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ARTICLE INFO ABSTRACT

Despite the fact that the identification and detection of circulating tumor cells (CTCs) plays a critical role in
cancer monitoring and diagnosis, it remains a major challenge to isolate and detect these cells, due to their
extreme scarcity in peripheral blood. In this work, by coupling a dual recognition strategy and the commercial
personal glucose meter, we established a point-of-care approach for detecting rare CTCs in whole blood with
high sensitivity and selectivity. The antibody-conjugated magnetic beads lead to the capture and isolation of the
CTCs while the enzyme- and second antibody-modified microspheres yield the signal for detection. Because of
the dual recognition format, the developed method is highly selective, and a low detection limit of 7 cells can be
realized as well, owing to the great signal amplification through the enzyme-loaded microbead labels. More
importantly, the detection of CTCs in whole blood can be achieved in a point-of-care fashion with the using of
the glucose meter transducer, offering our method a convenient and attractive alternative to traditional biopsy
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for the diagnosis of various cancers.

1. Introduction

Circulating tumor cells (CTCs) are malignant cells in peripheral
blood stream or lymphatic system that are shed from tumor tissues
(Zhang et al., 2019; Shen et al., 2016). They play crucial roles in the
occurrence of cancers and metastases (Min et al., 2015). Therefore,
CTCs are considered as useful indicators of cancer metastases (Wang
et al., 2019). Researches have suggested that CTCs can be found in
peripheral blood during the early stages of tumorigenesis, and thus the
screening of CTCs in blood can facilitate early diagnosis of different
cancers, enabling the prevention of cancer metastases (Bhana et al.,
2014). Moreover, CTCs contain a lot of molecular information about the
primary tumors and their levels in blood are significantly associated
with the progression of cancers (Lin et al., 2019; Song et al., 2017). The
study on CTCs is thus of great importance for evaluating cancer dis-
semination, tumor stage, therapeutic responses and cancer prognosis
for guiding personalized treatments (Abate et al., 2019; Chung et al.,
2011; Wang et al., 2018). Compared to the gold standard of current
cancer diagnosis, biopsy, CTC detection is a convenient and non-in-
vasive “liquid biopsy” (Lv et al., 2015). However, because of the
complexity of peripheral blood, the detection of CTCs suffers from two
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major challenges: efficient isolation and sensitive techniques available
for detecting rare CTCs. The amount of CTCs in blood is extremely rare,
from a few to hundreds of CTCs in 1 mL blood among about 5 billion
erythrocytes and 10 million leukocytes, especially during the early
stage that the primary tumor is no obvious metastasis (Yang et al.,
2014; Weng et al., 2018). Because of the very low numbers of CTCs in
blood, the isolation and enrichment of CTCs are necessary in CTC
analyses. However, it is quite challenge to capture and separate the rare
CTCs from complex blood. To overcome this obstacle, various ap-
proaches including size-based filtration (Zhang et al., 2014), density
gradient sedimentation (Krivacic et al., 2004), microfluidic chip-based
methods (Hyun et al., 2015), and immune-magnetic separation (Xiong
et al., 2016) have been proposed to isolate and enrich the rare cancer
cells from whole blood. These methods have achieved good perfor-
mance in CTC isolation and enrichment. Among them, the immune-
magnetic separation is the widely used strategy for CTC isolation and
enrichment, owing to its high capture efficiency, fast magnetic response
and easy manipulation (Wen et al., 2014). Because CTCs are commonly
originated from epithelial solid tumors, which overexpress epithelial
cell adhesion molecules (EpCAMs) on their surfaces, most of the cur-
rently available approaches adopted anti-EpCAM antibodies to
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recognize and capture CTCs based on the specific interaction between
anti-EpCAM antibodies and EpCAM (Viraka Nellore et al., 2015).
However, CTCs may lose their epithelial nature due to the epithelial-
mesenchymal transition or the tumor heterogeneity, which can lead to
false negatives because the single EpCAM marker is insufficient to
identify CTCs from normal cells (Chen et al., 2016). In order to improve
the accuracy for CTC analyses, the combination of multiple CTC mar-
kers to capture the target cells is therefore required. In addition to the
isolation and enrichment of CTCs, the detection of the captured CTCs
with easy operation and high sensitivity is another challenge. Several
CTC detection techniques, such as flow cytometry (FCM), im-
munocytochemistry (ICC), and reverse-transcriptase polymerase chain
reaction (RT-PCR), have been proposed for the quantification of CTCs
(Takao and Takeda, 2011; Baccelli et al., 2013; Alunni-Fabbroni and
Sandri, 2010). However, these methods typically involve fluorescent
staining, cell fixation, permeabilization or cell lysis, which are labor
intensive and may damage the cell viability and functions (Wu et al.,
2017; Xiao et al., 2017). Currently, the commercially available platform
for CTC isolation and detection in the clinic is the Cell Search System,
which is the only USA Food and Drug Administration (FDA) approved
CTC detection method (Fang et al., 2014; Wu et al., 2016). This method
requires expensive instruments and well-trained technicians. Therefore,
it is urgently demanded to develop efficient and simple methods for the
capture and detection of CTCs.

Personal glucose meter (PGM) is the most successfully commercia-
lized point-of care (POC) diagnostic device used for monitoring glucose
of diabetic patients, due to its simple operation, rapid response, low
cost and portable pocket size (Su et al., 2013; Xiang and Lu, 2011).
However, the application of the traditional PGM is limited because it
can only monitor blood glucose (Su et al., 2012). To expand the ap-
plicability of PGM, several groups have developed a series of PGM-
based approaches to detect a wide range of non-glucose targets, such as
nucleic acids, proteins, small molecule, metal ions and enzyme activ-
ities (Zhang et al., 2016; Gu et al., 2015). In these attempts, the non-
glucose targets could be quantitatively converted into glucose through
the hydrolysis of sucrose by invertase, and the resulted glucose was
then determined by a PGM, thus enabling the indirect detection of the
target molecules. The use of PGM as the signal transduction means will
therefore significantly advance the diagnosis of cancers over traditional
biopsy screenings.

By following this inspiration, we propose herein a new method for
the highly specific isolation and sensitive point-of-care detection of
CTCs via the integration of the dual recognition mode, enzyme-loaded
nanomaterial signal amplification labels and PGM-based readouts. The
SK-BR-3 breast cancer cell line was chosen as the model target CTC.
Two different antibodies, anti-EpCAM and anti-human epidermal
growth factor receptor 2 (HER2) antibodies, were chosen as the re-
cognition probes. The anti-EpCAM antibody-functionalized magnetic
beads (anti-EpCAM-MBs, cMB) were used as the capture probes for CTC
isolation and enrichment, and the anti-HER2 antibody and invertase co-
modified polystyrene microspheres (anti-HER2/invertase-PS, sPS) were
used as the signal amplification probes to convert sucrose into glucose,
which was then measured by a PGM. The PGM reading could be related
to the amount of glucose and further indicated the number of CTCs. The
combination of multiple antibodies for targeting the cells has greatly
improved the performance of the proposed strategy both in sensitivity
and specificity, which enabled the simultaneous isolation and de-
termination of CTCs in whole blood in a simple fashion.

2. Experimental section
2.1. Materials and reagents
N-(3-dimethylamminopropyl)-N’-ethylcarbodiimide hydrochloride

(EDC), 2-(N-morpholino) ethanesulfonic acid (MES), Sulfo-N-hydro-
xysulfosuccinimide sodium salt (Sulfo-NHS), bovine serum albumin
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(BSA), sucrose, invertase from baker's yeast, and Dulbecco's phosphate
buffered saline (DPBS) were purchased from Sigma (St. Louis, MO,
USA). Carboxyl Fe;04 magnetic microbeads (COOH-MB, 300-400 nm)
and streptavidin-coated polystyrene microbeads (STV-PS, 500 nm) were
obtained from BaseLine ChromTech Research Centre (Tianjin, China).
Anti-EpCAM antibodies and biotin-labeled anti-HER2 antibodies were
provided by Sino Biological Inc. (Beijing). Sulfo-NHS-LC-biotinylation
kit was supplied by Pierce Biotechnology (Rockford, IL, USA). The
glucose meter (Contour™TS) and test strips were provided by Bayer
Healthcare LLC (Mishawaka, IN). All other reagents were of analytical
grade.

2.2. Preparation of the biotin-invertase

A standard amide crosslinking method was utilized for the con-
jugation of the amines of invertase and NHS esters of sulfo-NHS-LC-
biotin to obtain biotin-functionalized invertase (biotin-invertase).
Briefly, 67 puL of 10 mM sulfo-NHS-LC-biotin was incubated with 1 mL
of 5mgmL~"! invertase solution for 1 h. The resulting biotin-invertase
was collected after the removal of the excess biotin regent with a de-
salting column.

2.3. Preparation of anti-EpCAM antibody-modified MB (anti-EpCAM-MB,
cMB)

The carbodiimide chemistry was utilized to covalently link amines
of the anti-EpCAM antibodies with the carboxylic acid groups on the
COOH-MB. Briefly, 100 uL of COOH-MB (5 mg mL~ ') was first washed
twice with PBS buffer and then the carboxyl groups were activated by
EDC (400 mM)/sulfo-NHS (100 mM) in MES buffer (0.1 M, pH 5.9) for
30 min. After three washes with PBS buffer, the activated COOH-MB
was incubated with 100 uL of PBS buffer containing anti-EpCAM anti-
body (5ugmL~") for 4hat room temperature with continuous agita-
tion. Afterward, the mixture was washed thrice with PBS solution by
magnetic separation to remove unbound antibodies to obtain cMB
capture probes. Finally, the resulting cMB conjugates were dispersed in
1% BSA-PBS at 5mgmL ™" and stored at 4 °C for further use.

2.4. Fabrication of anti-HER2 antibody and invertase co-modified PS (anti-
HER2/invertase-PS, sPS)

Biotin-anti-HER2 antibodies and biotin-invertase were conjugated
to STV-PS through the interaction between streptavidin and biotin.
STV-PS (100 uL, 5mg mL~ ') were washed twice using PBS buffer and
then mixed with 100 uL of PBS solution, which contained 5 ug mL~' of
biotin-anti-HER2 antibody and 0.5 mgmL~" of biotin-invertase for 1 h
with gentle shaking at room temperature. The resultant anti-HER2
antibody and invertase-functionalized PS (anti-HER2/invertase-PS, sPS)
were washed three times using centrifugation at 8000 rpm to remove
excess antibodies and invertase. Finally, the sPS were dispersed in 1%
BSA-PBS at 5mgmL ™" and store at 4 °C for further use.

2.5. Cell culture

The Hela cells (human cervical cancer cell line), A431 cells (human
skin cancer cell line) and SK-BR-3 cells (human breast cancer cell line)
were obtained from the Cell Bank of the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). SK-BR-3 cells were
cultured in RPMI-1640 medium, and A431 and Hela cells were main-
tained in Dulbecco's Modified Eagle Medium (DMEM). All mediums
were supplemented with 1% penicillin-streptomycin and 10% fetal
bovine serum (FBS). A humidified incubator with 5% CO, was utilized
for the cell culture at 37 °C. Prior to each experiment, cells were tryp-
sinized to detach them from the culture flask and the cell numbers were
counted using a hemocytometer.
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Scheme 1. Schematic illustration of specific CTC isolation and detection based
on the immune-magnetic separation and the PGM transducer. The synthesis of
(a) anti-EpCAM antibody-functionalized magnetic microbeads (anti-EpCAM-
MBs, cMB) and (b) anti-HER2 antibody and invertase co-conjugated poly-
styrene microbeads (anti-HER2/invertase-PS, sPS). (¢) Schematic diagram for
the capture and isolation and glucometer-based determination of CTCs in whole
blood.

2.6. Isolation and detection of CTCs

The probes of cMB (0.2 mgrnL_l, 50 uL) and sPS (0.8 mgmL_l,
50 uL) were simultaneously added into 1 mL of PBS or whole blood
spiked with different numbers of SK-BR-3cells, followed by gentle
stirring for 30 min at 37 °C. Then, the target CTCs were separated from
the above mixture with an external magnet and washed twice using PBS
buffer. The final products were further incubated with a sucrose solu-
tion (0.5M, 100pL) for 30 minat 37 °C, enabling the conversion of
sucrose to glucose by invertase, and the generated glucose was de-
termined by a PGM.

3. Results and discussion
3.1. CTC isolation and detection principle

Scheme 1 displays the principle of the proposed approach for CTC
isolation and detection by the integration of immune-magnetic se-
paration and PGM-based analysis. The SK-BR-3 cells were chosen as the
model target CTCs. COOH-MB and STV-PS were modified with specific
antibodies to capture CTCs. To improve the specificity and sensitivity of
this assay, two different types of antibodies (anti-EpCAM and anti-
HER2 antibodies) that can target specific proteins overexpressed on the
SK-BR-3 cells were selected for the modification of COOH-MB and STV-
PS. Anti-EpCAM antibodies were conjugated to COOH-MB by the
amines of the anti-EpCAM antibodies via covalent linking to the car-
boxylic acid groups on COOH-MB. The obtained anti-EpCAM-MB (cMB)
conjugates were used as capture probes for CTC isolation and enrich-
ment. The STV-PS beads were functionalized with biotin-anti-HER2
antibodies and biotin-invertase through the interaction between strep-
tavidin and biotin. The obtained anti-HER2/invertase-PS (sPS) com-
plexes were used as signal probes for the labeling of CTCs. The target
CTCs were captured by cMB and sPS through the specific interaction
between the antibodies on the probes and the proteins expressed on the
SK-BR-3 cells. After the separation of the target CTCs by a magnet, the
captured cells were further incubated with a sucrose solution. The in-
vertase bound to the cells could catalyze the hydrolysis of sucrose into
glucose, which was further detected using a PGM. The PGM reading
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Fig. 1. Microscopy images of (a) cMB and (b) sSP; (c) cMB, (d) sPS, (e) un-
modified MB and (f) unmodified PS incubated with SK-BR-3 cells.

therefore could be related to the amount of glucose and further in-
dicates the amount of the invertase bound to the target cells, which
eventually reflected the number of the captured CTCs. In such a way,
the SK-BR-3 CTCs could be successfully detected by a portable gluc-
ometer.

3.2. Validation of the interaction between SK-BR-3 cells and the probes

SK-BR-3 cells were incubated with cMB and sPS, separately, to in-
vestigate the interactions between SK-BR-3cells and the antibodies-
modified microbeads, while the unmodified microbeads (MB and PS)
were used as controls. Fig. 1 shows the optical microscopic images of
the probes of cMB (Fig. 1a) and sPS (Fig. 1b), and the modified and
unmodified microbeads incubated with SK-BR-3 cells (Fig. 1c-f). Ac-
cording to Fig. 1c and d, it can be observed that the antibody-modified
microbeads (cMB and sPS) are linked to the SK-BR-3 cells, which sug-
gests that the probes can specifically recognize the target SK-BR-3 cells
through the selective interaction between the antibodies and the pro-
teins expressed on the target CTCs. In contrast, Fig. 1e and f shows that
MB and PS without antibody functionalization can hardly be attached
to the cell surface, indicating that the unmodified MB and PS are unable
to interact with the target CTCs. All results indicate that the interactions
between antibody-modified microbeads and SK-BR-3 cells are specific.
Thus, the antibody-functionalized probes (cMB and sPS) could be uti-
lized for targeting SK-BR-3 cells. Besides, the incubation of the probes
with the non-specific cells (A431 cells and Hela cells) shows no no-
ticeable interactions (Fig. S2), which further verifies the specificity of
the probes for the target cells.

3.3. Feasibility of the strategy for CTC isolation and detection

To further explore the potential of the proposed strategy for the
isolation and detection of CTC, the PGM readings corresponding to the
SK-BR-3 cells (500 cells) incubated with different microbeads were re-
corded. As shown in Fig. 2a, the incubation of cMB and sPS in buffer
with the absence of SK-BR-3 cells results in a very small PGM reading,
which is assumably due to the nonspecific interaction between cMB and
sPS. However, the PGM reading is significantly enhanced (Fig. 2b)
when the SK-BR-3 cells are incubated with cMB and sPS simultaneously.
This is because cMB and sPS are successfully bound to the target cells
and the invertase on the sPS can convert sucrose into glucose after
magnetic separation. This observation thus suggests the developed
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Fig. 2. PGM readings corresponding to the incubation of SK-BR-3 cells with
different microbead probes with/without antibody conjugations. Error bars: SD,
n=3.

platform has great potential for the isolation and detection of CTCs. As
controls, SK-BR-3 cells incubated with unmodified MB or PS were also
investigated. Fig. 2c shows the PGM reading of the target CTCs in-
cubated with unmodified MB (without anti-EpCAM antibodies) and sPS.
In this case, the unmodified MBs cannot bind to the target CTCs, owing
to the lack of anti-EpCAM antibodies to recognize the cells, and the cells
cannot be captured after magnetic separation, resulting in small PGM
reading. Similarly, an insignificant PGM reading is obtained (Fig. 2d)
when the target cells are incubated with ¢cMB and unmodified PS
(without anti-HER2 antibodies) because the target CTCs are captured
by cMB while almost no sPS are bound with cells due to the lack of anti-
HER2 antibodies to recognize the cells. These results are consistent with
the microscope imaging analyses and further demonstrate the potential
of this developed strategy for the isolation and determination of CTCs.

3.4. Optimization of the experimental conditions

The sPS and cMB were employed to achieve the simultaneous iso-
lation and detection of CTCs, in which cMB were used for separating
CTCs while sPS for quantifying CTCs. Because sPS and cMB can si-
multaneously bind to one cell, the concentration ratio of sPS to cMB
used in the CTC analysis is of great importance. Specifically, the con-
centration of cMB should be low enough to allow the maximum load of
sPS to ensure strong PGM readings. Thus, the concentration ratio of sPS
to cMB was first optimized. As shown in Fig. 3A, the PGM reading in-
creases with increasing concentration ratio of sPS to cMB, and shows no
significant change when the concentration ratio is higher than 0.8:0.2.
This increase of PGM reading can be attributed to the increased amount
of the sPS probes bound to the SK-BR-3 cells. However, once the con-
centration ratio is beyond 0.8:0.2, the attachment of sPS to SK-BR-
3 cells tends to saturate. Therefore, the concentration ratio of sPS to
cMB at 0.8:0.2 was chosen for the subsequent experiments. Moreover,

A

sPS/cMB (mg mL'/mg mL")
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Fig. 4. Detection of SK-BR-3 cells in PBS using PGM. (A) SK-BR-3cells with
different cell numbers (0, 50, 100, 200, 500, 800 and 1000 cells) were in-
cubated with cMB and sPS, followed by the incubation with sucrose. (B)
Calibration curve of PGM reading versus SK-BR-3 cell number. (C) The PGM
reading of the proposed CTC-detection method for A431 cells, Hela cells, SK-
BR-3 cells, and the mixture. Error bars: SD, n = 3.

in order to achieve the efficient and rapid capture of CTC, the incuba-
tion time of cMB and sPS with the SK-BR-3 cells was also investigated.
Fig. 3B shows that the PGM reading gradually increases with the ex-
tension of incubation time from 5 to 30 min and then almost remains
unchanged thereafter. Therefore, 30 min of incubation time is enough
for the microbeads (cMB and sPS) to bind the target cells.

3.5. Capture and detection of SK-BR-3 cells in buffer

Under the optimal experimental conditions, the performance of the
proposed approach for isolation and detection of CTC in PBS was in-
vestigated. Different numbers of SK-BR-3 cells (50, 100, 200, 500, 800
and 1000 cells) spiked in 1 mL PBS solution were incubated with cMB
and sPS. After magnetic separation and incubation with sucrose, the
samples were analyzed with the PGM. Fig. 4A displays the PGM read-
ings corresponding to different numbers of SK-BR-3cells. It can be
found that the PGM reading gradually increases with the increase of the
cell number. More importantly, according to Fig. 4B, we can find that
the PGM reading and the cell number shows a good linear relationship
in the range of 50-1000 cells with a R® of 0.9918. The linear equation is
Y = 0.0104X + 1.9009 (Y is the value of PGM reading and X is the cell
number). The detection limit is calculated to be 7 cells based on the 3o
rule, which is comparable or lower than previous reports (Table S1) but
with a much more cost-effective and simpler way. Moreover, a relative
standard deviation (RSD) of 5.6% for 500 cells (n = 6) was obtained,

=8} B

5 10 20 30
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40 50

Fig. 3. Optimization of experimental conditions: (A) different concentration ratios of sPS to cMB incubated with SK-BR-3 cells, and (B) different incubation time.

Error bars: SD, n = 3.
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Fig. 5. PGM reading for different numbers of SK-BR-3cells (100, 500, and
1000 cells) spiked in PBS and whole blood. Error bars: SD, n = 3.

which indicated a good reproducibility of the approach.

To investigate the specificity of the proposed CTC detection method,
the A431 cells (EpCAM-positive/HER2-negative), Hela cells (EpCAM-
negative), SK-BR-3cells (EpCAM-positive/HER2-positive), and the
mixture of the above cells were analyzed by this method. SK-BR-3 cells
(500 cells) were used as the target CTCs while A431 and Hela cells
(5000 cells) as control cells. According to Fig. 4C, the PGM readings for
the A431 cells and Hela cells only have slight increases compared with
the blank, while the SK-BR-3 cells with a 10-fold lower number of cells
lead to an obvious increase of the PGM reading. The results suggest that
our method has the specific cell recognition ability to distinguish
EpCAM-positive/HER2-positive cells from other cells. Moreover, the
PGM reading of the mixed cells shows a close PGM reading to that of
the SK-BR-3 cells, which indicates this method has high specificity to
detect the target CTCs in a large excess of negative cells. The high
specificity can be attributed to the dual recognition of the cells by two
different antibodies.

3.6. Capture and detection of SK-BR-3 cells in whole blood

In order to explore the potential application of the demonstrated
approach to complicated samples, various amounts of SK-BR-3 cells
(100, 500, and 1000 cells) were added into 1 mL whole blood to mimic
CTCs in clinical blood samples, and the spiked cells were isolated and
detected using the PGM method. Based on the results displayed in
Fig. 5, the PGM readings for the spiked cells exhibit minor variations
between whole blood and PBS, which indicates the promising appli-
cation of this strategy for the isolation and determination of CTCs in
real clinical samples.

4. Conclusions

In summary, an approach for highly specific and sensitive point-of-
care detection of CTCs in whole blood has been demonstrated. The
involvement of two distinct antibodies leads to the recognition and
binding of the target CTCs with high specificity, and the use of magnetic
beads and enzyme-loaded microspheres, respectively, results in effec-
tive isolation and sensitive detection of the captured CTCs. The com-
bination of the two means together with the PGM transduction realizes
point-of-care monitoring of the SK-BR-3cells down to a few cells.
Besides, the concept-of-proof verification of the method for detecting
CTCs in whole blood has also been verified. These demonstrations
therefore highlight the major advantages of our method for CTC de-
tection in terms of high sensitivity (with a low detection limit of 7 cells),
simplicity (point-of-care monitoring of CTCs in 1 h without complicated
procedures and instruments) and applicability for real samples (detec-
tion of CTCs directly in human blood). Yet, considering the fact that
CTCs may undergo epithelial to mesenchymal transition during me-
tastasis (Lecharpentier et al., 2011), which can result in the loss of ef-
ficacy for antibody-antigen interaction, the discovery of new recogni-
tion probes, such as aptamers will significantly enhance the
performance of our method in terms of specificity and versatility for
simple diagnosis of different cancers.
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