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ABSTRACT

Circulating tumor cells (CTCs) have
been recognized as holding extraordinary
potential for disease management in cancer
patients including prognostic, therapy, and
monitoring disease progression. Sensitive
and quick detection of CTC could enable the
approach to patients with early-stage and
metastatic cancer. The technical challenge
in this field consists of finding rare tumor
cells (just a few CTCs in 1 ml of blood) and
being able to distinguish them from epithelial
non-tumor cells and leukocytes. The current
methodologies have significant limitations
such as low capture efficiency, cannot

capture live cells and time consuming. This
paper presents the development of a new
generation of microfilter for size-based
isolation of CTCs in epithelial cancer using
silicon nitride membrane filters 0.5 cm by 0.5
cm square sheets with slit shaped pores of
5um by 15um. We evaluated the sensitivity
and efficiency of CTCs capture in a model
system using the MCF-7 cells (breast cancer
cells) spiked in the blood from the healthy
donors. Preliminary results this research
shown that silicon nitride membrane filter is a
very good candidate to be CTCs detection
platfo.
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INTRODUCTION

Cancer is a leading cause of death worldwide
and the most important determinant of prognosis
and management of cancer is the absence or
presence of metastasis [1-2]. The spread of tumor
cells from primary tumors to peripheral blood is
referred to as circulating tumor cells (CTCs) who
can travel to distant organs through blood stream
and form new tumors called metastases, those are

responsible for the majority of cancer related
deaths [3-4]. CTCs have attracted much recent
interest in cancer research as a potential
biomarker and as a means to study the process of
metastasis. However the concept of circulating
tumor cells is not a new one. It has long been
understood that metastasis is a hallmark of
malignancy by the “seed and soil” theory of
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metastasis formation, which predicted the
existence of circulating tumor cells was first
expounded in the late nineteenth century [5-7].

CTCs are recognized as holding
extraordinary potential for disease management
in cancer patients such as prognosis, therapy and
monitoring of cancer. However, there are
significant technical challenges in their isolation
because CTCs exist in extreme rarity in blood
even in patients with advanced disease. Indeed,
CTCs are as few as 1 cell per 109 hematologic
cells in the blood [8]. Several technologies are
available to detect CTCs from whole human
blood, ranging from density gradient
centrifugation [9], micro-fluidic devices [8-11]
and fast scanning flow cytometry [12] to
commercially available technology based on the
use of immunomagnetic beads [13,14]. However,
these methodologies have significant limitations
such as low capture efficiency (~70 % for density
gradient centrifugation), labor intensive and
subject to a large range of yield (9-90 %) due to
variable expression of surface markers (for the
technologies based on predominant existence on
CTC surface of epithelial marker proteins such

as epithelial cell adhesion molecule) [15].

Isolation of CTCs based on cell size using
polycarbonate filters [16] and parylene-C
membrane [17-18] have been demonstrated to be
an efficient, inexpensive and user friendly way
for enrichment of CTCs [16-19] by exploiting
the fact that circulating epithelial tumor cells are
significantly larger than the surrounding blood
cells [16]. However these membrane filters have
significant limitations such as large thickness
(normally more than 10 um) [17] which increase
the transmembrane pressure and the time
consumption resulting in the cell damage, low

recovery rates and inefficiency of CTCs capture.
Unlike classical technology, membrane filters
fabricated with microfabrication techniques that
used in semiconductor technology have several
advantages in this application. The pores, the
size-pores distribution and inter-pore distance
can be precisely controlled by photolithographic
methods and anisotropic etching. Filters with
small thickness and smoothness pores have an
extremely small flow resistance, which reduces
processing time and filter fouling. With batch
fabrication, this technology can be very cost
effective, which makes it suitable to develop
devices for routine test in the clinics.

In this study, we used silicon nitride (SiN) to
fabricate the CTC capture filter. This material
haves several properties, which make it a very
good candidate for this application. As a high
biocompatibility, bio fouling and cell rupture are
expected to be minimal for SiN membrane. This
is one of hardest materials known and is therefore
well resistant against wear, which allows
fabricating filters with very small thickness that
supported by a rigid silicon support. The material
is hydrophilic, inert to almost any chemical and
can stand temperatures up to 800°C. The
membrane made from SiN is flat with a surface

roughness smaller than 10 nm. The combination
of a very smooth surface and low transmembrane
pressure makes the SiN membrane filters less
sensitive to the fouling problems and suitable
used in many filtration fields including yeast cell
filtration of beer [20], leukocyte depletion from
whole blood without activation of blood platelets
[21], for hepatocyte sandwich culture [22], etc.
However, the CTCs capture application of SiN
membrane filter has not been available or found
in the publications. In this study, we used the SiN
membrane filter to evaluate the capacity of tumor
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cells capture by a model system using MCF-7
cells (breast cancer cells) spiked in the blood of
free-cancer healthy donors. The purpose of study
MATERIALS AND METHODS
Materials

Calcein-AM  and  propidium  iodide
“Live/Dead Cell Double Staining Kit” was
purchased from Sigma-Aldrich (Germany). The
chemicals were purchased from MERCK
(Singapore). MCF-7 cells were maintained and
analyzed at Molecular Biotechnology Laboratory
(University of Sciences, HCM city). The SiN
membrane filters were generously provided by
Nanosens Company (Berkelkade 11, 7201 JE,
Zutphen, Netherlands) according to our design.
Design of devices

Design of filtration membrane is 0.5 cm by
0.5 cm square sheets using slit shaped pores that
were formed by etching rectangular masks of 5
pum by 15 um with 10 um edge to edge distances.
The membrane filters were fabricated by low
stress silicon nitride that is deposited on two
sides of a <110> n-type double-sided polished

Inflow
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SiNmembrane

is to develop a novel membrane microfilter for
CTC:s isolation based on size difference in blood
of cancer patients.

silicon wafer by means of LPCVD (Low-
Pressure Chemical Vapor Deposition).

Membrane filter assembly

Individual membrane filter was cut from the
whole 4 inch wafer with dicing equipment (NDS
150, AM Technology) and sandwiched between
two pieces of polydimethylsiloxane (PDMS) with
wells to form a sealed chamber (Fig. 1). The
fluidic accesses to the filter were provided from a
15 ml conical tube containing the sample, which
was connected to the constant pressure fluid
delivery system as a reservoir. This system used
pressure from a nitrogen tank which was
downregulated accurately by adjusting a needle
valve to 0.1 to 10 psi. Sample and washing buffer
were collected in conical tube at the bottom
chamber (Fig. 1).

Pressure gauge

Needle valve
Regulator

=

Nitrogen tank

Sample

Fig. 1. Assembly of SiN membrane microfilers and constant pressure fluidic delivery system

Trang 37



Science & Technology Development, Vol 17, No.T2- 2014

Sample preparation

Cultured MCF-7 cells derived from human
metastatic breast carcinoma were grown in
DMEM medium, supplemented with 10 % FCS
(Sigma-Aldrich) in a 75 cm?® or 25 cm? tissue
culture flask (Corning) and maintained in a
humidified incubator at 5 % CO2 and 37°C.
Tumor cells were counted manually on
hemacytometers. Cell viability was measured
using a dye exclusion method (Invitrogen Corp.)
where for each experiment; the cell viability
showed > 90 % healthy cells after detachment
from culture flask and washing steps. The tumor
cells were stained with The “Live/Dead Cell
Double Staining Kit” (Sigma-Aldrich), which is
utilized for simultaneous fluorescence staining of
viable and dead cells. This kit contains calcein-
AM and propidium iodide (PI) solutions, which
stain viable and dead cells, respectively. The
stained cells were serially diluted in phosphate
buffered saline (PBS) to the desired
concentration for device testing. For recovery
testing, the cells were diluted to between 10 and
10° cells/ml to minimize dilution and counting
errors the cell counts were repeated 10 times.
Blood samples were drawn from the free-cancer
healthy donors into EDTA tubes and processed
within 24 hours.
Flow rate characteristics

To provide constant pressure source at the
inlet of the microdevice, pressure regulators were
connected in series from a nitrogen tank to a
working range of 0.1 to 10 psi. A pressure meter
was connected near the inlet of the device to
monitor the pressure source. For each
measurement, sample solution was first injected
into an inlet reservoir with the 1 psi pressure
source in the “closed” position. Upon opening the

valve to the pressure source, the time and flow
rate were recorded where the flow rate was
monitored through mass change in the collection
tube.

Recovery rate measurements

It is very difficult to detect the CTCs in the
blood of cancer patient; therefore we simplified
the recovery rate measurements by mixing of
tumor cells in to diluted blood from healthy
donors as a model system in order to mimic real
samples. To measure the ability of microfilter to
capture selectively the tumor cells from blood
cells, stained cultured tumor cells (MCF-7) were
serially diluted to the desired number and were
spiked in to diluted blood. The sample was
dispensed through the filter from a reservoir with
constant pressure and the filter containing
captured cells was washed with PBS to discard
debris from filter surface. Tumor cells were
identified and distinguished from blood
cellsbased on morphology and staining of
fluorescent dyes. Tumor cells were counted
manually and imaged directly on filter
membranes placed onto microscope slides using
a fluorescent microscope and CCD camera
(BX41, Olympus)

RESULTS
Device fabrication and characterization

Microfabricated SiN membrane filters were
characterized by scan electron microscopy
(SEM). The SEM images showed a smooth
surface membrane with the uniformly shaped
pores and a narrow pore-size distribution (Fig.
2A, 2B). The uniform pore size distribution is
one of the most important features, which makes
the membrane filter suitable for the application in
cell to cell separation based on size difference.
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The slit shaped pores were used in order to
maximize cellular deformation and passage of
blood cells in the longitudinal axis while capture
lager and less deformable cells (cancer cells).
The slit design generated a large fill factor, thus

X1,708 10mm ©Q00

(X208 —1 88 BEEE

(A) (B)

reducing the flow resistance and filtration
pressure. The pore size is 5 um by 15 um, inter-
row distance is 10 um and inter-pore distance is 5
um (Fig. 2B).

©)

Fig. 2. Characterization of porous SiN membrane by scanning electron microscopy (SEM): (A), SEM micrograph
of high porosity membrane; (B), SEM micrograph of porous membrane at high magnification showing the slit pores
of 5 um by 15 pm size; (C), SEM micrograph at high magnification showing the thickness of porous SiN

membrane corresponding 1 pm.

The porosity is calculated by dividing the
porous area by the whole area of the membrane is
corresponding to approximately 25 % in working
area.The thickness of membrane is approximately
1 um thick (Fig. 2C). This small thickness makes
the filters insensitive to fouling and resulting
very low filtration pressures, critical for
preserving the morphology and viability of live
CTCs.The mechanical properties of SiN
membrane filters were also characterized such as

the resistance of membrane filters to pressure and
chemically resist corrosion.

The assembly of microfilters was constructed by
sandwiching individual membrane filters with
two plates of polydimethylsiloxane (PDMS) and
clamped by acrylic jigs to form sealed fluidic
chambers as showed in Fig. 2. The pressure
difference caused by the nitrogen tank between
top chamber and bottom chamber will push the
sample traverse through the membrane filter.
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Flow rate characteristics using the different
samples

To monitor the flow rate characteristics, we
used various samples, including phosphate saline
puffer (PBS), CTCs in PBS (103 cells/ml),
diluted blood in PBS (10 %) and blood sample
(100 %) using a constant pressure (1 psi).
Paraformaldehyde (PFA) a formaldehyde-based
fixative, which forms methylene cross-links
between basic amino acids, was used to preserve
the cell morphology.

The samples were fixed with or without PFA (2
% or 0 %) to measure the effect of composition
of sample and cell fixation on flow rate through
the microfilters. The flow rate was monitored by
indirectly measuring the weight of the flow-

Filtration volume

through liquid in relation to time. Flow rate under
constant pressure (1 psi) of samples with
different compositions and with or without
fixative PFA (listed above) were measured and
plotted in Fig. 3. Results demonstrated that the
most important determinant of flow rate is the
composition of the fluidic components in the
sample including the concentration of blood
cells. The presence of blood cells (10 % and 100
%) quickly decreased the flow rate and even
clogged the filters because very large leukocytes
and rouleaux of erythrocytes can be captured on
the microfilters. To diminish that problem the
treatment of blood sample may be required to
avoid activation of blood platelets that form
agglomerates of erythrocytes.

10
Time (seconds)

20 30

Fig. 3. Flow rate characteristics of the membrane filters with various samples under constant pressure of 1 psi. A,
only PBS; B, PBS with 108 tumor cells MCF-7/ml; C, PBS with 10° tumor cells MCF-7/ml fixed in 2 % PFA; D, 10
% blood in PBS; E, 10 % blood PBS fixed in 2 % PFA,; F, 100% blood from the healthy donors.

Recovery rates tumor cells

In order to evaluate the capacity of CTCs
capture by monitoring the recovery rate of the
membrane filters, Tumor cells-MCF-7 were
stained with calcein-AM and propidium iodide
(PI), which stain viable and dead cells,
respectively. Calcein-AM is a non-fluorescent,
hydrophobic compound that easily permeates
intact, live cells. The hydrolysis of Calcein-AM
by intracellular esterases produces calcein, a

hydrophilic, strongly fluorescent compound that
is well-retained in the cell cytoplasm and stains
cells as green. Pl is membrane impermeant and
generally excluded from viable cells. Therefore
Pl is used for identifying dead cells in a
population by binding to DNA and ARN that
stains cells as red. The stained cells were serially
diluted to desired concentration and dispensed
through the membrane filter followed by rinsing
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twice with PBS. The volume of filtration samples
is 1 ml with various concentrations ranging from
10 cells/ml to 103 cells/ml. Each measurement
was repeats three times. Table 1 summarizes the
recovery rates for both series of non-fixed
samples and fixed samples with 2 % PFA. The
results demonstrated a significantly higher
recovery rate by cell fixation with PFA
corresponding to 94 % against 82.6 %.

We tested whether our microfilter device can
isolate tumor cells from blood cells by spiking
the stained MCF-7 cells with known numbers in
to diluted blood (10 % blood in PBS) that was
collected from healthy donors. We used the

diluted blood because it allows mimicking the
real clinical samples with all cellularity of blood
but with lower concentration of blood cells,
which facilitates the filtration process. Each
measurement, 10 stained tumor cells were spiked
in to 10 ml diluted blood (10 % blood in PBS)
from healthy donors with observation under
microscope. A total 20 replicates was done, in
which the microfilter was able to detect > 1
tumor cell in 15 of 20 replicates. We also
controlled negative sample from 2 healthy
individuals and none of the samples from healthy
volunteers had any detection.

Table 1. Recovery rate test of microfilter using MCF-7 cells in PBS with different concentrations PFA-fixed or free
fixation. The volume of sample is 1 ml

Non-fixed Fixed with 2% PFA
Test number cce?lr; (/:;r};ratlons Cells recovered Concentration (cells/ml) Cells recovered
1 10 10 9
2 10 10 11
3 10 8 10 8
4 100 82 100 95
5 100 85 100 98
6 100 79 100 89
7 1000 891 1000 986
8 1000 823 1000 927
9 1000 861 1000 931
recovery rates (%) 82.6% e

Fig. 4. Fluorescent microscopic images of tumor cell captured onto the SiN membrane filter. The tumor cells was
stained by fluorescent calcein-AM and PI dye flowing by a cell fixation with 2 % PFA for 10 min, imaged manually

by fluorescent microscope (BX41, Olympus).
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DISCUSSION

The detection of rare human CTCs is a
clinically relevant event in the blood of cancer
patients. Isolation of CTCs based on cell size
using microfilters has been demonstrated to be an
efficient, inexpensive and user-friendly method
[16,18,24]. However, there are technical
challenges in building a microfilter device for
CTCs isolation. The detection sensitivity required
is high, with ability to capture as few as one CTC
in 7.5 mL of whole blood, which contains about
10 billion blood cells. The sample volume
required to be processed is in the milliliter range,
while microdevices are normally used to process
microliter or even nanoliter volumes of sample.
Such a challenge is further exacerbated when
dilution of blood is required. And the membrane
fouling is one of the most important problems in
crossflow filtration especially when process with
the blood samples. In this report, we shown a
possible solution using an advanced SiN
membrane filter, which is perfectly in accord
with  the requirements described above.
Microfabricated SiN membrane filter has a small
thickness (1 um) and high porosity
(approximately 27 % in working area) that are
the most important features determining the
resistance of a membrane. Indeed, our microfilter
device provides a capacity of filtration with
superior flow rates in comparison with the
classical membrane filters [17, 18, 24] even using
a small transmembrane pressure. While the CTCs
detection sensitivity can be achieve by well
defined pore size and uniform pore size
distribution that is easily controllable by
photolithographic  method and anisotropic
etching, which was used in our SiN membrane
fabrication.  SiN  membrane  filter  was

characterized by SEM images and shown that it
is suitable for CTCs capture application.

The average diameter of erythrocytes (RBCs)
is in range of 5-9 um [25] but they can traverse
capillaries of 4 um due to their deformability
[26]. Early study on filtration of normal human
red blood cells (RBC) concludes that their
transmission can achieve 100 % for pore size
larger than 3.3 pm [10]. Morphometric analyses
of mean whole cell areas of tumor cell and
leukocytes show a significant difference. The
mean tumor cell/leukocyte area ratio was 5.7 for
Hep3B, 4.5 for Hep3B (derived from human
hepatocellular carcinomas), 4.1 for LNCaP
(derived from human prostatic adenocarcinoma)
and 2.8 for MCF-7 (derived from human breast
adenocarcinoma) [16]. The size difference
between CTCs and blood cells enable the using
of microfilter for CTCs separation from the
normal blood cells. In this study, we used MCF-7
(breast cancer cell line) with average of whole
cell area of 396 um2 [16] to evaluate the recovery
rate of microfilters. It is one of small cancer cell
lines, which make it suitable to test a high
capacity of microfilters for cancer cells capture.
SiN membrane filter is capable to capture 82%
MCF-7 cells with non-fixed samples and 94%
with fixed samples; it can achieve higher
recovery rates with the bigger cancer cells.

The tumor cell detection was confirmed with
more than one cell in 15 of 20 replicates (75 %).
It is not a very high recovery rate in comparison
with other CTCs detection platforms. In addition,
the used sample was not whole blood and with a
small volume (10 ml corresponding to 1 ml
whole blood). However the most important issue
is that the microfilter is able to capture
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selectively the tumor cells from blood cells.
Further applications in CTCs capture in cancer
patient’s blood can absolutely be performed
because the recovery rate can be improved by
optimizing the filter’s features and filtration
process. This is our first design of membrane
filter for this application and the CTCs detection
is never easy of approach. Indeed, we are testing
for many designs, and optimizing filtration and
sample treatment process to obtain an ideal

microfilter device for CTCs detection in
peripheral blood of cancer patients.
CONCLUSION

SiN membrane filter was successfully
fabricated by microfabrication techniques using
photolithographic  methods and anisotropic
etching. The SEM characterization of fabricated
porous membrane demonstrated it is a good

Ung dung clia mé
trong viéc bat gitr
hoan

e Van Vinh To

e Thi Phuong Tuyen Dao
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e Duy Hieu Tong
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candidate for CTCs detection application. We
also fabricated a constant-pressure fluid delivery
system and filter holders, which suitable to
assemble a whole microfilter device for cancer
cells separation from blood cells. Results of
experiments for recovery rates and cancer cells
capture sensitivity make our device to be a
potential platform for CTCs detection in blood of
cancer patients.
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bao ung thw tuan
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TOM TAT

Té bao ung thw tudn hoan (CTCs ) da
duroc cdng nhan nhw mét cdng cu tiém néng
trong viéc quan ly nhing bénh nhén ung thw
nhw tién lwong, diéu trj va theo di tién trién
cua bénh. S phat hién nhanh va nhay CTCs

c6 thé cho phép tiép cén véi bénh nhan ung
thw & giai doan d4u va di cén. Tuy nhién, van
con nhidng thach thire ky thuét trong linh vuc
nay nhuw viéc tim kiém céc té bao ung thw (chi
l[a mét vai CTCs trong 1 ml mau), phan biét
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V6i cac té bao khéng ung thw va bach cdu
biéu md. Céc phuong phdp hién nay co
nhiig han ché dang ké nhw hiéu qua bét gid
thép, khong thé bat gid cac té bao séng va
tén nhiéu thoi gian. Bao cao nay trinh bay sw
phét trién cta mét bo loc micro thé hé méi dé
phan lap CTCs dwa vao kich thwéc cia
ching trong ung thw biéu mé. Chung téi da
st? dung cac bé loc mang silicon nitride c6
kich thuéc 0,5 cm*0,5 cm Vvéi kich thuoc 16
loc hinh ch nhét 1a 5 um*15 um dé khdo sét

viéc bat gii? CTCs. P6 nhay va hiéu qua cda
viéc bét git¥ CTCs duoc dénh gia trong mot
hé théng mé hinh bang cach s dung céac té
bao MCF - 7 (céc té bao ung thw vii) cho vao
méu (méu dwoc l&y tr nhimg nguoi khde -
khéng bj ung thw) réi loc va bat gid té bao
MCF-7. Két quad so bd cia nghién ctu nay
cho thdy mang loc silicon nitride 1a mét ung
cl¥ vién rét tét dé 1am nén tang cho viéc phat
hién CTCs.

Terkhéa: Mang loc micro, silicon nitride, té bao ung thw tudn hoan, ung thw
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