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A B S T R A C T

Metastasis is a significant contributor to cancer-related mortality and a critical issue in cancer. Monitoring the
changes in circulating tumor cells (CTCs) with metastatic potential is a valuable prognostic and predictive
biomarker. CTCs are a rare population in the peripheral blood of patients with cancer. The enrichment process is
extremely important for the isolation of clinically significant CTC subpopulations, which can then be used for
further analysis. The present study postulates that the buffer serves as an essential field for immunomagnetic
separation, thereby enhancing the efficacy of CTC enrichment in peripheral blood. This, in turn, facilitates CTC
detection. Here, we describe the design of buffers for developing a novel immunomagnetic-negative separation
method for CTC enrichment. During the design process, the buffer properties of the floating and cell coatings had
a synergistic effect on the efficiency of cell enrichment in blood samples. The efficacy of the method was
evaluated using peripheral blood samples from patients with non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC). The developed method enriched clinically relevant CTC subpopulations that expressed the
epithelial-mesenchymal transition (EMT)-related molecule vimentin and/or the cancer immune checkpoint
marker programmed death ligand 1 (PD-L1). Furthermore, it was applicable as a part of the enrichment process
in a TelomeScan® (OBP-401)-based CTC detection assay with high sensitivity and specificity. From the
perspective of methodological approaches, the design of buffer properties can be useful for developing a highly
versatile enrichment method for handling CTC heterogeneity.

1. Introduction

Metastasis is a major cause of death in cancer patients and remains a
challenge for cancer treatment and detection [1]. Circulating tumor cells
(CTCs) are live cancer cells released from a primary lesion into blood
vessels and possess significant potential for metastasis to distant organs
[2]. Higher CTC counts correlate with unfavorable outcomes such as
therapeutic failure and cancer recurrence in various cancers, including
breast [3], prostate [3], colorectal [3], lung [3,4], pancreatic [5], gastric

[6] and brain metastases [7]. Recent technological innovations such as
next-generation sequencing (NGS) can accurately analyze gene expres-
sion profiles, leading to the discovery of valuable information for
assessing clinical status [8]. Therefore, CTC alterations have great po-
tential as prognostic and predictive biomarkers.

The enrichment of CTCs in blood samples is extremely important for
obtaining clinically valuable information. CTCs are rare cells that
circulate among a large number of normal cells, including immune cells,
red blood cells, and platelets [9]. CTC detection tests such as the US Food
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and Drug Administration (FDA) CellSearch System (Veridex, LLC, Rar-
itan, NJ) involve two processes: 1) enrichment and 2) characterization
of CTC subpopulations [4]. Technologies with a high potential for cell
enrichment are favorable for application as part of the enrichment
process in CTC detection tests. Extensive studies have aimed to improve
the efficiency of cell enrichment in the analysis of clinically important
CTC subpopulations associated with cancer recurrence and poor prog-
nosis [10–12]. Epithelial-mesenchymal transition (EMT) is the process
by which epithelial cells acquire mesenchymal properties and promote
CTC generation by acquiring cell mobility [13]. EMT-transformed CTCs
are characterized by the loss of epithelial cell markers, such as epithelial
cell adhesion molecule (EpCAM), and gain of mesenchymal markers,
such as vimentin and N-cadherin [13]. An association between the
expression and related signaling of programmed death ligand 1 (PD-L1)
and EMT has been reported [14]. In addition to tumor-related antigens,
cellular characteristics such as size [15], deformability [16], and density
[17] are fundamental to the development of CTC enrichment methods.
CTC enrichment methods can be broadly categorized into positive and
negative selection methods. Positive selection depends on tumor-related
antigens and captures CTCs directly from blood samples using an anti-
body that binds to a tumor-related antigen. The CellSearch system uses a
positive-selection-based strategy to target EpCAM-positive CTC [4].
Positive selection directly captures CTC and was initially considered as
the ideal approach for CTC enrichment. However, positive selection
cannot deal with changes in tumor-related antigens. For example,
EpCAM-based positive selection cannot capture EMT-transformed CTCs
owing to the loss of EpCAM expression [13]. In contrast, negative se-
lection is independent of tumor-related antigens and leaves CTCs by
removing normal cells from the blood samples. The antibodies expressed
on immune cells such as CD45 and CD66b are used in combination with
centrifugation and microfluidic technology to remove normal cells [18,
19]. Negative selection can collect CTC subpopulations independent of
changes in tumor-related antigens and has recently become a stan-
dardized method for CTC enrichment [12,18,19]. CTCs comprise diverse
subpopulations and there is currently no ideal CTC marker available. An
enrichment method was developed based on cellular properties. CTC
heterogeneity leads to the formation of diverse subpopulations with
varying molecular and physical properties. This implies that a single
method is inadequate for enriching all CTC subpopulations. In other
words, each CTC enrichment method has its cell enrichment properties
and researchers must select a method according to each clinical or
research objective. Consequently, the development of novel CTC
enrichment methodologies remains a significant challenge for address-
ing the heterogeneity of CTCs.

In this study, we described a novel CTC enrichment method based on
the design of a buffer for immunomagnetic-negative separation.
Immunomagnetic-negative separation removes normal cells from blood
samples of cancer patients diluted in a buffer, which results in the
floating of CTCs for enrichment. The buffer serves as a place for CTC
after both antigen–antibody reactions targeting surface antigens
expressed on normal cells and magnetic separation. From the perspec-
tive of the underlying separation principle, the buffer used for immu-
nomagnetic separation may affect cell enrichment efficiency. In the
present study, we postulated that the physical properties of the buffer
are crucial for efficient cell enrichment during immunomagnetic-
negative separation. During the design process, the buffer properties
of the floating and cell coatings had a synergistic effect on the enrich-
ment of spiked cancer cells in blood samples. Furthermore, the present
study demonstrated that the developed method was applicable for the
enrichment of EMT-related CTC subpopulations in patients diagnosed
with non-small cell lung cancer (NSCLC) or small cell lung cancer
(SCLC).

2. Materials and methods

2.1. Ethical approval of the study protocol and patient characteristics

This study was conducted at Juntendo University Hospital (Tokyo,
Japan), and has been carried out in accordance with the Declaration of
Helsinki. A total of 42 patients with lung cancer at Juntendo University
Hospital provided peripheral venous blood samples between August
2022 and June 2023. The histological types of the patients who partic-
ipated in the present study are summarized in Table 1. The study pro-
tocol was approved by the Institutional Review Board of the Juntendo
University Hospital (approval ID: E21–0222). Written informed consent
was obtained from all the patients. Additionally, blood samples (6 mL)
were obtained from patients with noncancerous lung diseases, including
nontuberculous mycobacteria (NTM), interstitial pneumonia (IP), and
from healthy volunteers. The pathological and clinical stage was
determined in accordance with the current tumor, node, and metastasis
(TNM) classification.

2.2. Cell culture

Human lung cancer cell line A549 was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (FUJIFILM Wako Pure Chemical,
Osaka, Japan) supplemented with 10% heat-inactivated fetal calf serum
(FCS, Cosmo Bio, Tokyo, Japan), 100 U/mL penicillin, and 100 μg/mL

Table 1
Characteristics of patients with lung cancer and a summary of CTC positivity as
enrichment capability of the developed method.

(More than 1 CTC in 6 mL of peripheral blood defined as positive)

CTC phenotype CTC PD-L1
(+)EMT
(-) CTC

PD-L1
(-)EMT
(+) CTC

PD-L1
(+)EMT
(+)CTC

Total PD-
L1 (+)

CTC*

All patients (n =

42)
30
(71.4%)

14
(33.3%)

11
(26.2%)

19
(45.2%)

25
(59.5%)

NSCLC     
All patients (n =

35)
26
(74.3%)

12
(34.3%)

8
(22.9%)

16
(45.7%)

22
(62.9%)

Histological type     
Adenocarcinoma
(n = 18)

12
(66.7%)

3
(16.7%)

6
(33.3%)

9
(50.0%)

10
(55.6%)

Squamous cell
carcinoma (n = 9)

9
(100%)

5
(55.6%)

2
(22.2%)

6
(66.7%)

8
(88.9%)

Others (n = 8) 5
(62.5%)

4
(50.0%)

0 (0%) 1
(12.5%)

4
(50.0%)

SCLC     
All patients (n = 6) 3

(50.0%)
1
(16.7%)

2
(33.3%)

2
(33.3%)

2
(33.3%)

Pleomorphic
carcinoma

    

All patients (n = 1) 1
(100%)

1 (100%) 1 (100%) 1 (100%) 1 (100%)

Stage     
0 (n = 1) 1

(100%)
0 (0%) 1 (100%) 1 (100%) 1 (100%)

I (n = 11) 9
(81.8%)

6
(54.5%)

2
(18.2%)

5
(45.5%)

8
(72.7%)

II (n = 3) 2
(66.7%)

1
(33.3%)

1
(33.3%)

2
(66.7%)

2
(66.7%)

III (n = 10) 8
(80.0%)

4
(40.0%)

3
(30.0%)

4
(40.0%)

6
(60.0%)

IV (n = 17) 10
(58.8%)

3
(17.6%)

4
(23.5%)

7
(41.2%)

8
(47.1%)

Postoperative
recurrence in
NSCLC

    

All patients (n = 4) 3
(75.0%)

1
(25.0%)

1
(25.0%)

2
(50.0%)

2
(50.0%)

The CTC positivity was calculated based on the detection of CTCs and the EMT-
related CTC subpopulations (≥1 CTC), *calculated using the sum of PD-
L1(+)EMT(-) CTC and PD-L1(+)EMT(+) CTCs.
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streptomycin (FUJIFILM Wako Pure Chemical, Osaka, Japan). Cells
were cultured at 37 ◦C in a humidified incubator with 5% CO2 for
subsequent analyses.

2.3. Spike-in experiments for evaluating the effect of buffer density

Cultured A549 cells were labeled with the fluorescent dye PKH26,
which is used for general cell membrane labeling, using Red Fluorescent
Cell Linker Kit (Sigma-Aldrich, St. Louis, MO, USA), and then fixed with
4% paraformaldehyde (4% PFA, FUJIFILM Wako Pure Chemical, Osaka,
Japan). After washing with 2% FCS D-PBS(-), the fluorescently labeled
A549 cells were used for the spike-in experiments. The EasySep™ Direct
Human CTC Enrichment Cocktail (STEMCELL Technologies, Vancouver,
Canada) was utilized as an antibody cocktail to remove hematopoietic
cells and platelets. The buffer was designed using the following density
gradient media: LymphoprepTM (d=1.077 medium, Abbott Diagnostics
Technologies, IL, USA) with a density of 1.077 g/mL, Ficoll-Paque
PREMIUM 1.084 (d=1.084 medium, Sigma-Aldrich) with a density of
1.084 g/mL, and a lymphocyte separation solution (d=1.119 medium,
NACALAI TESQUE, Kyoto, Japan) with a density of 1.119 g/mL. On-chip
T-buffer (On-chip Biotechnologies, Tokyo, Japan) was used as a solvent
to dilute the density gradient medium. Details of the spike-in experi-
ments are summarized in Supplementary Fig. S2. The separation buffer
was prepared by combining each density gradient medium with 2% FCS
T-buffer and 50 mM ethylenediaminetetraacetic acid (EDTA)/D-PBS(-)
at a ratio of 2:1:0.5, respectively (density gradient medium/2%FCS T-
buffer/EDTA). Fluorescently labeled A549 cells were spiked into either
6 mL of separation buffer or 6 mL of a blood sample diluted with 6 mL of
separation buffer. The resuspension buffer was prepared by combining
the density gradient medium with 2% FCS T-buffer at a ratio of 2:1
(density gradient medium/2% FCS T-buffer). All the procedures were
performed at room temperature. The fluorescently labeled A549 cells
were spiked into a tube containing 6 mL of the separation buffer, which
was further supplemented with 100 µL of human FcR Blocking Reagent
(Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated for 10
min. Upon spiking the labeled A549 cells into 6 mL of the blood sample
diluted with 6 mL of the separation buffer, an additional 300 µL of the
EasySep™ Direct Human CTC Enrichment Cocktail (STEMCELL Tech-
nologies) was additionally added to the reaction tube and further
incubated for 5 min. Subsequently, 300 µL of EasySep™ Direct Rapid-
Spheres™ 50300 magnetic beads (STEMCELL Technologies) were added
to the reaction tube and incubated for 10 min. The tube was then placed
into “The Big Easy" EasySep™ Magnet stand (STEMCELL Technologies)
for the initial magnetic separation. After additional incubation for 10
min, the supernatant was collected in a 50 mL tube containing 25 mL of
2% FCS/D-PBS(-). The pellet was resuspended in 6 mL of resuspension
buffer, and the tube was placed on a magnetic stand for a second mag-
netic separation. After incubation for 10 min, the supernatant was
collected in the same 50 mL tube utilized during the initial magnetic
separation. The third magnetic separation step was conducted in a
manner similar to that previously described. The magnetic separation
process was repeated thrice. The tube containing all the supernatants
was centrifuged at 200g for 10 min. Subsequently, the pellet was
resuspended in 1 mL of 2% FCS T-buffer following centrifugation at
500g for 5 min. Following the removal of the supernatant, the pellet was
resuspended in 200 µL of 2% FCS T-buffer. Enriched-labeled A549 cells
were seeded in a 96-well glass-bottomed plate. The images were
captured using an all-in-one fluorescence Microscope BZ-X800 (KEY-
ENCE, Osaka, Japan). A BZX TRITC dichroic filter (OP-87764, KEY-
ENCE) was used to examine the PKH26 fluorophore in the enriched
A549 cells. The recovery rate of labeled A549 cells was calculated using
the following equation: number of enriched A549 cells/number of
spiked A549 cells × 100 (%).

2.4. Spike-in experiments for evaluating the effect of both d= 1.119
medium and 2%FCS T-buffer as buffer components

The details of the spike-in experiments are summarized in Supple-
mentary Fig. S3. To examine the effect of 2% FCS T-buffer, a separation
buffer was prepared using 2% FCS T-buffer and 50 mM EDTA/D-PBS(-)
at a ratio of 1: 0.5. A 2% FCS T-buffer was used as the resuspension
buffer. To examine the effect of the additional use of d= 1.119 medium,
a separation buffer was prepared using d= 1.119 medium, 2% FCS T-
buffer, and 50 mM EDTA/D-PBS(-) at a ratio of 2:1:0.5, respectively. The
resuspension buffer was prepared using d= 1.119 medium and 2% FCS
T-buffer at a ratio of 2:1. The remaining procedure was conducted in a
manner analogous to that described above, except for the collection of
the supernatants after each magnetic separation. After each magnetic
separation step, the supernatant was collected and used to calculate the
recovery rate of the spiked cells.

2.5. Density and viscosity measurements

Density measurements were performed at 22–24 ◦C using a standard
specific gravity meter (TOA KEIKI MFG, Tokyo, Japan). The density was
corrected using temperature compensation. To measure the effect on
buffer viscosity changes, polyoxyethylene (20) sorbitan monolaurate
(Tween 20; FUJIFILM Wako Pure Chemical) was diluted with either 2%
FCS T-buffer or 2% FCS D-PBS (-) in a 1:1 ratio. Viscosity was measured
at room temperature using a Visco Tester VT-06 (RION, Tokyo, Japan).

2.6. CTC enrichment from patients with lung cancer using the developed
method and analysis of its subtype

The same procedure depicted in Supplementary Fig. S3B was used
for CTC enrichment, which represents the final iteration of the devel-
oped method. The details of all procedures for the CTC enrichment of
blood samples, green fluorescent protein (GFP) labeling of cells by
TelomeScan, and immunostaining are summarized in the Supplemen-
tary Information. CTC- and EMT-related subpopulations were identified
based on the threshold levels of each fluorophore and cell shape ob-
tained from image analysis. DAPI-, GFP-positive-, and CD45-negative
cells were defined as CTCs. PD-L1(+) Vimentin(-) DAPI(+) GFP(+)

CD45(-) cells, PD-L1(-) Vimentin(+) DAPI(+) GFP(+) CD45(-) cells, and PD-
L1(+)Vimentin(+) DAPI(+) GFP(+) CD45(-)cells were defined as PD-L1(+)

EMT(-) CTC, PD-L1(-) EMT(+) CTC, and PD-L1(+) EMT(+) CTC, respec-
tively. The total number of PD-L1(+) CTC was expressed as the sum of
PD-L1(+) EMT(-) CTC and PD-L1(+) EMT(+) CTC. Image analysis was
conducted using Python image-processing libraries such as OpenCV and
Fiji software [20].

2.7. Statistics

The Mann–Whitney U test was used for comparison between two
groups whose sample distributions were asymmetrical. To conduct
multiple comparisons, the Mann–Whitney U test was applied, followed
by the Holm–Sidak method, which was conducted in two groups with
asymmetrical sample distributions. The Kruskal–Wallis test followed by
Dunn’s multiple comparison test was used to compare groups with
asymmetrical sample distributions. Statistical significance was set at p
< 0.05. All statistical analyses were performed using GraphPad Prism9
for Windows (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Density of the buffer affects cell enrichment efficiency

In a medium with a range of densities, the cells either sink or float to
a location where their density is equal to that of the surrounding me-
dium [21]. Blood samples have a higher viscosity than water [22]. Cell
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death releases cellular DNA and debris, which can cause cell aggrega-
tion. Therefore, the buffer plays a role in reducing the viscosity of the
blood sample and in the loss of enriched cells by non-specific absorption.
The molecular components of the buffer can determine its physical
properties, such as pH, density, and viscosity [23,24].

It was postulated that buffer density might influence the ratio of cells
remaining in the buffer following magnetic separation. In addition, the
physical properties of the cell coating were considered in relation to the
cell density. Cationic polymers can prevent cellular aggregation by
affecting the electrostatic interactions between cells [25]. The on-chip
T-buffer (T-buffer) serves as a solvent to prevent cell adhesion and
thus cell loss [26]. Subsequently, we used a density gradient medium
and T-buffer as the buffer components to devise a buffer for
immunomagnetic-negative separation. The buffer was designed based
on spike-in experiments. A summary of the components of the spike-in
experiments is provided in Supplementary Fig. S1. The human lung
cancer cell line A549 was fluorescently labeled and used to calculate the
recovery rate. The antibody cocktails and magnetic beads in EasySep™
Direct Human CTC Enrichment kit were used to remove hematopoietic
cells and platelets from the blood sample. First, the effect of buffer
density on the recovery rate was evaluated. Details of the spike-in ex-
periments are summarized in Supplementary Fig. S2. The separation
buffer (density gradient medium/2% FCS T-buffer/EDTA) contained
EDTA to reduce the effects of calcium ions, which can cause aggregation
in blood samples. A resuspension buffer (density gradient medium/2%
FCS T-buffer) was used to suspend the pellet to facilitate repeated
magnetic separation. Three density gradient media (d=1.077, d=1.084,
and d=1.119) were chosen for buffer preparation. Figs. 1A and 1B show
the total recovery rates of the spiked cells after repeating the magnetic
separation process. The use of d= 1.119 medium as buffer components
demonstrated a higher recovery rate of the spiked cells than that of d=
1.077 medium, resulting in a 1.7-fold higher recovery rate of the spike
cells (Fig. 1A). When the cells were spiked into the blood sample, the
effect of density on the recovery rate exhibited a notable disparity be-
tween the use of d= 1.119 and d= 1.077 media, resulting in a 4.4-fold
higher recovery rate of spiked cells (Fig. 1B). Among the components
of the buffer, the d= 1.119 medium was more suitable than the other
density gradient media.

3.2. Use of both the density gradient medium and T-buffer as buffer
components shows a synergistic effect on cell enrichment efficiency from
blood samples

Using d= 1.119 medium as a buffer component enhanced the cell
enrichment efficiency. However, it remains unclear whether the buffer
density or the properties of the cell coating exert a more pronounced
influence on cell enrichment efficiency. Subsequently, the spike-in ex-
periments were conducted using either 2% FCS T-buffer or a buffer
containing d= 1.119 medium and 2% FCS T-buffer. The details of the
spike-in experiments are summarized in Supplementary Fig. S3. The
recovery rate of the spiked cells was calculated at each step (Figs. 1C and
1D) or overall (Supplementary Fig. S4A and S4B) after three magnetic
separations. When the cells were spiked into only the buffer without the
blood sample, there was no significant effect of d= 1.119 medium in 2%
FCS T-buffer on the recovery rate of the spiked cells at each step (Fig. 1C)
or overall (Supplementary Fig. S4A). Conversely, the effect of the
d= 1.119 medium was observed when the cells were spiked into the
blood sample (Fig. 1D and Supplementary Fig. S4B). The use of both
d= 1.119 medium and 2% FCS T-buffer helped recover 10% of the total
spiked cells from the blood sample after the first magnetic separation,
whereas the use of the 2% FCS T-buffer/EDTA failed to enrich the spiked
cells after the first separation (Fig. 1D). Repetition of the magnetic
separation procedure resulted in an enhanced recovery rate of the spiked
cells from the blood sample (Supplementary Fig. S4B). The addition of a
density gradient medium altered the physical properties of the buffer,
thereby facilitating the diffusion of spiked cells trapped in the buffer
from the antibody-magnetic bead complexes.

These results demonstrate that the use of both d= 1.119 medium and
T-buffer as buffer components had a synergistic effect on cell enrichment
efficiency. The T-buffer can coat the surface of cells and prevent cell
adhesion [26], which may lead to a decrease in the viscosity of blood
samples. The effect of the T-buffer on the buffer viscosity was also
evaluated indirectly in an experiment using a highly viscous liquid
instead of a blood sample (Supplementary Table S1). Whole blood has
both hydrophilic and hydrophobic properties owing to its cellular and
molecular composition [27]. Polyoxyethylene (20) sorbitan mono-
laurate (Tween 20) is a surfactant with a hydrophilic ethylene glycol
head group and a hydrophobic alkyl tail. Tween 20 is a highly viscous
liquid compound with a viscosity of 4.4 dPa⸳s (Supplementary Table S1).
For viscosity measurements, Tween 20 was diluted with either 2% FCS

Fig. 1. Use of the most-dense gradient medium as buffer components showed highest cell enrichment efficiency by a synergistic effect with the T-buffer.
Recovery rate of A549 cells spiked in either A) buffer only or B) the blood sample diluted with the buffer. A, B) Data are expressed as the mean ± SD (N = 6).
*p < 0.05, * *p < 0.01, ns (non-significantly different), compared by Kruskal–Wallis test followed by Dunn‘s multiple comparison test.　The recovery rate of the
spiked A549 cells in either C) only the 2% FCS T-buffer or D) the buffer containing d= 1.119 medium and 2% FCS T-buffer at either each magnetic separation. Spike-
in experiments were performed in either buffer or a blood sample diluted with buffer. C, D) Data are expressed as the mean ± SD (N = 6), * *p < 0.01, ns (non-
significantly different), compared by Mann–Whitney U test followed by the Holm–Sidak method for comparison of the recovery rate in each magnetic separation.
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T-buffer or 2% FCS D-PBS (-). Addition of 2% FCS T-buffer reduced the
viscosity of Tween 20 from 4.4 dPa⸳s to 1.3 dPa⸳s (Supplementary
Table S1). The T-buffer reduces the viscosity of the highly viscous liquid.
The effect of the T-buffer on viscosity was similar to that caused by the
addition of 2% FCS D-PBS (-) (Supplementary Table S1). These results
indicate the major role of the T-buffer in the designed buffer to coat the
cells and prevent cell loss by reducing nonspecific absorption
(Supplementary Fig. S4B and Supplementary Table S1).

The spiked-in experiments demonstrated the importance of the
presence of a d= 1.119 medium for cell enrichment efficiency (Fig. 1).
To evaluate the molecular mechanisms underlying the synergistic effects
on cell enrichment, the densities of the designed buffers were measured.
The densities of the designed buffers are summarized in Supplementary
Table S2. The density of 2% FCS T-buffer was 1.010 g/mL
(Supplementary Table S2). The addition of EDTA solution had little ef-
fect on the density of 2% FCS T-buffer. In contrast, the addition of
d= 1.119 medium in 2% FCS T- buffer resulted in a difference in density
value of approximately 0.07. The densities of the separation (d=1.119
medium/2% FCS T-buffer/EDTA) and resuspension buffers (d=1.119
medium/2% FCS T-buffer) were 1.075 and 1.085 g/mL, respectively
(Supplementary Table S2). These results indicate that the addition of
d= 1.119 medium not only changed the density of the designed buffer
but also maintained the cell-coating property of the T-buffer.

3.3. The developed method enriches CTC and the EMT-related
subpopulations from peripheral blood of patients with lung cancer

The efficacy of the developed method for enriching CTCs was eval-
uated using peripheral blood samples obtained from patients with lung
cancer. The same procedure depicted in Supplementary Fig. S3B was
used for CTC enrichment, which represents the final iteration of the
developed method. Fluorescence labeling and immunostaining are
frequently used for CTC characterization [28]. A high telomerase ac-
tivity is a hallmark of cancer cells [29]. In the present study, we used
GFP labeling of CTCs with TelomeScan OBP-401 [30,31], and immu-
nostaining to define CTCs as GFP(+) DAPI(+) CD45(-) cells. Thus, Telo-
meScan has the potential to detect highly positive CTCs in patients [31].
The developed method successfully captured CTCs from patients with
lung cancer, and CTC positivity is summarized in Table 1. The positivity
of CTC (≥1 CTC) was calculated based on the number of the CTC
including PD-L1(+) EMT(-) CTC, PD-L1(-)EMT(+) CTC, PD-L1(+) EMT(+)

CTC, and total PD-L1(+) CTC. Peripheral blood samples (6 mL) were
obtained from 35 patients diagnosed with NSCLC and six patients
diagnosed with SCLC. CTC enrichment was performed in a patient
diagnosed with pleomorphic carcinoma, a rare histological subtype of
lung cancer, using a newly developed method. The presence of CTC was
identified in 74.3% of patients with NSCLC and 50% of patients with
SCLC, respectively (Table 1). The developed method enriched CTC,
including EMT-related subpopulations that exist in major histological

types of patients with NSCLC and SCLC (Table 1). The developed method
was also employed to enrich CTC from the blood samples of patients
diagnosed with pleomorphic carcinoma, as well as from the blood
samples of 75% of the patients who underwent postoperative recurrence
(Table 1). The mean number of CTCs (≥1 CTC) with standard deviation
(SD) is presented as follows: CTC (4.1 ± 4.1 cells/6 mL), PD-L1(+)

EMT(-) CTC (1.4 ± 0.6 cells/6 mL), PD-L1(-) EMT(+) CTC (1.5 ± 0.8
cells/6 mL), PD-L1(+) EMT(+) CTC (2.8 ± 2.9 cells/6 mL) and total
PD-L1(+) CTC (2.9 ± 2.9 cells/6 mL). Fig. 2A shows the fluorescent
images of PD-L1(+) EMT(+) CTC. The size distribution of the enriched
CTCs was obtained from image analysis and is shown in Fig. 2B. The
median cellular size was 8.0 µm with a range of 23.1 µm (Fig. 2C). These
results indicated that the developed method was capable of capturing
CTC and clinically significant EMT-related subpopulations.

3.4. The developed method has applicability as part of the enrichment
process in a TelomeScan-based CTC detection assay

A CTC detection test comprises two distinct steps 1) enrichment and
2) characterization of CTCs. To assess the applicability of the developed
method as a component of the enrichment process in a TelomeScan-
based CTC detection assay, we also applied the method to analyze
blood samples from non-cancerous individuals to calculate the speci-
ficity and ROC curve, which reflects its diagnostic accuracy. Fig. 3A
presents a summary of the number of CTC in 42 patients with lung
cancer and the number of false-positive cells detected in 45 non-
cancerous individuals, including 20 patients with benign disease and
25 healthy donors. In the present study, we used image analysis to
distinguish between CTCs (data not shown). Although a few number of
false positive cells were detected in non-cancerous individuals, the use
of the developed method as part of the CTC detection test yielded 88.9%
of specificity (Fig. 3A). The ROC curve was generated using a cutoff of
one CTC (Fig. 3B). The area under the curve (AUC) value was 0.8209
(95% CI: 0.7280–0.9138, p < 0.0001). These results indicate that the
developed method is applicable to a portion of the enrichment step in
CTC detection tests. Additionally, the number of CTCs was plotted for
each stage from I to IV (Supplementary Fig. S5A). There was no signif-
icant difference in the number of CTC between each stage and stage
intervals of 0-I, II-III, and IV (Supplementary Fig. S5B), as partially re-
ported by Togo et al. [31]. Finally, we summarized the number of CTCs
detected in the CTC subpopulations of 42 patients with lung cancer
(Fig. 3C). The developed method captured CTCs with high efficiency,
including those belonging to EMT-related subpopulations. Based on
these findings, we devised a novel CTC enrichment method that lever-
aged the properties of the buffer.

4. Discussion

Density gradient media has been used to enrich cells, including

Fig. 2. The developed enrichment method captures CTCs including the EMT-related subpopulations. A) Fluorescent images of PD-L1(+) EMT(+) CTC defined as PD-
L1(+)Vimentin(+)DAPI(+)GFP(+)CD45(-) were summarized, bar size: 25 µm. B) Size distribution (N = 40) of the enriched CTCs was plotted in a graph. C) Mean, min,
max, and percentile vales of the size was summarized in a table.
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immune [32] and cancer cells [17]. In a medium with a range of den-
sities, cells either sink or float to a location where their density is equal
to that of the surrounding medium [21]. The density of a density
gradient medium is affected by the physical properties of the molecules
in the medium [24]. Initially, density gradient media such as albumin
[33] and silicon-polyvinylpyrrolidone (PVP) medium [34] were used to
collect malignant cells from patients with cancer. Subsequently,
polysucrose-based density gradient media, such as Ficoll [35], and a
density gradient centrifugation-based system, Oncoquick [36], have
been used to enrich cancer cells. Polysucrose is a hydrophilic sucrose
polymer that is used to prepare various density gradient media by
diluting polysucrose solution [37].

The density gradient method is quite simple; however, the rarity and
heterogeneity of CTC have necessitated the enrichment method to use
combined technologies rather than simple technology to prevent the loss
of diverse CTC subpopulations. More recently, immunomagnetic sepa-
ration has become the standardized method for cell enrichment owing to
its flexibility of development [38]. This separation method is based on
assays consisting of antigen-antibody reactions and magnetic separation
performed in the buffer used to dilute the blood sample. Most previous
studies focused on the type of antibody that binds to the antigen in either
CTCs or normal cells for immunomagnetic separation [39–41]. Previous
studies have utilized typical buffers such as phosphate buffered saline
(PBS) and a lysis buffer containing NH4Cl and KHCO3 to dilute blood
samples and perform immunomagnetic separation [42,43]. Based on
these studies, we postulated that the physical properties of the buffer are
critical for improving the efficiency of cell enrichment during immu-
nomagnetic separation. In accordance with the fundamental principles
of the separation process, the buffer must possess the properties required
to facilitate cell floatation during magnetic separation.

In the present study, we used a Ficoll-based density gradient medium
and solvent to coat the cells and prevent loss of CTC. In addition to the
density gradient medium, we anticipated that the cell-coating property
would be useful for diffusing CTCs into the buffer during magnetic
separation. On-chip T-buffer (T-buffer) coats cells, thereby preventing
nonspecific absorption [26]. The present study used spike-in experi-
ments to evaluate the effect of buffer components on cell enrichment
efficiency (Supplementary Fig. S1). The antibody cocktails were utilized
in conjunction with the EasySep™ Direct Human CTC Enrichment
Cocktail to facilitate removal of normal cells. The antibody-magnetic
bead complex bound to CD2, CD14, CD16, CD19, CD45, CD61,
CD66b, and glycophorin A surface markers, resulting in the removal of

hematopoietic cells and platelets from blood samples. The use of a
density gradient medium with a density of 1.119 g/mL (d=1.119 me-
dium) as a buffer component resulted in a higher recovery rate of spiked
cells than that observed with a d= 1.077 medium (Fig. 1A). The sig-
nificance of d= 1.119 medium as a buffer component was clearly
demonstrated when performing spike-in experiments on the blood
sample (Fig. 1B).

In principle, spiked A549 cancer cells could be retained in the su-
pernatant during immunomagnetic separation. However, only 2% FCS
T-buffer as the buffer component was not sufficient for the high recovery
rate of the spiked cells. Upon spiking the cells into the blood sample, the
effect of repeated suspension of the pellet after each magnetic separation
was more pronounced in the buffer containing d= 1.119 medium and
2% FCS T-buffer than in the 2% FCS T-buffer alone (Fig. 1D and Sup-
plementary Fig. S4B). The repeated steps of suspension and magnetic
separation of the pellet resulted in an increased total recovery rate of
spiked A549 cells captured in the antibody-magnetic bead complexes.
The addition of a density gradient medium to the T-buffer changed the
physical properties of the buffer and allowed the spiked cells to float to
the supernatant.

The specific gravity of cells is an important factor when discussing
cell enrichment methods based on density gradient media. The specific
gravities of red blood cells, leukocytes, and cancer cells were 1.092,
1.065, and 1.056, respectively. Therefore, a medium with a density of
1.075 g/mL was chosen to centrifuge denser cells such as blood cells and
polymorphonuclear neutrophil leukocytes at a higher rate than cancer
cells [34]. The density gradient method, using a typical density gradient
Lymphoprep medium at a density of 1.077 g/mL, has been demon-
strated to enrich the CTCs in NSCLC with a reported CTC positivity of
13% [10]. Heterogeneity in CTCs may result in the formation of sub-
populations with densities > 1.056 g/mL. Cell density can be altered by
several factors, including the cell cycle, metabolic status, differentiation,
and pathological conditions [44]. Consequently, the use of a density
gradient medium alone may not be sufficient to effectively float CTCs in
a buffer [10]. The designed buffer exhibited a density comparable to that
of a previous study (1.075 g/mL and 1.085 g/mL, respectively), yet
demonstrated superior capacity for CTC enrichment (71.4%) in NSCLC
patients (Table 1) than the previous study [10]. The addition of the
d= 1.119 medium to 2% FCS T-buffer resulted in a difference in the
density value of approximately 0.07, while maintaining the property of
cell coating in the designed buffer (Supplementary Table S2). The
T-buffer serves as a solvent to prevent cell adhesion and thus cell loss

Fig. 3. Potential of the developed enrichment method as part of an enrichment process in a TelomeScan-based CTC detection assay. A) Number of CTC detected in
6 mL of the peripheral blood sample from patients with and without cancer was plotted and red bars expressed the mean of data, * ** *p < 0.0001, ns (non-
significantly different), compared by Kruskal–Wallis test followed by Dunn’s multiple comparison test. B) ROC curve was calculated with CTC cutoff value of 1. C)
Number of CTC re-plotted at each CTC subpopulation is shown. Each red bar expresses the mean of the data, *p < 0.05, * *p < 0.01, ns (non-significantly different),
compared by Kruskal–Wallis test followed by Dunn’s multiple comparison test.

K. Hoshi et al. Computational and Structural Biotechnology Journal 25 (2024) 281–289 

286 



[26]. The addition of T-buffer reduced the viscosity of the blood sam-
ples, which was supported by the results of the Tween 20 assay
(Supplementary Table S1). Cationic polymers can prevent cellular ag-
gregation by affecting the electrostatic interactions between cells [25].
The T-buffer in the designed buffer might exert its potential through an
action similar to that of cationic polymers [25]. Compared to the use of
only the density gradient medium [10], the supplementary property of
cell coating with T-buffer resulted in a reduction in the nonspecific ab-
sorption and viscosity of the blood sample, thereby facilitating the
diffusion of cells into the buffer.

From the results of the spike-in experiments and the CTC positivity in
the blood sample from patients with lung cancer, a summary of the
potential model underlying the synergistic effect of the designed buffer
on CTC enrichment is shown in Fig. 4. The T-buffer plays a role in
coating cells and preventing cell loss. In addition, the density gradient
medium changed the buffer density suitable for CTC enrichment while
maintaining the cell-coating properties of the T-buffer. The utilization of
both density gradient medium (d=1.119) and T-buffer resulted in the
generation of a novel buffer property, thereby enhancing the efficiency
of cell enrichment through the diffusion of cells during the magnetic
separation process. The developed method captured the CTC pop-
ulations with a median size of 8.0 µm and a range of 23.1 µm (Fig. 2C).
The heterogeneous nature of the CTCs results in a size range of 7 µm to
30 µm, as observed in previous studies [12,45,46]. Additionally, smaller
CTCs, with a diameter of less than 5 µm, have been previously docu-
mented [38]. The developed method was applicable to the enrichment
of CTCs of varying sizes, including those of small and large magnitudes
(Fig. 2C). Previous studies have utilized typical buffers, such as phos-
phate buffered saline (PBS) and a lysis buffer containing NH4Cl and
KHCO3, to dilute blood samples and perform immunomagnetic separa-
tion [42,43]. No information was available regarding the buffer com-
ponents used in the CellSearch system. In contrast, this study was
initiated with a buffer design based on the characteristics of cell coating
and floating. This study is the first to propose a model based on the
synergistic effect of cell coating and floating in immunomagnetic
-negative separation for CTC enrichment.

Given the heterogeneity of CTCs, researchers must select the
appropriate enrichment method according to the specific research or
clinical objective in question. The developed method in the present
study was employed as a component of enrichment process in a

TelomeScan-based CTC detection assay, resulting in a positivity rate of
71.4% and a sensitivity rate of 88.9% (Fig. 3A). Additionally, this
method exhibited a high AUC (Fig. 3B). The Food and Drug
Administration-approved CellSearch system employs EpCAM-
dependent immunomagnetic-positive separation to enrich epithelial
CTC subpopulations [4]. This enrichment method has the capacity to
capture EpCAM-positive CTCs with a positivity rate of 83% and a high
PD-L1 status in the NSCLC patients [47]. In contrast, our method was
suitable for enriching the EMT-related mesenchymal CTC sub-
populations (Table 1) that were not enriched using the EpCAM-based
method. Recent studies have reported a correlation between PD-L1
expression and EMT during osimertinib treatment [14,48], and the
significance of PD-L1 positive CTC monitoring during treatment with
immune checkpoint inhibitors, including nivolumab, pembrolizumab,
and atezolizumab [47,49]. Immune checkpoint inhibitors have become
the standard of care for all cancers [50]. These recent studies highlight
the importance of analyzing the EMT process and PD-L1 expression in a
clinical context. Consequently, an enrichment method capable of
capturing both PD-L1-single positive and PD-L1/vimentin-double
-positive EMT-transformed CTC subpopulations is of significant value
for further analysis with the potential to uncover new insights into
metastasis and poor response to treatment. The immunomagnetic
-negative separation method is not dependent on the presence of
tumor-related antigens on CTCs. Buffer properties are critical factors
determining the efficiency of cell enrichment during
immunomagnetic-negative separation.

The present study clarifies the important factors related to CTC
enrichment based on immunomagnetic-negative separation for the
further development of a highly versatile CTC enrichment method. The
buffer component must reduce CTC loss and maintain CTC in the su-
pernatant. The properties of a buffer are determined by the chemical and
physical properties of the molecules dissolved in the buffer [23]. The
hydrophilic/hydrophobic balance of polymers influences their in-
teractions with tumor cells [51]. Selecting a molecule with high
cell-coating properties can improve the efficiency of cell enrichment.

The type of antibody used in the immunomagnetic-negative sepa-
ration may support the development of a method for capturing other
EMT-related CTCs. In the present study, an antibody-magnetic bead
complex bound to the surface markers CD2, CD14, CD16, CD19, CD45,
CD61, CD66b, and glycophorin A was utilized as a component of the

Fig. 4. A possible mechanism underlying the synergistic effect of the designed buffer on CTC enrichment.
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developed method. EMT-related CTCs circulate as heteroclusters sur-
rounded by immune cells [9]. Vascular cell adhesion molecule 1
(VCAM1), which mediates adhesion between CTCs and neutrophils, is
associated with cancer metastasis and EMT [52,53]. Neutrophils express
CD45 and CD66b on their surfaces. The use of antibodies bound to CD45
and CD66b may remove EMT-related heterotypic CTC clusters via
immunomagnetic-negative separation. Changing the antibody cocktail
may be an option for treating other EMT-related CTCs, including het-
eroclusters. From a methodological perspective, a buffer design for
immunomagnetic-negative separation could be useful for developing
versatile methods that are not affected by CTC heterogeneity.

5. Conclusion

A novel CTC enrichment method was developed using a design
approach based on the buffering properties of negative immuno-
magnetic separation. The developed method was highly effective for
enriching CTCs and EMT-related mesenchymal subpopulations from the
blood samples of patients with lung cancer, including those with NSCLC
and SCLC. Buffer property design is a crucial methodological approach
that can be leveraged to develop a highly versatile enrichment immu-
nomagnetic separation method capable of addressing CTC
heterogeneity.
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