
from six healthy donors at the University of Tokyo Hospital and
four breast cancer patients ranging from stages I-III at the
University of Tsukuba Hospital (see Table S17 for details). In a
previous study, detecting five CTCs in a 7.5 mL blood sample
was set as a threshold for discriminating patients breast cancer
or colorectal cancer who were more likely to experience
metastasis earlier than others.*> Using this threshold as a
guideline, we collected ~10 mL of blood so that we had a
sufficient volume for each sample to detect CTCs. Second, each
EDTA-treated blood was resuspended in 2.7 mL of 40% (w/v)
iodixanol. Third, 5 mL of each prepared blood was overlaid on
the iodixanol solution, which was adjusted to a density of 1.078
g mL™". Fourth, 0.5 mL of phosphate-buffered saline (PBS) was
overlaid on the top of each sample. Fifth, the samples were
centrifuged at 700g for 20 min at room temperature. Sixth, a
PBMC fraction was collected from each sample. Each PBMC
fraction was transferred to a tube and then washed twice with
PBS by centrifugation at 300g for 5 min at room temperature.
Afterward, the obtained PBMC fractions were assessed with an
automated hematology analyzer (XN-9100, Sysmex, Japan). The
constituents of the prepared PBMC fractions are shown in
Table S2.f This study was approved by the Institutional Ethics
Committee of the University of Tokyo [No. 11049-(12)] and the
University of Tsukuba (No. H30-120). The healthy donors and
patients provided written informed consent.

2.4. Preparation of cancer cells and their clusters

HT-29 cells and HT-1080 cells were purchased from ATCC as
human colorectal adenocarcinoma cells and human
fibrosarcoma cells, respectively. HT-29 cells were cultured at
37 °C under 5% CO, with humidification in Dulbecco's
modified Eagle medium (DMEM) (FUJIFILM Wako Pure
Chemical) supplemented with 10% fetal bovine serum
(S1780-500, biowest), and 50 U mL™" penicillin and 50 pg
mL™" streptomycin (FUJIFILM Wako Pure Chemical). HT-1080
cells were cultured at 37 ©°C under 5% CO, with
humidification in Eagle's minimum essential medium
(EMEM) (Sigma) supplemented with 10% fetal bovine serum
(S1780-500, biowest), and 50 U mL™" penicillin and 50 ug
mL™"  streptomycin (FUJIFILM Wako Pure Chemical).
Additionally, we prepared cluster-induced cells by seeding
cells onto low-cell-adhesion 35 mm dishes (MS-9035X,
PrimeSurface, Sumitomo Bakelite) one day before imaging
experiments, followed by one-day incubation. To make the
variety of the cell cluster formation wider, we seeded cells
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with two cell concentrations of 1 x 10" cells per mL and 5 x
10* cells per mL. Here, we used DMEM for HT-29 cells and
EMEM for HT-1080 cells.

2.5. 5-ALA stimulation and antibody staining

We first prepared cell suspensions at a concentration of 2.5 x
10° cells per mL as follows. For imaging cancer cells (see
sections 3.2 and 3.3 for details), we prepared four cell
suspensions: a 100:1 mixture of HT-29 cells and cluster-
induced HT-29 cells (see section 2.4 for details) in DMEM, a
100:1 mixture of HT-1080 cells and cluster-induced HT-1080
cells (see section 2.4 for details) in EMEM, PBMCs in DMEM,
PBMCs in EMEM. For rare cell detection experiments (see
section 3.4 for details), 15 PBMC fractions from a healthy donor
and one HT-29 cell suspension were prepared. For imaging
cells in clinical samples (see section 3.5 for details), PBMC
fractions from healthy donors and cancer patients were
separately suspended in DMEM. 5-ALA (AL-05-1, Cosmo Bio)
was added to each of the cell suspensions at a concentration of
3 mM, which were incubated at 37 °C for 1 hour afterward.
Here, the concentration was selected to avoid potential cell
toxicity.>® After the incubation, cells were washed with PBS and
immunolabeled with FITC-conjugated anti-EpCAM antibody
and PE-conjugated anti-CD45 antibody at 37 °C for 30 min.
Then, the cells were washed and suspended in PBS at a final
concentration of 5 x 10° cells per mL for VIFFI flow cytometry.

For imaging experiments of 1:1 mixtures (see section 3.3
for details), two of the cell suspensions were mixed right before
the imaging experiments. Specifically, a 1:1 mixture of HT-29
cells and PBMCs was prepared by mixing the HT-29 suspension
and the in-DMEM PBMC suspension; a 1:1 mixture of HT-
1080 cells and PBMCs was prepared by mixing the HT-1080
suspension and the in-EMEM PBMC suspension.

For rare cell detection experiments (see section 3.4 for
details), nine cell suspensions with spiked cancer cells were
prepared by spiking ~50, ~500, and ~1000 HT-29 cells in
~10° PBMCs (three samples per condition). Six PBMC
suspensions without spiked cancer cells were also prepared
for negative controls. Specifically, a HT-29 suspension was
diluted to reach a concentration of 5 x 10* cells per mL. An
appropriate volume of the suspension containing a desired
number of cancer cells (ie., ~50, ~500, or ~1000 HT-29
cells) was added into a ~1 mL PBMC suspension with ~10°
PBMCs. The number of spiked HT-29 was estimated by
preparing reference samples using the same protocol as that
for the spiked samples, staining live cells with calcein AM,
and counting the number of cells in each suspension. The
enumeration of cells in each suspension was performed by
using a 96-well plate and imaging the entire area of each well
bottom with a commercially available fluorescence
microscope (Nikon Instruments, ECLIPSE Ti2).

2.6. Elasto-inertial focusing

We employed elasto-inertial focusing® >’ for aligning cells at
the center of a microchannel. Specifically, we used a home-

This journal is © The Royal Society of Chemistry 2023
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made microfluidic component and hyaluronic acid (HA)
sodium salt medium (1.01-1.8 MDa; Lifecore Biomedical) for
focusing cells in VIFFI flow cytometry. As shown in Fig. S1,f
the microfluidic component consists of a square glass
capillary tube with an 80 um inner-diameter and a 160 um
outer-diameter (8508-050, VitroCom), two polyether ether
ketone (PEEK) tubings with a 500 um inner-diameter (NPK-
008, Nirei Industry Co., Ltd.), a home-made aluminum
substrate, and paste (AX038, Cemedine). The construction
process of the microfluidic component was based on the
following three steps. First, each of the two ends of the glass
capillary tube, which works as a microchannel, were inserted
into PEEK tubing. Second, the connection points of the PEEK
tubings and the glass capillary tube were glued for sealing
and fixing onto the aluminum substrate. Finally, the
microchannel was left to dry overnight. The two PEEK
tubings work as adapters to connect the glass capillary tube
to a syringe and a waste tank. A cell-containing HA sodium
salt medium was prepared as follows. First, HA sodium salt
powder was dissolved into PBS solution at a concentration of
2000 parts per million (ppm). Second, the dissolved fluid was
mixed with cell suspension at a 1:1 volume ratio so that the
final HA sodium salt concentration was 1000 ppm. Right
before the VIFFI flow cytometry, the medium was mixed
gently to avoid a gravitational deposition. Then, the medium
was delivered to the microchannel via a syringe pump
(Harvard apparatus 11 Elite) at a flow rate of 160 uL min",
which corresponds to a flow speed of 1 m s™. Based on these
conditions, cells flow at the center of the microchannel due
to the effect of elasto-inertial focusing® >’ (see Fig. S21).

2.7. Image processing

The VIFFI flow cytometer acquired images with a field of view
of 130 pm X 1600 um, which may contain multiple objects
(e.g., cells, cell clusters, and cell debris). Objects in each
image were recognized as individual events based on their
fluorescence signals. Specifically, a binary image of each
field-of-view image was generated; the contours of objects in
the field of view were detected based on the binary image;
the center of mass of each object contour was calculated
based on image moments of the object contour. Then each
object was cropped into square-shape images such that the
center of mass of the object contour was located at the center
of the cropped image. For each event, we generated an image
mask of the whole object as follows. We first overlayed three
fluorescence channel images of EpCAM-FITC, CD45-PE, and
PpIX into one single gray-scale image. Then, we converted
the gray-scaled image to a binary image using a common
threshold throughout all cropped images, generating an
image mask of whole objects. Using the image mask, we
calculated the average fluorescence intensities of each
fluorescence channel. Specifically, for each fluorescence
image channel, we calculated the integrated fluorescence
intensities by summing up fluorescence intensity values of
pixels within the image mask, followed by subtracting the

This journal is © The Royal Society of Chemistry 2023
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background signal intensity and compensating for the
crosstalk of fluorescence intensities among the three
fluorescence channels. Here, we defined the background
signal intensity to be subtracted from each image as the
product of the image mask area and the average background
signal intensity per pixel, the latter of which was calculated
using a blank image. The crosstalk was compensated based
on the fluorescence spectra of the fluorophores and the cut-
off wavelength of the dichroic mirrors. The average
fluorescence intensity of each event was calculated by
dividing the integrated fluorescence intensity by the image
mask area. Furthermore, using the image mask we generated
a convex-hull mask and calculated the circularity of each
event based on the convex-hull mask. Here, the circularity
was used for the identification of single cells and cell
clusters, since cell clusters have a lower circularity. Note, in a
cropped image with an event having multiple objects, the
circularity of the largest object was calculated whereas, in the
case of events that have a combination of cancer cell(s) and
leukocyte(s) that flow separately, the event was removed from
the population to be analyzed.

2.8. Imaging sensitivity

To evaluate the sensitivity of the VIFFI flow cytometer, we
used the SNR of the ith fluorescence channel as follows:

fZ ai_jsivj
J
\/fZ|ai,j|3j + 230 aijl + 3 |aijlb
J J J

SNR; =

Here, f denotes the conversion factor of the sCMOS camera

(0.46 electrons/count); r denotes the readout noise of the
sCMOS camera (1.7 root-mean-square electrons); b; denotes
the average background level of the jth fluorescence channel,
which is given by subtracting the average signal intensity per
pixel of the jth-channel blank images acquired in the dark
from that of images acquired during a cell imaging
experiment; s; denotes the average fluorescence signal of the
Jth fluorescence channel, which is given by subtracting the
background level of the jth fluorescence channel from the
average fluorescence intensity per pixel within a mask area;
a;; denotes a crosstalk compensation factor for the ith
fluorescence channel.

3. Results and discussion
3.1. Overview

We performed four types of imaging flow cytometry
experiments to validate our strategy. First, we conducted
imaging flow cytometry experiments using three relatively
homogenous cell samples: an HT-29 cell suspension, HT-
1080 cell suspension, and PBMC suspension. These
experiments aimed to verify the strategy's capability of
detecting PpIX signals and imaging small cancer cells.
Second, we performed imaging flow cytometry experiments
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using two types of cell-spiked blood samples: a 1:1
mixture of HT-29 cells and PBMCs in D-MEM and a 1:1-
mixture of HT-1080 cells and PBMCs in E-MEM. Each

sample was prepared by mixing the two cell suspensions
right before imaging experiments. These experiments aimed
strategy's capability of identifying
and
clusters.

to demonstrate the
cancer cells spiked in blood
morphological features of cell

recognizing the
Third, we

(C)]
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performed rare cell detection using spiked samples of HT-
29 cells in 1 mL PBMC
suspensions to evaluate the sensitivity of our method as a
function of the false positive rate.
experimentally demonstrated the detection of EpCAM-

at various concentrations

Finally, we
positive PpIX-positive cells in patient blood samples to

show the clinical potential of our method. Details of the
experiments are described in sections 3.2-3.5.
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events in EpCAM/PpIX/CDA45 positive/negative. (c) Fluorescence images of the cells at the marked points labelled as (i)-(iv) in the scatter plots with
profiles of fluorescence intensity along the white dashed lines in the images. Scale bar, 20 pm; arrow, flow direction (1 m s™).
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3.2. Imaging of cancer cells and PBMCs

To validate the 5-ALA-based cancer cell detection with VIFFI
flow cytometry, we separately imaged HT-29 cells, HT-1080
cells, and PBMCs. The event rate and duration time of the
imaging experiments were ~276 eps and ~15 s, ~353 eps
and ~23 s, and ~178 eps and ~14 s, respectively. We first
processed these images to evaluate average fluorescence
intensities for each event. We then confirmed that the images
(especially those of PpIX) provided fluorescence SNRs high
enough to analyze cellular shape and position. Finally, we
evaluated the capability of detecting small cancer cells.

Fig. 2(a) shows scatter plots of average fluorescence
intensities of the cells. HT-29 cells, HT-1080 cells, and
PBMCs were well separated by the combination of EpCAM-
FITC and CD45-PE signals or the combination of EpCAM-
FITC and PpIX signals (see the left two panels). Both HT-29
and HT-1080 cells had a higher PpIX intensity compared with
PBMCs, showing that not only EpCAM-positive cells (HT-29
cells) but also EpCAM-negative cells (mainly HT-1080 cells)
can be detected with PpIX fluorescence intensity (see the
bottom-left and top-right panels). These results reinforce the
usefulness of 5-ALA stimulation for detecting cancer cells
and that PpIX signals induced by 5-ALA stimulation are
detectable using the VIFFI flow cytometer. Furthermore, in
Fig. 2(b), we summarized the classification results of each
population based on the thresholds we set in the histograms
of Fig. 2(a). The classification results were found to be
reasonable. Specifically, first, ~100% of both HT-29 and HT-
1080 cells were classified as CD45 negative, while ~100% of
PBMCs were classified as CD45 positive. Second, ~87% of
HT-29 cells were recognized as EpCAM-positive cells while
the rest were negative, which can be explained by EMT that
takes place in some HT-29 cells.** Third, ~100% of HT-1080
cells were regarded as EpCAM-negative cells, which is
reasonable since HT-1080 is a mesenchymal cell line. Fourth,
~100% of HT-29 cells and ~96% of HT-1080 cells were
regarded as PpIX-positive cells, which can be interpreted as
almost all cancer cells being active. Lastly, ~15% of the
PBMCs were PpIX-positive cells, which can be explained by
the presence of monocytes with CD14 expression that are
known to accumulate PpIX when treated with 5-ALA.*®> These
results show that our VIFFI flow cytometer has the ability to
detect fluorescence signals from EpCAM-FITC, CD45-PE, and
PpIX correctly.

Fig. 2(c) shows representative fluorescence images at the
points marked in the scatter plots in Fig. 2(a). Events (i), (iii),
and (v) were extracted as typical images that were selected
from the highest density region in all channels of
fluorescence signals of HT-29 cells, HT-1080 cells, and
PBMCs, respectively. Events (ii), (iv), and (vi) were extracted
as comparisons of the corresponding events [events (i), (iii),
and (v), respectively]. Event (i) images clearly show EpCAM
expression on the surface of the cell and PpIX accumulation
in the cytosol with an SNR of 5.2 and 5.9, respectively. The
PpIX fluorescence image shows a low-intensity region in the

This journal is © The Royal Society of Chemistry 2023
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center of the cell, which looks like a nucleus. Event (ii)
images show that EpCAM-FITC signals were around a
baseline, indicating that the color crosstalk compensation
between the EpCAM channel and the CD45 channel works
well. Event (iii) images show PpIX signals with an SNR of 6.1,
while event (iv) images show them at around the baseline.
Events (v) and (vi) images show CD45-PE signals with an SNR
of 8.1 and 8.2, respectively. Notably, event (v) images show
that the color crosstalk from the CD45 channel to the other
two channels was well compensated. The peak value of the
SNR distribution (see Fig. S3t) appeared at ~5.2 for EpCAM-
channel images of HT-29 cells, at ~4.4 for PpIX-channel
images of HT-1080 cells, and at ~8.0 for CD45-channel
images of PBMCs. These results show that all three channels
have a sensitivity high enough to not only recognize cellular
shape and position, but also intracellular molecule
distribution.

We further evaluated the obtained datasets by measuring
the size of HT-29 cells and PBMCs based on EpCAM-FITC
signals and CD45-PE signals, respectively. As shown in
Fig. 3(a), PBMCs were smaller than HT-29 cells, but HT-29
cells having a size similar to PBMCs were also present.
Specifically, we recognized 122 events in the region of <250
um? in the HT-29 population. As shown in Fig. 3(b) (see Fig.
S4t for images of all the events in the region of <250 um?),
~40% of these events (i.e., 49 events) were recognized as
cells, while the rest were debris. Assuming that we isolated
cancer cells from a mixture of HT-29 cells and PBMCs with a
threshold of 250 um?, ~98% of PBMCs would be excluded

(a)

Population (events)
N
o
Q

PBMCs
HT-29 cells

0 500

750
Object area (um?)

1000
(b)
(i

EpCAM  PpIX

CD45 Merged

Fig. 3 Size of HT-29 cells and PBMCs. (a) Histograms of events in the
object area. (b) Representative fluorescence images of a leukocyte (i)
and HT-29 cell (ii), each of which has an area of 100 um? and 156 pm?,
respectively. Scale bar, 20 um; arrow, flow direction (1 m s™).
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while ~1.6% of HT-29 cells would be lost. These results
indicate that VIFFI flow cytometry can detect cancer cells as
small as leukocytes that could be missed with size-dependent
CTC isolation methods®® such as filtration methods'®"* and

microfluidic methods.*®>™®

3.3. Imaging of mixtures of cancer cells and PBMCs

To simulate the characterization of cancer cells in blood, we
performed imaging of a 1:1 mixture of HT-29 cells and
PBMCs and that of HT-1080 cells and PBMCs. The event rate
and duration time of the imaging experiments were ~587 eps
and ~80 s and ~750 eps and ~160 s, respectively. All the
combinations of fluorescence intensity scatter plots of these
mixtures are shown in Fig. S5 and S6.f Among them, two
scatter plots are shown in Fig. 4: the scatter plot of EpCAM-
FITC and CD45-PE for the mixture of HT-29 cells and PBMCs
and the scatter plot of PpIX and CD45-PE for the mixture of
HT-1080 cells and PBMCs. This is because these two scatter
plots show a different feature from those shown in Fig. 2(a).
Specifically, the scatter plot for the mixture of HT-29 cells
and PBMCs shows a subpopulation in the region of both
EpCAM and CD45 positive [Fig. 4(a)]. This double positive
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subpopulation consists of heterogeneous clusters of an HT-
29 cell(s) and a leukocyte(s) as shown in the event (i) image.
The scatter plot for the mixture of HT-1080 cells and PBMCs
shows a subpopulation in the region of both PpIX and CD45
positive as in Fig. 4(b). This double-positive
subpopulation was predominated by leukocytes with PpIX
accumulation similar to Fig. 2(a) [see event (i) image in
Fig. 4(b) for a image], the
subpopulation contained a heterogeneous cluster of an HT-
1080 cell(s) and a leukocyte(s) [see event (ii) image in
Fig. 4(b) for a representative image]. Therefore, these two
types of events cannot be differentiated based on
fluorescence intensity alone.

To overcome this problem, we exploited image analysis.

shown

representative however,

Specifically, we examined the localization of CD45-PE in
fluorescence images to screen out events consisting of
leukocytes only from heterogeneous clusters of an EpCAM-
negative cancer cell(s) and a leukocyte(s). Here, to
demonstrate this strategy, we used images of the mixture of
HT-1080 cells and PBMCs. We first gated both CD45 and
PpIX positive events and then generated two types of image
masks for each event: one represents the whole object region
and the other represents the CD45-positive region. Based on
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Fig. 4 Fluorescence intensities and representative images of the mixture samples. (a) Scatter plot and histograms of events in EpCAM-FITC and
CDA45-PE intensity together with an image of cells at the marked point labelled as (i) in the scatter plot. (b) Scatter plot and histograms of events in
PpIX intensity and CD45-PE intensity together with images of cells at the marked points labelled as (i) and (ii) in the scatter plot. Dashed lines,
thresholds determined in Fig. 2; red squares, double positive region; scale bars, 20 um; arrow, flow direction (1 m s™2).
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Fig. 5 Histograms of events of the mixture of HT-1080 cells and PBMCs
in the coverage area ratios of the CD45-positive region to the whole
region. Insets, fluorescence images of a leukocyte, and a heterogeneous
cluster of a leukocyte and cancer cell. Green, EpCAM-FITC; red, PplX;
blue, CD45-PE; dashed line, a threshold to separate events consisting of
only leukocyte(s) and events consisting of a heterogeneous cluster(s);
scale bar, 20 um; arrow, flow direction (1 m s™).

100

these masks, we quantified the coverage area ratio of the
CD45-positive mask region to the whole mask region for each
event. As shown in Fig. 5, there were two populations in the
coverage area ratio of the CD45-positive region to the whole
object region. Events consisting of a leukocyte(s) were found
in the population with a higher cover ratio, while events
containing heterogeneous clusters were found in the other
population. These results show that the imaging capability
enables us to distinguish heterogeneous clusters from the
huge background of PpIX-positive leukocytes. We set 48% of
the coverage area ratio as a threshold to separate events
consisting of only leukocyte(s) and events consisting of a
heterogeneous cluster for further cluster analysis.

To further show the advantage of imaging flow cytometry
over intensity-based analysis, we characterized diverse forms of
cancer cell clusters. As a preparation step, we excluded events
consisting of only leukocytes using a gating strategy based on
the coverage area ratio of CD45 shown in Fig. 5 (see Fig. S7t for
details of the gating strategy), followed by calculating the
circularity and the integrated CD45-PE intensity of the gated
cells for each event. Then, we used the circularity as a simple
and typical morphological feature to find clusters. Fig. 6(a)
shows the scatter plot of the circularity and integrated CD45-PE
intensity of cells in the mixture of HT-29 cells and PBMCs. The
red boxes in this figure display the gating areas which classify
events as single cancer cells, cancer-cell clusters, and clusters
of a cancer cell(s) and leukocyte(s). Based on the gating criteria,
rare and unique events were found. Specifically, events of
singlet [event (i)], doublet [event (ii)], and triplet [events (iii)
and (iv)] cancer cells were found based on the circularity.
Heterogeneous clusters of an EpCAM-positive and -negative
cancer cell(s) were also found in them [events (ii) and (iv)].
Furthermore, heterogeneous clusters of a cancer cell(s) and a
leukocyte(s) were found in the higher CD45-PE intensity region

This journal is © The Royal Society of Chemistry 2023
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(23 x 10* a.u.) [events (v) and (vi)]. Notably, PpIX signal
detection enabled us to recognize event (vi) as a cluster event.
The classification accuracy values based on the gating criteria
were estimated to be ~99% for single cells, ~76% for cancer
cell clusters, and ~75% for clusters of a cancer cell(s) and a
leukocyte(s). Here, we obtained these classification accuracy
values by a sampling test: we selected a dataset containing
1000 events that consecutively flowed in the microchannel,
gated events using the same gating strategy shown in Fig. S7,f
(see Fig. S8t for the scatter plots of the 1000 events), and
manually examined and labeled the events true or false (see
Fig. S97 for all gated event images).

To clearly show that our method is capable of detecting
and characterizing EpCAM-negative cancer cells, we also
analyzed cancer cells and clusters of the mixture of HT-1080
cells and PBMCs. Similar to Fig. 6(a) and (b) shows that a
singlet [event (i)], a doublet [event (ii)], and a triplet [event
(iii)] of cancer cell(s) were found based on the circularity;
heterogeneous clusters were found in the higher CD45-PE
intensity region (23 x 10* a.u.) [events (iv)-(vi)]. Furthermore,
by virtue of its imaging capability, a finer classification of
clusters was made possible. Specifically, event (iv) shows that
all cancer cells and a leukocyte adhered to each other, while
events (v) and (vi) show three cells adhered in a row. Finally,
the classification accuracy values based on the gating areas
shown in this figure were evaluated using the sampling test,
which is the same procedure as in Fig. 6(a), resulting in
~99% for single cells, ~83% for cancer cell clusters, and
~77% for clusters of a cancer cell(s) and a leukocyte(s) (see
Fig. S10 and S11f for a 1000-event scatter plots with the
gating strategy and their gated-event images). These results
indicate that 5-ALA-based VIFFI flow cytometry provides rich
information about cancer «cells in blood such as
morphologically different forms of mesenchymal CTCs, CTCs
after EMT, and various patterns of cell clusters.

Interestingly, the major axis of almost all clusters was
aligned with the flow direction as shown in the images of
Fig. 6. This orientation alignment was caused by the force
induced by elasto-inertial focusing and resulted in the
reduced probability that clustered cells were located out of
the focal plane.

3.4. Rare cell detection experiments

To quantitatively evaluate the capability of detecting minor
populations of cells with our strategy, we performed rare cell
detection using samples of HT-29 cells spiked in 1 mL PBMC
suspensions at various concentrations. We first acquired
images of cells in the spiked samples and then gated events for
possible cancer cells by the following strategies: events with a
coverage area ratio of the CD45-positive region to the whole
object region (see section 3.3 for details) smaller than 48% were
gated; events were gated using two parameters: the area of the
whole mask region and CD45-PE intensity (see Fig. S127 for the
gating strategy); then events were gated with various EpCAM-
FITC intensity thresholds and/or PpIX intensity thresholds.
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Fig. 6 Morphology-based classification of the cancer cells/clusters in the 1:1 mixture of cancer cells and PBMCs. Scatter plots of events in the
circularity and integrated CD45-PE intensity together with images of cells at the marked points labelled as (i)-(vi) in the scatter plots. Gating areas are
shown with red boxes. (a) Mixture of HT-29 cells and PBMCs. (b) Mixture of HT-1080 cells and PBMCs. Scale bars, 20 um; arrows, flow direction (1 m s™).

Fig. 7(a) shows the capture efficiency of spiked cancer
cells using the EpCAM-based gating or PpIX-based gating.
Here, the capture efficiency was defined as the ratio of the
population of detected HT-29 cells in the whole population to
that of the spiked HT-29 cells. The capture efficiencies
ranged from 0 to 0.62 for the sample spiked with ~1000 cells
and from 0.007 to 0.53 for the sample spiked with ~500 cells
depending on the threshold values of the gating. On the
other hand, the capture efficiencies of samples spiked with
~50 cells ranged from 0.04 to 2.19. Notably, the capture
efficiency with low threshold values (= 0.1 and 10) exceeded 1
due to the background of false positive events, indicating the
difficulty of identifying cancer cells as rare as ~50 cells.

We evaluated the true positive rate (sensitivity) and false
positive rate (1-specificity) in cancer-cell detection with

1570 | Lab Chip, 2023, 23, 1561-1575

various gating thresholds of EpCAM-FITC or PpIX intensity
by using the dataset of the samples spiked with ~500 cells
(the corresponding ratio of the spiked cells to the whole
population was ~6 x 10~%). Fig. 7(b) shows receiver operating
characteristics (ROC) curves of EpCAM-based detection
without PpIX-based gating and those of PpIX-based detection
without EpCAM-based gating. As shown in this graph, the
sensitivity increased with an increase in the false positive
rate, saturating at ~0.5 when the false positive rate was over
~5 x 10~*. The false positive rate would be ~2.5 x 10™* by
choosing a sensitivity of ~0.38 as a representative value.

To use a higher specificity (i.e., lower false positive rate)
for cancer-cell detection, we applied both of EpCAM-based
and PpIX-based gating. For the EpCAM-based gating, we used
a fixed threshold of EpCAM-FITC intensity of 15.8 a.u. (the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Rare cell detection with our strategy. (a) Statistical analysis of our strategy's capture efficiency for various concentrations of spiked HT-29
cells. Three samples were tested for each spike condition and six samples were tested for negative controls. The horizontal deviations were
evaluated by separately prepared reference samples for spiking (see Materials and methods). (b) EpCAM/PpIX-based ROC curves without PplX/
EpCAM-based gating. Circles, the points where the thresholds of EpCAM intensity was 15.8 a.u. (c) Statistical analysis of the capture efficiency for
various concentrations of spiked cancer cells with EpCAM-based gating using a EpCAM-FITC-intensity threshold of 15.8 a.u. (d) PpIX-based ROC
curve with EpCAM-based gating using an EpCAM-FITC-intensity threshold of 15.8 a.u. Inset, a zoom-in of the graph shown as a semi-log scale.

points marked in Fig. 7(b) with circles). For the PpIX-based
gating, we used various thresholds. Fig. 7(c) shows the
capture efficiency of spiked cancer cells based on this gating
strategy. The capture efficiencies were sacrificed in the
samples spiked with ~1000 cells or ~500 cells, while the
capture efficiencies in the sample spiked with ~50 cells
showed ~1 or less, indicating that false positive events
decreased. Fig. 7(d) shows ROC curves of cancer -cell
detection using the dataset of the samples spiked with ~500
cells. This graph indicates that the sensitivity was maintained
while the false positive rate was improved. The false positive
rate would be ~1.6 x 10~ by choosing a sensitivity of ~0.29
as a representative value.

3.5. Demonstration with clinical samples

To show the clinical potential of our method, namely for CTC
detection, we experimentally demonstrated the detection of
EpCAM-positive PpIX-positive cells from blood samples of
four breast cancer patients and four healthy donors. The
event rate and duration time of the imaging experiments
were ~1000 eps and >1000 s, respectively, resulting in the
number of events detected being >10° (see Table S3f for
details). As preparation for the experiment, we used the same
gating strategy used in rare cell detection experiments (see

This journal is © The Royal Society of Chemistry 2023

section 3.4). Among the gated events in each sample,
EpCAM-positive PpIX-positive events were enumerated with a
fixed threshold of EpCAM-FITC intensity (15.8 a.u.) and a
variable threshold of PpIX intensity. Here the fixed threshold
of EpCAM-FITC intensity is the same threshold that was used
for Fig. 7(c). As shown in Fig. 8, with a PpIX threshold of 100,
21 EpCAM-positive PpIX-positive events were found in one of
the patient samples. These 21 events were as rare as
~0.001% in the detected population (~2.64 x 10° events) of
the patient's sample. On the other hand, no such double-
positive events were found in the samples of the other three
patients and four healthy donors. These results are consistent
with previous studies in which the CTC-detection ratios with
non-metastatic breast cancer patients at stages I-III were
found to be ~27%,*¢ ~20%,>” and ~20%.®

4. Conclusions

In this article, to validate the strategy for simultaneously
analyzing all forms of CTCs in blood, we experimentally
demonstrated the detection and characterization of cancer
cells spiked in PBMC fractions using VIFFI flow cytometry
with 5-ALA stimulation and antibody labeling. Our results
show that our VIFFI flow cytometer has the capability to
sensitively detect the fluorescence signals of PpIX that were
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Fig. 8 Number of events with PpIX intensity values higher than a given threshold. Top-right inset, a zoomed part of the main graph. Right inset,
images of the events gated by the PplX-intensity threshold of 100. Green, EpCAM-FITC; red, PplX; blue, CD45-PE in fluorescence images. Scale

bar, 20 pm; arrow, flow direction (1 m s™).

accumulated in cytosol through heme synthesis stimulated
by 5-ALA (SNR = ~4.4). The event rate of the VIFFI flow
cytometer in the imaging experiments was ~750 eps, which
is sufficient for examining 5-20 million leukocytes in a PBMC
fraction extracted from ~10 mL blood® within a few hours.
Based on these images, not only cancer cells and their
clusters, but also clusters of a cancer cell(s) and a
leukocyte(s) were accurately discriminated from leukocyte
events by evaluating fluorescence intensities and analyzing
localizations of CD45. Our strategy enabled us to classify
diverse forms of cancer cells/clusters based on spatial
information of fluorescence images, as well as to examine the
presence and distributions of stained molecules (EpCAM and
CD45) and fluorescent metabolites (PpIX) in every single
component (cell or debris) of a heterogeneous cluster. The
spiking experiments show that the sensitivity of our strategy
was ~0.29 with a false positive rate of ~1.6 x 10°.
Furthermore, clinical sample tests show that 21 EpCAM-
positive PpIX-positive cells were found in one of the breast
cancer patient samples. Finally, our strategy is different from
and somewhat advantageous over previously demonstrated
methods of blood cell identification using bright-field
imaging flow cytometry with deep learning’®™** in that it does
not require a supervised learning process and can screen
unknown cells or cell clusters.

The capability of our strategy can be improved in multiple
directions. First, the optimization of the conditions in the
cell
specificity [i.e., 1 - (false positive rate)]. Especially, the
concentration of 5-ALA to induce PpIX can be further
optimized. As shown in the spiking experiments, some

staining process can improve the sensitivity and

leukocytes show PpIX positive, which contributes to an
increase of the false positive rate. Second, the image analysis
with multiple morphological features and/or deep-learning
algorithms can improve the sensitivity, specificity, and the
accuracy of cluster detection. In this article, we used
circularity as a simple and typical morphological feature to

1572 | Lab Chip, 2023, 23,1561-1575

find clusters containing only a few cells since they have more
elongated morphologies when compared to those of rounded
single cells, however, this method can potentially miss some
with aggregated Third, the
implementation of three-dimensional (3D) imaging into the
VIFFI flow cytometer can improve the accuracy of analyzing
This
fundamental problem of two-dimensional (2D) imaging flow
cytometry: if component cells are out of the focal plane, they

cannot be imaged properly. Although there are a few reports
44,45

clusters circularly cells.

clusters. is because 3D imaging can solve the

about 3D imaging flow cytometry, it is challenging to use
3D imaging in CTC detection because the event rate is highly
restricted by the throughput of the data acquisition and
analysis. If high-throughput 3D imaging flow cytometry is
developed, it is expected to be impactful.

Our next step would be to use it on large-scale clinical
blood samples for a deeper understanding of cancer
metastasis as well as for assisting the determination of
prognosis, the guidance and monitoring of treatment, and
the design of antitumor strategies for cancer patients.
Specifically, extensive testing of patients having various
cancer types and stages with the strategy could elucidate the
correlation between cancer types/stages and the types of
cancer cells/clusters. In addition, long-term monitoring of
cancer patients could clarify their responses to drug
treatments. Furthermore, sorting of CTCs using image-
activated cell sorting®®>' would provide further insights into
their physiological mechanisms through post analyses (e.g.,
single cell-RNA sequencing, whole-genome sequencing, and
single-cell metabolomics analyses). For instance, the
difference in gene expression profiling of various forms of
CTC clusters could be investigated to identify signaling
pathways that contribute to their formation and
metastasis.””>™® Also, induction and elimination rates on
diverse forms of CTC clusters upon drug treatment could be
evaluated to potentially contribute to personalized medicine

and guidance of treatment.”®™>°

This journal is © The Royal Society of Chemistry 2023
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