
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 8
:0

8:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhancement of
aCell Bench Research Center, Korea Advan

(KAIST), Daejeon 34141, Republic of Korea.
bDepartment of Internal Medicine, Seoul Nat

of Korea

† Electronic supplementary informa
10.1039/c7ra09212a

Cite this: RSC Adv., 2017, 7, 49684

Received 21st August 2017
Accepted 14th October 2017

DOI: 10.1039/c7ra09212a

rsc.li/rsc-advances

49684 | RSC Adv., 2017, 7, 49684–496
isolation sensitivity for the viable
heterogeneous circulating tumor cells swelled by
hypo-osmotic pressure†

Jiyoon Bu,a Young-Ho Cho *a and Sae-Won Hanb

We present a viable circulating tumor cell (CTC) isolationmethod based on hypo-osmotic swelling, which is

applicable to various size-based CTC isolation devices. The previous CTC filtration devices suffered from

the size overlap between CTCs and large leukocytes. Affinity-based size enhancement has been

employed to separate CTCs and leukocytes with similar sizes, but the size enhancement was confined to

the CTCs expressing specific surface proteins and the cell loss or viability reduction was inevitable when

detaching the antibody-conjugated beads from the captured CTCs. In contrast, hypo-osmotic swelling is

applicable regardless of the cancer cell types. The size increments of both epithelial- and mesenchymal-

like cancer cells were larger than that of leukocytes, with less than 10% of cell death at the osmolality of

190 mOsm kg�1. Consequently, cancer cell isolation was 1.2-fold enhanced with negligible reduction in

specificity or cell viability, when using one of the conventional CTC filters. We further explored the

improvements in CTC isolation using patients' blood samples and confirmed that the CTC detection rate

was enhanced when the samples were processed under hypotonic conditions. Our label-free cell size

increment technique can be widely applied to the various CTC filters, for enhancing the isolation of

heterogeneous CTCs.
Introduction

Metastasis is the leading cause of death among cancer patients,
since over 90% of human deaths due to cancer are strongly
associated with metastasis.1 Tumour metastasis involves
a series of processes, including invasion of a proliferative
tumour into the surrounding blood vessels, intravasation of the
tumour cells into the blood stream, and the secondary tumour
formation aer extravasation of the detached tumour cells.2

Circulating tumour cells (CTCs) are the cells that have been
detached from the primary tumour and circulate through the
peripheral blood during the metastasis. It has been reported
that the number and the characteristic of CTCs highly match
with the malignancy of a tumor.3,4 In this regard, CTCs have
huge potential as novel biomarkers that not only allow early
diagnosis of a tumour but also provide evaluation of treatment
effectiveness.5

A number of CTC isolation methods have been developed by
the advance in microuidics. Two of the most widely accepted
CTC isolation methods are the method based on marker-
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specic binding and the method utilizing the difference in
size or other physical properties between CTCs and other
blood cells.6 The affinity-based CTC isolation method relies on
the binding force between antibody and specic antigen,
which is widely expressed on the surface of CTCs. The only
FDA-approved CTC detection system, CellSearch®, also
enumerates CTCs using the antibody against epithelial cell
adhesion molecule (EpCAM). A number of devices, following
CellSearch® system, have immobilized anti-EpCAM anti-
bodies on the surface of various microuidic devices and
successfully isolated cancer cells that show high-EpCAM
expressions.7–12 However, considering that EpCAM expres-
sion is down-regulated aer cells experience epithelial-to-
mesenchymal transition (EMT), the method using anti-
EpCAM antibody might miss some of the CTC subtypes that
are more invasive and directly related to the metastasis.13

Other antibodies have been suggested to target these malig-
nant CTC subtypes, including vimentin, MUC1, and CAV1.14–16

These antibodies are also coated on the microuidic devices,
in order to replace or to supplement anti-EpCAM antibody.
However, these alternative antibodies either bind with leuko-
cytes or show only a slight improvement. Furthermore, most of
the marker-specic isolation methods require long incubation
time for the antibody conjugation and show low-throughput;
thus, the method is inappropriate for the rapid and reliable
tumour diagnosis.
This journal is © The Royal Society of Chemistry 2017
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Label-free methods for isolating CTCs have been developed to
overcome the problems associated with the affinity-based isola-
tion. These methods take advantage of difference in physical
properties between CTCs and other blood components. Larger
size and higher stiffness are two of the most distinct physical
properties of CTCs, when compared with the other blood cells.6,17

Based on these differences, membrane lters for the size-selective
capture18–22 and microuidic channels for the size-based separa-
tion23–25 have been proposed to isolate CTCs from human blood
samples. These devices can be operated at high ow rate and
require only simple experimental settings. Most importantly, the
label-free isolation is applicable to various CTC subtypes, regard-
less of the amount of specic surface protein expressions.
However, themethod has an innate limitation; either sensitivity or
purity is comparably lower than that of the affinity-based capture,
due to the size overlap between CTCs and large leukocytes.

Recently, novel techniques have been introduced to reduce the
bias associated with the size overlap between CTCs and leuko-
cytes. One of the methods is the concurrent use of marker-
specic and label-free isolation.26–28 Prior to the isolation, nano-
particles or microspheres that are immobilized with anti-EpCAM
antibodies are incubated with the blood samples, to amplify the
size of CTC-like cells. CTCs were then captured by the size-
selective isolation devices.26,27 As a result, these methods have
improved the CTC recovery rate and reduced the leukocyte
contamination by widening the size difference between CTCs and
other blood components. However, the size amplication was
limited to the certain type of CTCs; the cells that show high-
EpCAM expressions. Furthermore, the affinity-based size
enhancement lost advantages of size-based ltration method,
since it requires complex pre-treatments to attach microspheres
on the cells. The chemical damages are also inevitable when
detaching microspheres from the captured CTCs.

We propose a novel label-free method based on the hypo-
osmotic cell swelling, for widening the size difference between
CTCs and large leukocytes. Hypo-osmotic swelling has been
applied for purifying the mesenchymal stem cells from the body
uid, since these cells are tolerable against the changes in
osmotic gradients and show remarkable size enhancement
compared to the other blood components.29,30 In this respect,
the method can also be applied for heterogeneous CTC isola-
tion, since hypo-osmotic pressure not only has a potential to
increase the size of various CTC subtypes, but also cause
minimal damages on cancer cells when the osmolality is well-
controlled. Another important advantage of the present
method is that the cell swelling generally occurs within several
minutes;31 thus, unlike the previous immune-specic size
amplication, time-consuming pre-treatments are no longer
necessary. Therefore, hypo-osmotic cell swelling is expected to
improve the capture sensitivity of various size-selective CTC
isolation devices, without losing their unique advantages.

Materials and methods
Hypotonic solution preparation

Four different hypotonic solutions were prepared by simply
mixing the deionized water and 1� phosphate buffered saline
This journal is © The Royal Society of Chemistry 2017
(PBS) solution (Sigma chemicals, �280 mOsm kg�1) in the
ratio of 1 : 3, 1 : 2, 1 : 1, or 2 : 1, respectively. As a result,
hypotonic buffer solutions having osmolality of 210, 190, 140, or
95 mOsm kg�1 were produced. The optimal osmolality for the
viable CTC isolation was determined by comparing the viability
of MCF-7 cancer cells, aer exposing the cells on each of
different osmolality conditions for 30 min.

Cancer cell model preparation

Human breast cancer cell line MCF-7, which is well-established
epithelial-like CTC (ECTC) model, was donated from Ewha
Medical Research Institute. The cells were maintained in RPMI
1640 culture medium (Invitrogen), supplemented by 10% (v/v)
fetal bovine serum (Gibco) and 1% (v/v) penicillin–strepto-
mycin (Invitrogen), and grown in humidied atmosphere (5%
CO2) at 37 �C. Cells were passaged at 70% conuence until
passage three or four. In order to make mesenchymal-like CTC
(MCTC) model, EMT was induced by culturing MCF-7 cells in
pure RPMI medium containing 10 ng mL�1 of TGF-b1 (Thermo
Scientic), an established inducer of EMT. We quantied the
mRNA levels of EMT-related markers of ECTC and MCTC
models, prior to the experiments (ESI S1†). Both ECTC and
MCTCmodels were cultured for 48 h and harvested right before
the experiments.

Leukocytes preparation

Leukocytes were collected by following the conventional Ficoll-
Paque Plus (GE Healthcare Bio-sciences) density gradient
method. In brief, blood samples, obtained from the healthy
volunteers, were diluted with PBS solution in the ratio of 1 : 2.
The diluted samples were carefully laid above 3 mL of Ficoll-
Paque Plus solution. Subsequently, peripheral blood mono-
nuclear cells (PBMCs) were gently harvested aer the centrifu-
gation at 3000 rpm for 20 min, without any break or
acceleration. Further centrifugation was conducted at 2500 rpm
for 25 min to collect the leukocytes. Supernatant was removed
and leukocytes were contained in the identical volume of PBS
solution to that of the original blood sample. All human blood
samples were obtained aer KAIST institution review board
(IRB) approval.

Cell viability analysis

The viability of breast cancer cells and leukocytes was measured
based on two-colored live/dead viability assay (Invitrogen).
Cancer cells were harvested from the original culture ask and
gently moved to 1.5 mL tube, at the concentration of approxi-
mately 5.0 � 104 cells per mL. Leukocytes were also diluted with
PBS solution to a similar concentration. Cells were collected at
3000g for 3 min and the supernatant was removed. Hypo-
osmotic pressure was induced by resuspending the cells in
hypotonic buffer solution. Another centrifugation was con-
ducted aer 15 or 30 min of exposure in hypotonic condition
and cells were stained with live/dead double staining kit, which
consists of 4.0 mM of uorescein isothiocyanate (FITC) conju-
gated calcein acetoxymethyl (calcein AM) and tetrame-
thylrhodamine (TRITC) conjugated ethidium homodimer (ET)
RSC Adv., 2017, 7, 49684–49693 | 49685
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in PBS solution. Cells were collected again by centrifugation at
3000g for 3 min aer 20 min of live/dead staining and the
staining solution was replaced with 1 mL of PBS solution.
Viability was measured aer loading 80 mL of the nal sample
into each chamber of 96-well plate. The optimal osmolality for
the viable CTC isolation was determined by analysing the cell
viability.
Cell size measurement

Changes in cell size was measured by two different methods: (1)
changes in cell volume (or diameter) were measured using
automated Scepter 2.0 cell counter (Millipore) and (2) changes
in surface area were evaluated based on MetaMorph soware
(Molecular Devices). In case of measuring the changes in cell
volume via cell counter, cells were initially contained in 1 mL of
PBS solution. The volume distribution was measured for 0 to
30 min at different intervals (for every 30 s until 1 min, for every
1 min between 1 to 6 min, for every 2 min between 6 to 10 min,
and for every 5 min between 10 to 30 min). The average volume
was calculated for each time period, by continuously measuring
the cell volume distribution from the same group. The average
volume was normalized by comparing with the initial volume.
The standard deviation of the normalized values was calculated
by analysing the differences in the normalized values, which
were obtained from more than three different groups for each
cell type (n > 3).

Meanwhile, changes in surface area were calculated aer
harvesting and seeding the cells on 24-well plate with 200 mL of
PBS solution. Aer an hour of incubation to settle cells down on
the plate, deionized water was gently infused through the
chamber at the optimal ratio. The images of swollen cells were
taken at different intervals for 30 min (every 10 s until 1 min and
every 1 or 2 min until 30 min). Total surface area occupied by
the cells was calculated based onMetaMorph image processing.
Model sample preparation

Model samples consist of approximately 25 cancer cells in
1.5 mL of either blood or PBS solution, which have been diluted
at the optimal ratio with deionized water (hypotonic condition)
or PBS solution (isotonic condition). Prior to the isolation,
cancer cells were stained with CellTracker green (Molecular
Probes, Inc.) by following the manufacturer's instructions.
Human blood sample preparation

Approximately 2 mL of whole blood was collected from six
colorectal cancer patients by Seoul National University Hospital
(SNUH), aer IRB approval and patients' agreements. Mean-
while, the same amount of four blood samples were obtained
from healthy volunteers with KAIST IRB approval. Blood
samples were stored in ethylenediaminetetraacetic acid (EDTA)
tubes (Vacuette, greiner bio-one) to prevent the coagulation.
Likewise in preparing model samples, 1 mL of human blood
samples were diluted with either deionized water (hypotonic
condition) or PBS solution (isotonic condition) at the optimal
ratio determined by the previous experiments.
49686 | RSC Adv., 2017, 7, 49684–49693
CTC isolation

Cancer cells were isolated using our mass-producible fabric
lters, which have been recently published.18 Details are shown
in ESI S2† and in our previous work.18 In brief, the fabric lters
have slots of 7.6 � 1.8 mm (warp to warp) � 48.2 � 2.9 mm (we
to we), which is smaller than the average diameter of cancer
cells used in our study (approximately 12.7 mm and 13.7 mm for
ECTCs and MCTCs, respectively). For the cancer cell isolation,
we rst infused 1 mL of optimal hypotonic buffer solution (PBS
solution diluted with deionized water) through the lter. Then,
the model samples or human blood samples were ltered
through our device at the ow rate of 25 mL h�1. Prior to the
isolation, cells were pre-incubated in hypotonic condition for
6 min, to widen the size difference between cancer cells and
leukocytes. Aer processing the samples, we additionally pro-
cessed 2.5 mL of hypotonic buffer solution through the lter, to
eliminate the remaining leukocytes and erythrocytes. The
captured cells were then released from the lter by manually
infusing 4 mL of trypsin in the reverse direction. The retrieved
samples were diluted with 8 mL of PBS solution and collected
aer 3 min of centrifugation. Cells were kept in 200 mL of fresh
PBS solution. Total time required for isolating and collecting
the cancer cells (including retrieval and centrifugation process)
from 1 mL of whole blood was less than 22 min. In case of
control experiments, which are processed in isotonic condition,
PBS solution was used instead of hypotonic buffer solution for
the entire process.
Characterization of CTC isolation

The capture sensitivity was measured by comparing the number
of cancer cells that have clogged into the lter, with the initial
number of cancer cells spiked into the model samples. The
viability of the retrieved cancer cells was analyzed based on two-
colored live/dead viability assay. In case of viability measure-
ment, the initial number of cells in model samples were 1 � 103

and the cells were unstained with any uorescent marker. The
leukocyte contamination was measured aer processing 1 mL
of human whole blood samples obtained from healthy donors.
The retrieved cells were attached to the microscope slides by
cyto-spin and the number of leukocytes was counted aer
immunouorescence staining. Cells that show positive to both
CD45 and DAPI are counted as leukocytes.
Immunouorescence analysis for CTC enumeration

The retrieved cells were attached to the microscope slides by
cyto-spin. Cells were xed by 1% paraformaldehyde (Santa Cruz
Biotechnology) for 20 min and washed with PBS solution. Per-
meabilization was conducted by dipping the microscope slides
in 0.5% Triton X-100 solution for 30 min. The slide glasses were
then immersed in a blocking solution, containing 3% of bovine
serum albumin (Sigma chemicals) in PBS buffer, to prevent the
non-specic binding of the leukocytes. Cells were stained for an
hour, with FITC-conjugated anti-cytokeratin (15 : 1000 diluted
in PBS, BD Biosciences), PE-conjugated mouse anti-human
CD45 (20 : 1000 diluted in PBS, BD PharmingenTM), Cy5-
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Experimental procedure for highly-sensitive viable circulating
tumor cell isolation based on hypo-osmotic swelling.

Fig. 2 Viability of cancer cells and leukocytes after hypo-osmotic
swelling: (a) viability of MCF-7 cells depending on the osmolality; (b)
two-colored live/dead assay showing the viability of MCF-7 cells
depending on the osmolality; (c) viability of cancer cells and the
leukocytes in hypotonic solution having osmolality of 190 mOsm kg�1.
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conjugated anti-EpCAM (15 : 1000 diluted in PBS, BioLegend)
and 40,6-diamidino-2-phenylindole (DAPI, 10 : 1000 diluted in
PBS). Finally, microscope slides were washed with fresh PBS
solution. CTCs were counted by analyzing the images taken
from the microscope. The cells expressing cytokeratin+/DAPI+/
CD45� and having larger size than the average size of the
background leukocytes were counted as CTCs.32a Among these
CTCs, the cells showing signicant expression of EpCAM are
considered as EpCAM positive or epithelial-like CTCs while
others were counted as CTCs with weak EpCAM expressions or
mesenchymal-like subtypes. For the details, we have referred to
the criteria of the previous study with a little modication in the
intensities.32b CTCs expressing EpCAM intensity higher than
130% of the background is regarded as EpCAM positive CTCs
while others were counted as EpCAM-weak CTCs.

Results and discussion
The optimal osmolality for the viable CTC isolation

Fig. 1 describes the overall experimental scope of the present
study. We rst compared the viability of MCF-7 cells, to
determine the optimal osmolality for the viable CTC isolation.
Viability of MCF-7 cells was observed aer 15 and 30 min of
exposure in four different hypotonic solutions, having osmo-
lality of 210, 190, 140, and 95 mOsm kg�1, respectively (Fig. 2a
and b). There was no signicant reduction in viability at the
osmolality above 140 mOsm kg�1. Cell viabilities were 94.9 �
2.8%, 90.5 � 1.3%, and 87.9 � 3.3% aer inducing hypo-
osmotic pressure for 30 min at the osmolality of 210, 190,
and 140 mOsm kg�1, respectively. However, only 62.8 � 4.0%
of cells remained alive when the osmolality was reduced to 95
mOsm kg�1.

Similar results have been reported in the previous studies. It
has been widely known that the majority of mammalian cells
can withstand the hypo-osmotic gradient above the certain
osmolality. Hampton et al. proved that the cells can tolerate the
hypo-osmotic pressure, at the osmolality ranging from 310 to
165 mOsm kg�1.33 Kippenberger et al. have veried that
there was no signicant proof of cell death when the cells
were maintained in hypotonic medium with osmolality of
200 mOsm kg�1.34 However, cancer cells were unable to tolerate
when the osmolality was reduced up to 22% of the isotonic
condition.35 Groulx et al. have shown that the most of the cancer
cells burst before 15 min at extreme (98%) hypotonic condition,
while tolerating 50% of hypotonicity.36 Therefore, we conclude
that the osmolality should not exceed 140 mOsm kg�1 for the
viable CTC isolation. We chose to isolate cancer cells under
osmolality of 190mOsmkg�1, to ensure the cell viability over 90%.

We further extended cell viability experiments to MCTCs and
leukocytes. Viabilities of MCTCs and leukocytes were 95.5 �
2.0% and 88.0 � 2.2%, respectively, when the cells were main-
tained for 30 min in hypotonic solution, having osmolality of
190 mOsm kg�1 (Fig. 2c). We observed a slight difference
between the viabilities of ECTCs and MCTCs. MCTCs show
higher resistance to the osmotic stress compared to the
epithelial cancer cells. In addition, viability of cancer cells was
higher than that of leukocytes.
This journal is © The Royal Society of Chemistry 2017
Hypo-osmotic pressure has been applied for separating
mesenchymal cells from human body uids, since the cells
tolerate well under hypotonic solution.29,30 It has been
RSC Adv., 2017, 7, 49684–49693 | 49687
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demonstrated that 30 min of exposure in hypotonic condition
do not inuence neither proliferation ability nor viability of
mesenchymal cells.29,30 In this manner, we can estimate that the
hypotonic solution can also be applied for isolating CTCs,
especially the mesenchymal-like CTCs which were difficult to be
isolated with the previous CTC isolation methods.
Changes in cell size under hypotonic condition

We measured the changes in volume and surface area of three
different cell types, aer inducing hypotonic pressure for
30min. The average cell volume wasmeasured using automated
cell counter. The volume of both ECTCs and MCTCs increased
rapidly compared to the leukocytes at the optimal hypotonic
condition (Fig. 3a). Cancer cells swelled rapidly until 2–4 min,
maintained their volume for the next several minutes, and
shrank gradually aer 15 min. In contrast, the volume of
leukocytes increased only 46.4% for the rst 2 min, which was
much lower than either of CTC models (58.8% for ECTCs and
Fig. 3 Changes in cell size due to hypo-osmotic swelling at the osmolalit
changes in cell diameter depending on time (top: 0–10 min and bottom

49688 | RSC Adv., 2017, 7, 49684–49693
67.5% for MCTCs). Moreover, the maximum volume increase of
leukocytes was also smaller than that of cancer cells during
30 min of exposure in hypotonic condition (60.4%, 68.9%, and
49.6% for ECTCs, MCTCs, and leukocytes, respectively). The
differences in normalized volume changes between cancer cells
and leukocytes were conrmed statistically by calculating the
differentiation indices (DIs).37 DIs for the normalized volume
changes between both ECTC–leukocytes and MCTC–leukocytes
were higher than 1 for 0 to 15min, implying that the cancer cells
are highly distinguishable from leukocytes by swelling more
rapidly and larger at the given osmolality (ESI S3†).

It is important to compare the diameters when ltering the
cells or small particles, since the lters are generally designed to
capture cells or particles having diameters larger than the slot
size. Hence, the changes in volume were modied into the
diameter as shown in ESI S4.† One of the experimental data
showing changes in cell diameter distribution for each cell type
is given as an example in Fig. 3b. Even when calculated in terms
y of 190 mOsm kg�1: (a) changes in cell volume depending on time; (b)
: 0–30 min); (c) changes in cell surface area depending on time.

This journal is © The Royal Society of Chemistry 2017
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of diameter, cancer cells showed larger size increment
compared to the leukocytes, with the maximum differences of
6.0% and 9.7% for ECTCs and MCTCs, respectively. We further
analyzed the changes of cell size in terms of surface area, by
acquiring and analyzing the images of swollen cells for 30 min.
Acquired images are given in Fig. 3c and the details are provided
in ESI S5.† This result also support that the cancer cells swell
more rapidly compared to the leukocytes; thus, suggesting that
the hypo-osmotic gradients have potential to enhance the
sensitivity of CTC capture by increasing the size difference
between CTCs and large leukocytes.

It has been extensively known that the cell volume is critical
factor for maintaining the cellular functions.38 Initially, when
the hypo-osmotic pressure is applied to the mammalian cells,
uptake of water across the cellular membrane results in cell
swelling. The majority of mammalian cells swell in hypotonic
condition, due to their large plasma membrane reserves and
compensatory exocytosis.36,39 Leukocytes, having near-spherical
shapes and smaller initial volume than the cancer cells, consist
of smaller membrane reserves; therefore, cell swelling is more
limited.36 However, aer certain amount of time, cells stop to
swell and starts to shrink due to the process called regulatory
volume decrease (RVD), in which swollen cells shrink by
releasing potassium and chloride ions with other osmolytes and
water.31 Cells that are more likely to survive under hypo-osmotic
solution, MCTCs in case of our study, tend to overcome the
osmotic stress more easily by shiing to their original phase.
Due to the RVD, difference in the normalized volume changes
between cancer cells and leukocytes diminishes aer 15 min.
Therefore, to take an advantage of selective cell size amplica-
tion, CTC isolation should be performed before 15 min of
exposure at the osmolality of 190 mOsm kg�1. Most of the
current high-throughput CTC ltration devices are operated at
the ow rate between 10 and 225 mL h�1.18–22,40,41 Considering
that the cancer cells reach over 90% of their maximum volume
before 3 min of exposure at the osmolality of 190 mOsm kg�1,
12 min is sufficient for processing 1 mL of human blood
samples, even when diluted with deionized water at the ratio of
2 : 1. However, when processing larger amount of samples or
using lters with lower throughput, pre-treatment with potas-
sium channel blockers or processing at the lower temperature
can diminish the effect of RVD and maintain the size difference
between CTCs and leukocytes.36,42
Fig. 4 CTC isolation enhanced by hypo-osmotic swelling: (a) images
of the captured cancer cells; (b) osmolality-dependent capture effi-
ciency of the cancer cells spiked into PBS solution; (c) osmolality-
dependent capture efficiency of the cancer cells spiked into human
blood obtained from healthy donors; (d) osmolality-dependent
leukocyte contamination rate; (e) osmolality-dependent viability of the
retrieved cancer cells.
CTC isolation enhanced by hypo-osmotic swelling

We rst compared the CTC capture sensitivity, with and without
inducing hypotonic pressure, in order to clarify that the cell
swelling enhances CTC isolation. We used our mass-producible
fabric lters as representative CTC ltration devices, which have
been recently developed for the viable CTC isolation.18 In our
previous study, we have succeed in isolating viable CTCs with
high throughput (25 mL h�1); however, the sensitivity was
comparably low by showing capture efficiency of 60–65% at the
given ow rate.18

Fig. 4a and b show the capture sensitivity enhanced by hypo-
osmotic swelling, when the cells were spiked into PBS solution.
This journal is © The Royal Society of Chemistry 2017
Capture sensitivity for ECTCs was 1.18-fold enhanced by hypo-
osmotic gradients (71.9 � 4.2% vs. 60.8 � 8.0%; p ¼ 0.061).
Likewise in MCTCmodels, capture sensitivity was also 1.20-fold
increased aer hypo-osmotic swelling (71.3 � 4.5% vs. 59.5 �
7.5%; p ¼ 0.057). P-Values were near 0.05 for both cell types,
indicating that there is a meaningful difference in between two
conditions.

Similarly, the capture sensitivity has also increased when the
cancer cells were spiked into human blood samples, instead of
PBS solution (Fig. 4c). In this case, we spiked cancer cells into
the mixture of 1 mL of human whole blood and 0.5 mL of
deionized water. Cells were kept in mixed solution for 6 min, to
widen the size difference between cancer cells and leukocytes.
In case of control experiments (isotonic condition), human
blood samples were diluted with PBS solution, instead of
deionized water. The capture sensitivities for both ECTCs
(67.4 � 0.7% vs. 59.3 � 8.6%; p ¼ 0.144) and MCTCs (66.6 �
6.4% vs. 56.9� 7.7%; p¼ 0.146) have been improved as the cells
were processed in hypotonic condition. Although the signi-
cance has been weaken, we can still estimate that there is a weak
RSC Adv., 2017, 7, 49684–49693 | 49689
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tendency showing the difference in capture sensitivity (p < 0.15).
Another important nding was that the hypo-osmotic pressure
was benecial for enhancing the sensitivity of cancer cells,
regardless of their phenotype. The previous size amplication
method which rely on binding force between antibody and
antigen, could not effectively increase the size of the cancer cells
that do not express specic surface antigens, sufficiently.26–28 In
contrast, our method has enhanced the capture sensitivity for
both epithelial and mesenchymal cancer cells at the similar
ratio (1.13-fold vs. 1.17-fold).

We further analysed the decrease in the specicity, which is
mainly due to the size increase of the leukocytes (Fig. 4d). We
measured the number of leukocytes in the retrieved samples
and calculated the leukocyte depletion ratio, aer processing
four human blood samples obtained from healthy donors. The
average number of the captured leukocytes in 1 mL of human
blood were 330.0 � 73.3 at 190 mOsm kg�1 and 311.5 � 77.4 at
the 280 mOsm kg�1, respectively (p ¼ 0.087). When considering
that the total number of leukocytes in 1 mL of human whole
blood range from 4 to 10 millions, increase in leukocyte
contamination due to the hypo-osmotic pressure is negligible.
Over 99.9% of leukocytes were eliminated in all four human
blood samples, regardless of the osmolality. Consequently, the
specicity reduction was less than 6% under hypotonic condi-
tion, since the leukocytes swell smaller and more slowly than
the cancer cells.

For the next step, we conrmed the viability of the isolated
cancer cells (Fig. 4e). The experiments were conducted to clarify
that the cells are still viable, even aer exposed to the combined
effect of osmotic andmechanical stresses, which are induced by
hypo-osmotic pressure and squeezing during the isolation
process, respectively. The viability reduction due to the osmotic
pressure was insignicant for both ECTCs (82.1 � 2.1% vs.
85.7 � 5.7%; p ¼ 0.449) and MCTCs (80.5 � 2.5% vs. 80.2 �
3.6%; p ¼ 0.917). The cell viability obtained aer the isolation
process was highly correlated with the results obtained from the
previous experiments. Mesenchymal-like cancer cells, which are
Fig. 5 Fluorescence microscope image of isolated circulating tumor cel
(green), and CD45 (red).

49690 | RSC Adv., 2017, 7, 49684–49693
more tolerable to the changes in osmolality, showed lower
reduction in viability compared to the epithelial cancer cells.
However, irrespective to the cell type, the viability reduction
induced by the hypo-osmotic pressure show no signicance
(p > 0.449).

Though we have applied hypo-osmotic swelling to our fabric
lters only, the method can be broadly applied to various size-
based CTC isolation devices. However, the enhancement in
capture sensitivity might differ depending on the size of the
slots or the processing conditions. Another important advan-
tage of applying hypo-osmotic pressure during CTC isolation is
that the method is benecial for capturing CTCs with high
invasive potentials, which were easily missed with the previous
devices or methods. Size-selective isolation methods have
higher chances to capture EpCAM down-regulated CTCs
compared to the affinity-based approaches, but still suffer from
capturing these subtypes. EMT not only induces cells to lose
their EpCAM expressions but also meditates cells to possess
higher deformability.43 As a result, the mesenchymal CTCs have
higher potential to escape from the slots. In this regard, hypo-
osmotic cell swelling can be a preferable option for mini-
mizing the loss of these more invasive CTCs.
Verication of enhancement in CTC isolation using clinical
samples

Clinical application has been demonstrated using ten human
blood samples, obtained from six patients with colorectal
tumour and four healthy donors, respectively (Fig. 5). Prior to
the clinical study, we have demonstrated that our system is also
applicable for detecting colorectal CTCs, by using human
colorectal cancer cell line SW620 (ESI S6†). Table 1 shows the
number of CTCs detected under isotonic and hypotonic
conditions, respectively. The clinical data for each patient is
supplied in ESI S7.† The results can be summarized as followed:
(1) all six patients' samples showed at least three CTCs, when
the blood samples were ltered under hypotonic condition. (2)
Meanwhile, none of suspicious CTC-like cells were detected in
ls and leukocytes stained with DAPI (blue), EpCAM (green), cytokeratin

This journal is © The Royal Society of Chemistry 2017
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Table 1 The number of circulating tumour cells detected in human blood samples depending on osmolality

Sample ID Stage/state

Hypotonic (190 mOsm kg�1) Isotonic (280 mOsm kg�1)

Total EpCAM positive CTCs EpCAM weak CTCs Total EpCAM positive CTCs EpCAM weak CTCs

P1a III/recurred 12 10 2 9 8 1
P2 I/recurred 17 13 4 13 11 2
P3 IV/initial 6 5 1 6 5 1
P4 III/recurred 3 3 0 2 2 0
P5 IV/initial 4 4 0 0 0 0
P6 IV/initial 8 4 4 4 4 0
H1b — 0 0 0 0 0 0
H2 — 0 0 0 0 0 0
H3 — 0 0 0 0 0 0
H4 — 0 0 0 0 0 0

a Samples obtained from colorectal cancer patients. b Samples obtained from healthy donors.
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the samples obtained from healthy donors. (3) Hypo-osmotic
pressure enhances the CTC detection rate, by isolating more
or same number of CTCs in all six patients' samples. (4) The
improvement in detection rate was not only conned to EpCAM-
positive CTCs, but also to CTCs having weak EpCAM expres-
sions. (5) Furthermore, CTC purity in retrieved samples has
been enhanced. This implies that despite of increase in the
number of leukocytes, the number of CTCs increased more
signicantly.

Particularly, CTCs were observed in all six colorectal cancer
patients' samples in the experiments conducted at the hypotonic
condition. Meanwhile, none of CTCs were found in one of the
patients' samples (sample P5) under isotonic condition. More or
same number of CTCs were isolated in hypotonic condition,
without any exception. The enhancement in CTC detection due to
the hypo-osmotic cell swelling was statistically signicant (8.3 �
4.9 CTCs per mL vs. 5.6 � 4.3 CTCs per mL; p ¼ 0.014).

As described in the previous sections, hypo-osmotic cell
swelling is benecial for improving the detection of EpCAM
down-regulated CTCs. This has been proved by enumerating the
CTCs with weak EpCAM expressions. EpCAM down-regulated
CTCs were found in four of six patients' samples in hypotonic
condition, with average number of 1.8 � 1.7 CTCs per mL.
Meanwhile, this subtype was detected in only half of the
patients' samples in isotonic condition, with the average
number of 0.7 � 0.7 CTCs per mL. As a result, the proportion of
EpCAM down-regulated CTCs was 18% in hypotonic condition,
which was more than twice higher than that in isotonic
condition.

We also calculated the purity in terms of the number of CTCs
over the total number of cells retrieved aer entire ltration
process (ESI S8†). Despite of increase in the number of leuko-
cytes in hypotonic condition, purity was higher for all cases with
only one exception (sample P3). The results reveal that the
number of isolated CTCs increased more sharply compared to
the number of leukocytes. The average purity of CTCs in hypo-
tonic condition was 2.7 � 1.3%, which was signicantly higher
than the control cases, showing CTC purity of 1.9 � 1.3% (p ¼
0.011). Therefore, not only the sensitivity, but also the purity for
CTC isolation can be enhanced by applying osmotic stress.
This journal is © The Royal Society of Chemistry 2017
The clinical relevance between the number of CTCs and the
patients' clinical data was difficult to be found at this moment,
since the number of samples were too small to derive the
statistical signicance. Comparatively large number of CTCs
were found among patients with recurrent tumour (10.7 � 7.1
CTCs per mL vs. 6.0 � 2.0 CTCs per mL; p ¼ 0.334), but the
statistical signicance was poor. However, we can still expect
that our method is applicable for characterizing the possibility
of metastasis, since all the patients involved in our study have
experienced metastasis and also showed at least three CTCs in
1 mL of blood samples.
Conclusions

We have applied hypo-osmotic cell swelling for CTC ltration,
in order to enhance the CTC isolation sensitivity by increasing
the size difference between cancer cells and large leukocytes.
Regardless of their phenotype, cancer cells were highly tolerable
to the osmotic gradients. Over 90% of cancer cells maintained
their viability, aer 30 min of exposure at the osmolality of
190 mOsm kg�1. Consequently, 80–82% of cancer cells
remained alive even aer the ltration process. The cell swelling
was also benecial for selectively amplifying the size of cancer
cells. Depending on the phenotype, cancer cells showed
maximum 55–70% of volume increase during 30 min of expo-
sure on hypotonic solution, while less than 50% of size increase
was found from leukocytes. As a result, cancer cell capture
efficiency was approximately 1.2-fold increased. Clinical study
has been demonstrated using ten human blood samples. CTCs
were found in all six colorectal cancer patients' samples, while
none was detected among healthy volunteers. Both the number
of CTCs and CTC detection rate were enhanced by hypo-osmotic
swelling. Most importantly, our method was advantageous for
detecting the mesenchymal-like CTCs, which were easily missed
by the previous CTC isolation methods. Since EMT meditates
cancer cells to lose their EpCAM expressions and enhances cell
deformability, CTC isolation methods based on both
biochemical and biophysical properties suffer from capturing
these subtypes. By inducing hypo-osmotic stress to these
subtypes, capture efficiency has been highly improved; thus, we
RSC Adv., 2017, 7, 49684–49693 | 49691
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have succeed in capturing 1–4 CTCs with low EpCAM expres-
sions in six out of four cancer patients.

For the future work, we are planning to extend our study by
applying our new method to other size-based CTC isolation
devices. Next, we are expecting to nd clinical meanings by
conducting further analysis on patients' blood samples and
increasing the sample numbers. In summary, hypo-osmotic cell
swelling enhances the sensitivity of CTC isolation and has
potential to enhance the clinical signicance of CTC-based
cancer research.
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