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ABSTRACT

Background: Circulating tumor cells (CTCs) existing in peripheral blood can be used to predict the prognosis and
survival of cancer patients. The study was designed to detect circulating tumor cells and circulating tumor single
cell genes by applying microfluidic chip technology. It was used to explore the clinical application value in breast
cancer.

Methods: We have developed a size-based CTCs sorting microfluidic chip, which contains a hexagonal array and
a micro-pipe channel array to isolate and confirm both single CTCs and CTCs clusters. The sorting performance
of the as-fabricated chip was tested by analyzing the clinical samples collected from 129 breast cancer patients
and 50 healthy persons.

Results: In this study, the chip can detect different immunophenotypes of CTCs in breast cancer patients. It was
found that the new microfluidic device had high sensitivity (73.6%) and specificity (82.0%) in detecting CTCs.
By detecting the blood samples of 129 breast cancer patients and 50 healthy blood donors, it was found that
the number of CTCs was not associated with clinical factors such as age, gender, pathological type, and tumor
size of breast cancer patients (P > 0.05), but was associated with TNM staging of breast cancer, with or without
metastasis (P < 0.005). There was a statistically significant difference in the number of CTCs between luminal
A (ER+/PR+/HER2-) and HER-2+ (ER-/PR-/HER2+) (P < 0.05). The best cut-off level distinguished by CTC
between the breast cancer patients and the healthy persons was 3.5 cells/mL, with 0.845 for AUC-ROC, 0.790-
0.901 for 95% CI, 73.6% for sensitivity, and 82% for specificity (P =0.000). The combination of CTC, CEA, CA125
and CA153 can provide more effective breast cancer screening.

Conclusions: The CTCs analysis method presented here doesn’t rely on the specific antibody, such as anti-EpCAM,
which would avoid the missed inspection caused by antibody-relied methods and offer more comprehensive
biological information for clinical breast cancer diagnosis and treatment.

Introduction

the primary or metastatic lesions. They can lead to metastasis from pri-
mary or other lesions (seeding hypothesis) in distant organs, which is

Breast cancer is one of the most common malignancies among fe-
male patients and the main cause of cancer-related deaths [1]. Metasta-
sis is the leading cause of death in most breast cancer patients. Epithelial
metastasis is thought to involve a series of sequential steps: primary tu-
mor formation and growth, epithelial to mesenchymal transition (EMT)
and intravasation, hematogenous spread, extravasation and secondary
tumor formation, where mesenchymal to epithelial transition (MET) cul-
minates as an epithelial metastatic deposit of cell proliferation [2,3].
Circulating tumor cells (CTCs) are tumor cells circulated in the periph-
eral blood that have been shed or migrated into the vasculature from

considered to be the primary responsibility of cancer-related deaths [4].
Therefore, detection of CTCs could be used for early diagnosis of tumor
metastasis, planning of individualized treatment, and prognostic judg-
ment, which has the advantages of repeatability, simple sampling, and
non-invasiveness [5,6]. Compared with single CTCs, CTCs clusters are
even rare in the circulation, but they are more valuable for predicting
metastasis than single CTCs [7]. However, rarity and heterogeneity of
CTCs make them extremely difficult to be detected and utilized as a
biomarker. Therefore, it is imminent to develop a highly efficient and
highly sensitive method to analyze CTCs.
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Although the detection and analysis of CTCs has important clinical
value, the diversity of rapidly evolving detection methods increases the
difficulty of practical application. As the detection method for CTCs ap-
proved by the USA FDA for clinical application, CellSearch system is dif-
ficult to identify CTCs lacking Ep-CAM epithelial markers, which may
lead to a certain degree of false negatives [8]. The CTCs detection tech-
nology has emerged as a research hotspot for clinical application. The
microfluidic chip has the advantages of fast analysis, portability, low
reagent consumption, which has been widely used in CTCs sorting and
enrichment [9-12]. In recent years, a large number of platforms for de-
tecting CTCs have emerged [13-16], but most of them are in the early
stage of research and lack of large-scale clinical trials. The operation
steps are tedious, the preparation is complex, additional surface modi-
fication is needed, separation efficiency is low, and blockage is easy. It
needs to rely on other expensive and complex experimental equipment,
such as laser detection.

Size-based microfluidic chip has the advantages of low cost, simple
operation and high throughput, which greatly improves the capture ef-
ficiency of cancer cells and has higher development potential [17-19].
The PDMS chip includes an inlet, a mass filter area, a single cell filtra-
tion area, and an outlet. In the present study, we designed a microflu-
idic chip by integrating hexagonal micro-columns to capture both CTCs
and CTCs clusters from breast cancer patients with high sensitivity and
selectivity, which could be potentially developed for CTCs-based early
diagnosis, disease progression, prognostic prediction, and the efficacy
of breast cancer treatment. Because the clinical treatment response and
survival of different molecular sub-types of breast cancer are quite dif-
ferent, the molecular typing of breast cancer has also been highly val-
ued. The presented method could also be employed in the study of the
molecular markers and molecular typing of breast cancer as the clini-
cal treatment response and survival of different molecular subtypes of
breast cancer vary a lot, which is promising in clinical cancer treatment
and prognosis.

Materials and methods

Experimental Materials and Instruments was showed in Supporting
Information, Table S1.

Blood processing

Blood cells were pre-processed by centrifugation using Ficoll-Paque
PLUS (GE). The details in Supporting Information, Fig. S1.

Patients

There were 129 breast cancer patients and 50 healthy people, who
received assessment of their disease by CTCs analysis from March 2017
to May 2018. Clinical data of patients, including Age, gender, patholog-
ical diagnosis and radiotherapy and chemotherapy. The Ethics Review
Committee of the Affiliated Hospital of Nantong University approved
the research protocol. The number is 2014-049.

Chip design and fabrication

The device was made of a PDMS chip containing micro channels
bonded to glass slide. Si master with a microchannel structure was man-
ufactured by photolithography, wet etching and deep reactive ion etch-
ing (DRIE). The Si master was exposed to trichloro-silane (1H, 1H, 1H,
2H-perfliuorooctyl) vapor under vacuum overnight, before PDMS mold-
ing for the PDMS layer’s release. After being degassed, the PDMS was
poured on the Si mold and cured in an oven at 75 °C for about 1 h. After
curing, the PDMS was peeled from the Si mold. Finally, the layers of
microfluidic chips were obtained by fixing PDMS on clean glass slide by
plasma treatment. The specific production process is shown in Fig. S2.
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Cell culture and spiking

Human breast cancer SKBR3, MDAMB-231 and MCF-7 cell lines were
obtained from the Cell Bank of the Chinese Academy of Sciences (shang-
hai, China). MCF-7 cells were cultured in RPMI medium 1640 containing
10% (v/v) FBS. MDA-MB-231 and Sk-Br-3 cells were cultured in DMEM
containing 10% (v/v) FBS. Using 0.25% trypsin containing EDTA, prior
to testing, cells of known concentration was added to PBS or healthy
donors’ samples. Use a Count star automated cell counter to measure
cell concentration and diameter and the experiment were repeated at
least three times.

Use microfluidic chip for CTC detection and identification

After the blood sample was processed, tumor cells were detected and
identified by immunofluorescence staining. All the processes were done
directly in the chip. Firstly, after the processed blood sample entered
the chip, the chip was washed with 200 uL of PBS containing 0.05%
Tween. Next, added 20 ul 0.2% Triton X-100 PBS to the chip and in-
cubated for 10 min. After that, the chip was rinsed with 200 uL of
wash buffer. Then treated with 20 uL of PBS containing 1% BSA for
10 min, then added phycoerythrin-conjugated anti-CD45 antibody, and
isothiocyanate-conjugated anti-CK antibody to immunostain the cells
and 4'-6-di mid —2-Phenylindole was incubated at 37 °C for 40 min.
Finally, a washing buffer was added to the chip to remove the unbound
antibody. The inverted microscope (IX51; Olympus) was connected to
the image analysis software (DP controller; Olympus). CTCs were identi-
fied by positive staining for both phycoerythrin-conjugated cytokeratin
(CK-8, 18, and 19) and double stranded DNA (DAPI), and CD45 neg-
ative staining (CK+/DAPI+/CD45-). The process of cell capture in the
microfluidic chip was showed in Fig. S3.

Statistical analysis

Use GraphPad Prism 5 for statistical analysis. Regression analysis
was carried out to evaluate the accuracy. Mann Whitney test was used
in two independent samples. All tests were double-sided and performed
at a 5% level of significance. The receiver operating characteristic (ROC)
curve of the receiver is introduced to analyze the sensitivity and feasi-
bility of CTC through SPSS software (version 20.0, SPSS Inc., Chicago,
IL).

Results and discussion
Design and profile of the size-based microfluidic chip

As shown in (Fig. 1A), the chip contained inlet, cell intercept area,
and outlet. The inlet and the outlet were connected by pipeline that
are branched step by step, the solution can be evenly distributed in the
chip. The filtration microchannels contained two layers of hexagonal
columns that filtered impurities and cell clusters. The width of the first
and second narrow channel is 50 ym and 20 uym, respectively. The single
cell filtration area contains 30 main channels and 31 side channels. The
separation distance and diameter of each continuous cylinder are 100 y
m and 40 px m respectively.

The dimensions of the device are: Main microchannel 80 ym
(width) x50 ym (height), side microchannel 50 ym (width)x 50 ym
(height), filter microchannel 40 ym (width) x 10 ym (height). The prin-
ciple of microfluidic chip capturing cells is shown in Fig. 1A (lower
right). As the sample flowed into the chip under vacuum, impurities and
cell clusters were intercepted in the filtering area, where larger tumor
cells were captured in the chip under the lateral pressure of fluid in the
main channels, while smaller cells such as leukocytes was discharged
into the waste liquid pool from the outlet through the side channel. The
image of the microfluidic chip is shown in Fig. 1B.
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Fig. 1. Design and operation of the size-based microfluidic device and Cell lines
staining and test for capture rates. (A) Diagrammatic sketch of the microfluidic
chip: the inlet, the filtration area, the Side channel, PDMS support pillars, and
the outlet. The illustration shows the structure of the bulk filtration area and
single cell filtration area under a microscope. The isolation strategy of the mi-
crofluidic chip (lower right). (B) Physical map of the micro-fluidic chip. (C)
Three repeated gauges for the mean diameter of SKBR3, MDA-MB-231, MCF-7
and normal lymphocytes. (D) Plot of MDA-MB-231 cell recovery with the flow
rate of 10 mL/h. (E) staining of MDA-MB-231 cells and leukocytes. (F) Each
point represents the ratio of observed tumor cells to the expected number of
cells.

Chip optimization

The diameter of three breast cancer cell strains (SKBR3, MCF-7 and
MDAMB231) and leukocytes was measured by Countstar Automated
Cell Counter, and their mean diameter was 19.26 +0.31, 18.19 + 0.28,
17.13+0.26 and 8.93+0.19 um, respectively (Fig. 1C). Cytokeratin
(CK) and DAPI were used as the confirming reagents. Images of different
cell lines were collected under a fluorescent microscope (Fig. S4). We
spiked the smallest cells (MDA-MB-231) (6, 25, 34, 78, 105 cells/mL)
into samples from healthy persons and captured them using the size-
based microfluidic chip. The average values of each concentration were
measured three times. The cells were stained with specific antibodies to
identify breast cancer cells and white blood cells. As shown in Fig. 1E,
the immuno-phenotype of MDA-MB-231 cells was CK+/CD45-/DAPI+,
and the leukocytes was CK-/CD45+/DAPI+. The recovery rate (define
it) of cancer cells was calculated by using 10 mL/h flow rate according
to the results of staining labeling, and the standard curve was made. As
shown in Fig. 1D, the recovery rate of the chip is above 82% for different
number of cancer cells. The linear regression curve between the number
of tumor cells added and the number of tumor cells detected by the chip
shows a good linear relationship (R% = 0.9994) (Fig. 1F). which showed
a potential clinical utility.

Identification of CTCs from breast cancer patients using the microfluidic
device

The size-based microfluidic chip can not only catch CTCs but also
CTCs clusters. It also enables simultaneous isolation and confirmation
of tumor cells in the same microfluidic device. The confirmation of the
presence of CTCs clusters in blood suggests that this method paves a
new way in CTCs evaluation to illustrate the diagnostic value of CTCs
clusters [20], as studies have found that CTCs clusters may have greater
metastatic potential than individual CTCs, and cells within the clusters
may evade immunocyte attack and can survive longer [21]. Addition-
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Fig. 2. CTCs staining results of breast cancer patients. (A) CTCs in the blood
samples of the breast cancer patients were marked as CK+/DAPI+/CD45-. (B)
Representative images of white cell cluster (up) staining with CK- (green)/
CD45+ (orange) /DAPI+ (nuclei, blue); CTCs cluster (down) staining with
CK+ (green) /CD45- (orange) /DAPI+ (nuclei, blue), isolated by the chip.
Scale bars 20 um. (C) Typical images of different types of cells tested in-
clude CK+/PDL-1+/CD45- (red arrow), CK+/PDL-1-/CD45- (orange arrow),
CK+/Vimentin-/CD45- (green arrow), CK-/Vimentin+/CD45- (white arrow),
CK+/Vimentin+/CD45- (yellow arrow). Scale bars 20 ym. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

ally, this may have a potential clinical relevance to predicting the like-
lihood of long-term recurrence. The chip was further applied to capture
various types of cells from the samples of the breast cancer patients, us-
ing CK-FITC, DAPI and leukocyte marker (CD45-PE) as the confirmed
reagents. CTCs in the blood samples of the breast cancer patients were
marked as CK+/DAPI+/CD45- (Fig. 2A). A few CD45+ cell clusters and
CTCs clusters were also catched in the bulk filtration area of the chip
(Fig. 2B). In the next work, our team will be sequencing individual and
aggregated CTCs from a team of breast cancer patients, analyze their
different metastatic potentials, and further investigate the effects of in-
dividual and aggregated CTCs on tumor survival.

Because of the heterogeneity of CTCs and EMT, some epithelial mark-
ers will be down-regulated or disappeared in this process. It has been
reported that the beneficiary can be screened by detecting the expres-
sion of PD-L1 on CTCs. Therefore, the capture of CTCs with different
phenotypes was validated by using vimentin and PD-L1. Typical images
of different types of cells detected by breast cancer patients include
CK+/PDL-1+/CD45- (red arrow), CK+/PDL-1-/CD45-(orange arrow),
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Fig. 3. Correlations between CTCs count and clinical features of breast can-
cer patients. (A) The distribution of CTC in 129 breast cancer patients and 50
healthy was detected by microfluidic chip. (B) The quantity of CTCS in three
transfer states (**) indicates P < 0.05. (C) The pathological type distribution of
CTC in breast cancer patients. Each data point represents the participant’s CTC
count, while a black horizontal line represents the group median. (*, ** means
P < 0.05). (D) CTCs enumeration was associated with the molecular subtyping
of breast cancer patients. (E) Changes in the number of CTCs before and after
surgery. (F) Changes in the number of CTCs during two treatment.

CK+/Vimentin-/CD45- (green arrow), CK-/Vimentin+/CD45-(white ar-
row), CK+/Vimentin+/CD45- (yellow arrow). As showed in Fig. 2C, the
chip can detect different immunophenotypes of CTCs in breast cancer
patients. Detection of CTCs by multiple markers has great significance
to the classification and identification of CTCs. Further analysis of its
practical clinical significance is needed to expand clinical samples.

CTC has been widely used in the study of breast cancer and is con-
sidered as a prognostic biomarker of breast cancer metastasis. CTCs can
be detected in a dynamic real-time manner without being affected by
tumor heterogeneity, thus providing more comprehensive information.
Analysis of CTCs has achieved rapid development in early diagnosis,
efficacy evaluation, prognosis judgment, individualized treatment and
disease monitoring of breast cancer. Thus, the urgent task at present is
to establish a reliable strategy to analyze CTCs [22].

In this work, we continue to study the prognostic value of breast can-
cer CTC. Detected the blood samples of 129 breast cancer patients and
50 healthy blood donors, the capability of size-based microfluidic de-
vice for capturing CTC in breast cancer patients was evaluated. Clinical
data of patients was shown in Table S2. It was found that the number
of CTCs was not associated with clinical factors such as age, gender,
pathological type, and tumor size of breast cancer patients (P > 0.05),
but was associated with TNM staging of breast cancer, with or without
metastasis (P < 0.005).

Application of microfluidic chips in breast cancer patients

Further analysis of the relationship between CTCs levels and the
clinic-pathological features in breast cancer patients showed that the
CTCs level in the breast cancer patients was significantly higher than
that in the control group (11.61+15.21/mL vs 1.14+1.62/mL, P <
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healthy persons.

0.0001) (Fig. 3A). Metastasis is one of the prime reasons of death in
tumor patients. Statistical analysis of the impact of metastasis on the
number of CTCs showed that the number of CTCs in the peripheral
blood of patients with lymph node and distant metastases was signif-
icantly higher than that in patients without metastasis (P < 0.005)
(Fig. 3B). With respect to TNM stages, the statistical results showed that
the CTCs level was 1.50+7.78/mL in stage I, 9.00+11.60/mL in stage II,
10.00+7.86/mL in stage III, and 21.00+25.73/mL in stage IV, showing
statistically significant differences between breast cancer patients with
different stages (P < 0.05) (Fig. 3C). The CTCs level in patients with
stage IV breast cancer was significantly higher than that in stage I-II (P
< 0.0005). The result of our study showed that the increased CTCs num-
ber had a predictive value for tumor metastasis, and that the number of
CTCs was positively correlated with the TNM stage. The number of CTCs
was the highest in the fourth stage and the least in the first stage. This
may mean that the number of CTCs can be used to assess the severity
of breast cancer. Study has also shown that the higher the positive ra-
tio of CTCs in peripheral blood of patients, the greater the possibility of
tumor metastasis recurrence [23]. Traditional tumor pathological stag-
ing (such as TNM staging, including the tumor appearance, infiltration
depth, lymph node metastasis) cannot be underestimated for predicting
tumor recurrence and metastasis, and is a clinically mature risk assess-
ment index. However, because breast cancer is a heterogeneous tumor,
there are great differences in histomorphology, immunophenotype, bi-
ological behavior and therapeutic response.
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(A-H).

Based on the expression change of ER, PR, HER-2 and Ki-67,
breast cancer can be classified into four molecular subtypes. Luminal
A (ER+/PR+/HER2-), luminal B (ER+/PR+/HER2+), HER-2+ (ER-/PR-
/HER2+) and Basal-like (ER-/PR-/HER2-). To measure the correlation
between CTCs and molecular type in breast cancer, we performed four
types of statistical analysis on 129 breast cancer patients. As shown
in Fig. 3D, there was a statistically significant difference in the num-
ber of CTCs between luminal A (ER+/PR+/HER2-) and HER-2+ (ER-
/PR-/HER2+) (P<0.05). Molecular typing of breast cancer in our study
showed that HER2-positive patients had more CTCs than luminal A pa-
tients, indicating that the prognosis of HER2 positive patients is poor.
This is consistent with the report, and the study have shown that, for
breast cancer patients with HER2-positive, regardless of the treatment,
CTCs counts have prognostic value [24]. As shown in Table S2, CTCs
count had no significant correlation with different expression levels of
ER, PR, HER2 and Ki-67 and the molecular type.

Further study the effect of treatment on the number of CTCs, the
number of CTCs was observed in 6 preoperative and postoperative breast
cancer patients. It was found that the number of CTCs was decreased af-
ter surgery (Fig. 3E). At the same time, the number of CTCs in 18 breast
cancer patients was observed in two consecutive treatment (Fig. 3F).
The results showed that the number of CTCs decreased during contin-
uous treatment, suggesting that the treatment is effective, and patients
with elevated CTCs suggest that the risk of recurrence and metastasis is
increased or has occurred.

Analysis of the ROC, determination of the critical value and evaluation of
the diagnostic efficacy

In order to study the characteristics of CTC as a potential biomarker
for breast cancer, data on 129 breast cancer patients and 50 healthy con-
trols were analyzed by receiver operating characteristic (ROC) curve and
area under the ROC curve (AUC). The best cut-off level distinguished by
CTC between the breast cancer patients and the healthy persons was
3.5 cells/mL, with 0.845 for AUC-ROC, 0.790-0.901 for 95% CI, 73.6%
for sensitivity, and 82% for specificity (P=0.0001) (Fig. 4A). There-
fore, the cutoff value was defined as 3.5 cells/mL (AUC=0.845), CTC
positive patients were defined as CTC>3.5 in 1mL of peripheral ve-
nous blood. Compared with the traditional clinical indicators of CEA
(Fig. 4B), CA125 (Fig. 4C) and CA153 (Fig. 4D), the diagnostic value of
CTCs was significant (Fig. 4E). Interestingly, there is increasing evidence
that combined testing can improve diagnostic accuracy. In this study, we
investigated whether the combination of CTC, CEA, CA125 and CA153
can provide more effective breast cancer screening. As shown in Ta-
ble S3, the sensitivity (73.6%) and specificity (82.0%) of CTCs is higher

than the other three. The sensitivity of CTCs was 73.6%, at a higher level
than CEA (70.5%) and CA125 (62.0%). More importantly, combination
of these four indicators increased the sensitivity to 99.5%, suggestion
that CTCs combined with CEA and CA125 and CA153 could be used to
enhance the diagnostic efficiency.

The correlations between the number of CTCs and traditional tumor
markers

CEA, CA125 and CA153 are commonly used to assist in the diagno-
sis of breast cancer. However, they are not highly sensitive and specific,
especially in early diagnosis of breast cancer. In the research, we inves-
tigated whether the combination of CTCs, CEA, CA125 and CA153 can
provide more effective screening for breast cancer. Compared with the
CEA, CA125 and CA153, the diagnostic performance of CTCs was out-
standing (Fig. 5). We found that CTCs count was not significantly cor-
related with the level of traditionally used markers of AFP, CEA, SCC,
CA153, CA199, CY211 and CA152 (P >0.05) (Fig. 5A, B, D-F, H). Only
SF and CA125 levels were correlated with CTCs counts (P <0.05) (Fig. 5C
and G).

Conclusions

In this work, we demonstrated a novel microfluidic chip for separa-
tion of CTCs and CTCs clusters from patient peripheral blood. The mi-
crofluidic device does not rely on antibody capture, can capture many
types of CTCs, and provide more comprehensive medical information.
As long as the target is larger than blood cells, the device can be ex-
tended to separate CTCs from other cancers and separate other liquid
biopsy sources. In addition, some other large cell tumors, such as lung
cancer and liver cancer, can also be detected by liquid biopsy of CTCs in
our equipment. A potentially application of our technology is in the sep-
aration of CTCs clusters. CTCs clusters are more aggressive than single
CTCs. Our results showed that this new chip had an important clinical
value in the diagnosis, treatment and prognostic prediction of patients
with metastatic breast cancer with remarkable specificity and sensitiv-
ity. CTCs count showed good prospects in monitoring cancer prognosis
and guiding future individualized treatment.

Associated content

Additional file: Fig. S1. Compared the two blood pre-processing
methods of Ficoll gradient and Red Blood Cell Lysates. Fig. S2.
Schematic illustration of microfluidic chip fabrication. Fig. S3. The pro-
cess of cell capture using microfluidic chip. Fig. S4. Images of differ-
ent cell lines were collected under a fluorescent microscope. Scale bars
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20 um. Epithelial marker (CK-FITC) and DAPI were used as the confirm-
ing reagents. Images of different cell lines were collected under a fluo-
rescent microscope. Table S1. The materials in Supporting Information.
Table S2. Basic characteristics of the cancer patients subjected to CTCs
analysis. Table S3. ROC curves of a combination of CTCs, CEA, CA125
and CA153 to discriminate breast cancer.
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