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� Fabrication of micropillar array-based
microfluidic chips with different
geometries.

� Conducting numerical simulations to
compare velocity and pressure
profiles.

� Evaluating capture efficiency, purity
and viability using various cancer
cells.

� Providing high capture efficiency
(>85 %), purity and viability for CTCs
isolation.

� Clinical validation by counting CTCs
in samples from patients with
different breast cancer states.
g r a p h i c a l a b s t r a c t
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Introduction: The information derived from the number and characteristics of circulating tumor cells
(CTCs), is crucial to ensure appropriate cancer treatment monitoring. Currently, diverse microfluidic plat-
forms have been developed for isolating CTCs from blood, but it remains a challenge to develop a low-
cost, practical, and efficient strategy.
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Objectives: This study aimed to isolate CTCs from the blood of cancer patients via introducing a new and
efficient micropillar array-based microfluidic chip (MPA-Chip), as well as providing prognostic informa-
tion and monitoring the treatment efficacy in cancer patients.
Methods: We fabricated a microfluidic chip (MPA-Chip) containing arrays of micropillars with different
geometries (lozenge, rectangle, circle, and triangle). We conducted numerical simulations to compare
velocity and pressure profiles inside the micropillar arrays. Also, we experimentally evaluated the capture
efficiency and purity of the geometries using breast and prostate cancer cell lines aswell as a blood sample.
Moreover, the device’s performancewas validated on12patientswith breast cancer (BC) in different states.
Results: The lozenge geometrywas selected as themost effective and optimizedmicropillar design for CTCs
isolation, providing high capture efficiency (>85 %), purity (>90 %), and viability (97 %). Furthermore, the
lozenge MPA-chip was successfully validated by the detection of CTCs from 12 breast cancer (BC) patients,
with non-metastatic (median number of 6 CTCs) and metastatic (median number of 25 CTCs) diseases,
showing different prognoses. Also, increasing the chemotherapy period resulted in a decrease in the num-
ber of captured CTCs from 23 to 7 for the metastatic patient. The MPA-Chip size was only 0.25 cm2 and the
throughput of a single chip was 0.5 ml/h, which can be increased by multiple MPA-Chips in parallel.
Conclusion: The lozengeMPA-Chippresented anovelmicropillar geometry for on-chip CTC isolation, detec-
tion, and staining, and in the future, the possibilities can be extended to the culture of the CTCs.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The isolation of circulating tumor cells (CTCs), which are found
in the bloodstream of cancer patients [1–4], is used to investigate
the disease status of the patients, especially regarding metastasis
[5–7]. It has been demonstrated that the presence or persistence
of CTCs in cancer is correlated with recurrence, poor outcome,
and resistance to therapy [8,9]. The capture of CTCs from the
peripheral blood may enable early assessments as well as genetic
and pharmacological evaluation of cancer cells [10,11]. Thus, isola-
tion of CTCs is increasingly considered an essential part of the stan-
dard protocols for breast cancer diagnosis and treatment [12,13].
However, the rarity of CTCs among blood cells (one in 109 blood
cells) presents a technical challenge for capturing them, and reli-
able techniques are required to overcome this challenge [14].

Several techniques have been commercialized for capturing cir-
culating tumor cells, such as the FDA-approved CellSearch� plat-
form. This platform uses EpCAM antibody-coated magnetic
particles, which capture a large number of white blood cells
(WBCs) in addition to CTCs, thereby showing low efficiencies and
purities [15,16]. This is largely due to nonspecific WBC binding
to the CTC-targeted antibody-coated magnetic particles [17]. Also,
a recent study found that 19 % of primary tumors do not express
EpCAM, and its expression is weak in another 35 %, suggesting that
EpCAM-based technologies ignore a considerable set of EpCAM-
negative CTCs in metastatic breast cancer [18]. Low precision of
CTC and WBC sorting with poor specificity has limited the use of
immune-capture micro-devices in CTC separation [19].

As an alternative, label-free methods use distinct physical prop-
erties of CTCs to separate them from WBCs instead of chemical
affinity-based approaches [20,21]. These methods do not depend
on cell surface antigens and make it relatively straightforward to
retrieve isolated cells since tumor cells do not bind to the surface
of the micro device [20]. A variety of tag-free isolation methods
are based on the physical properties of tumor cells such as size
and deformability, membrane polarity, and acoustic behavior
[22]. Among these methods, mechano-physical approaches use
both the size and deformability of the cells for the capture mecha-
nism. However, the relative coincidence of these properties
between normal and cancerous cells lowers the yield, purity, and
throughput of the isolation [23]. Using micropillar arrays (MPA)
and deterministic lateral displacement (DLD) methods with con-
trolled geometries, can alleviate this problem and improve the
size-based entrapment of CTCs substantially [24–27].
2

In the present study, to reach the maximum efficiency of CTC
isolation and improve the capture purity, we studied the effect of
the geometry and pattern of micropillars on cancer cell isolation.
The main separation mechanism of MPA-Chip is the difference in
deformation and size between leukocytes and red blood cells on
the one hand, and CTCs on the other hand. As shown in Table S2
in the supplementary information, the size of normal circulating
cells is generally smaller than 15 lm (WBCs: 7–15 lm; RBCs: 7–
8 lm), and CTCs are generally>15 lm. We chose four micropillar
geometries, i.e. triangle, circle, rectangle, and lozenge. We ran
numerical simulations to compare velocity and pressure profiles
inside the micropillar arrays. Also, we experimentally evaluated
the capturing efficiency of the four geometries using breast and
prostate cancer cell lines as representatives of CTCs. Moreover,
capturing efficiency and purity were studied in cancer cell-spiked
healthy blood samples for lozenge and rectangle shape micropil-
lars. In addition, the device’s performance was validated on 12
breast cancer (BC) patients at different stages. The lozenge chip
presents a new optimized geometry as well as a new array of posts
for on-chip CTC isolation, detection, and staining, and in the future,
the possibilities can be extended towards the culture of the cap-
tured CTCs.

Materials and methods

MPA-chip design

Single-Chip design
The Single-Chip is composed of nine rows of posts; there are 21

posts in each odd row and 20 posts in the even rows. The distance
between the posts for all shapes is reduced from 50 to 10 lm from
the first row to the 9th row. Therefore, the distance between the
obstacles reaches 10 lm in the last row. The height of the posts
is 50 lm for all shapes. Table 1 displays the size and distances
between each row for each shape.

Simulation

Numerical method
All shapes were designed in SOLIDWORKS� software and then

implemented in COMSOL Multiphysics� simulation software. The
governing equations of the blood fluid flow are the Navier-Stokes
equation for the incompressible laminar flow, continuity, viscosity,
and particle tracking.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1
Size and distances between rows for all micropillar shapes.

Row number Size (lm)

Distance gap between
micropillars (lm)

Triangle
(hypotenous- leg)

Circle
(diameter)

Rectangle
(length–width)

Lozenge
(small-long diag.)

Distance micropillar center
to micropillar center (horizontally)

1 50 50–39 50 50–30 50–200 100
2 45 55–41 55 55–30 55–200 100
3 40 60–43 60 60–30 60–200 100
4 35 65–44 60 65–30 65–200 100
5 30 70–46 70 70–30 70–200 100
6 25 75–48 75 75–30 75–200 100
7 20 80–50 80 80–30 80–200 100
8 15 85–52 85 85–30 85–200 100
9 10 90–54 90 90–30 90–200 100
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Where P, l and q are the pressure, dynamic viscosity,y and den-
sity of the fluid respectively. u is the velocity vector, t is time and g
is the gravitational acceleration, and I is the identity matrix.

Blood is a non-Newtonian fluid, but it is represented in our sim-
ulations as a Newtonian fluid. The corresponding dynamic viscos-
ity l in Eq. (1) is calculated based on the non-Newtonian power
law equation from the following equation.
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Where m, n and c
:
are the fluid consistency coefficient, flow

behaviour index, and lower shear rate limit respectively.
To verify the numerical method, each model was implemented

3 times under equal simulated conditions and the differences
between the results obtained were examined. In the next step,
we increased the input speed to the chip at a constant rate in 4
steps and evaluated the results. If the trend of the results is propor-
tional to the rate of acceleration rate, the accuracy of the simula-
tions performed is supported.

Simulation model
Fluid flow in microfluidic chips commonly is laminar because of

their small scale and corresponding low Reynolds number. A non-
compressible laminar flow simulation model is applied for blood
fluid. Blood is a viscous and non-Newtonian fluid that can be
described by the power viscosity equation Eq. (3). To implement
the mathematical calculations, the computational fluid dynamics
(CFD) method of COMSOL Multiphysics� 5.4.0.2 software was used.

For this simulation, 3-dimensional coordinates are applied to
design the patterns. Initially, the desired patterns, which include
circular, rectangular, triangular and lozenge barriers, were
designed using SOLIDWORKS. The height of obstacles for all pat-
terns was 50 lm. Then, the discussed patterns were entered into
COMSOL. The governing equations for the patterns are non-
Newtonian, non-compressible laminar flow (Laminar, Incompress-
ible Flow Non-Newtonian) as well as particle tracking for fluid flow
(Particle Tracing for Fluid Flow). The wall material is selected from
3

dry and impermeable wall types. A free triangular mesh with a step
of 0.1 lm is used; the number of mesh elements and total volume
for each pattern is given in table S1 in the supplementary file.

Blood is a viscous fluid that begins to clot on contact with oxy-
gen and its viscosity increases. Blood is a combination of 55 %
plasma and 45 % cells. Cells include red blood cells, white blood
cells, and platelets. The relative composition and physical proper-
ties of blood and cancer cell are shown in Table S2 in the supple-
mentary file.

The solving method of direct PARADISO was applied for the
phase initialization of laminar flow and time-dependent studies.
The period of the simulation time was chosen from 0 to 5 s and
time step was selected to be 0.1 ms. The velocity of blood was
adjusted to a constant quantity while the pressure level at the out-
let was set to zero.

Experimental

Microfluidic chip Fabrication
Soft lithography was used to fabricate microfluidic devices. The

mold was created by patterning microfluidic channels on a silicon
wafer by photolithography with SU-8 photoresist (MicroChem).
Poly(dimethylsiloxane) (PDMS) was mixed with a cross-linker
(Sylgard 184, Dow Corning) at a 10:1 ratio and then the mixture
was poured on the mold, first it was degassed and then cured at
65 �C into the oven for at least 4 h. After the PDMS had cured, it
was peeled off the mold, and the final device was built by bonding
the PDMS to a glass substrate after surface activation with oxygen
plasma. To prepare the fabricated devices, ethanol was flushed
through the microfluidic channels and then washed with deionized
water and PBS.

Cell culture and sample preparation
MDA-MB-231 and PC3 cells were harvested in a complete cell

culture medium comprised of DMEM (Gibco Cat. no. 11995–065)
with 10 % (vol/vol) FBS (Gibco Cat. no. 10099–133) and 1 % (vol/
vol) penicillin–streptomycin (Gibco Cat. no. 15140–148) in T-
25 cm2 flasks. Passages were performed when the cell confluence
reached 70–80 %. Briefly, cells were washed with phosphate buffer
saline (PBS) and were incubated with 1 ml Trypsin-EDTA solution
(Gibco Cat. no. 25300–054) for 5 min. The cell suspension was cen-
trifuged at 1200 rpm for 5 min and then the cell pellet was re-
suspended in 2 ml fresh medium. The culture flask was kept at
37 �C in a cell culture incubator. MDA-MB-231 and PC3 cells with
working concentrations of 500 � 103, 100 � 103, 1 � 103 cells per
ml were used for optimizing capture efficiency and cell viability.
Before experiments, PBS was used to prime the chip to prevent
air bubbles from forming. To evaluate capture efficiency, MDA-
MB-231 and PC3 cells were suspended in a 1 ml culture medium
at concentrations of 105 and 100. Cell suspensions were injected
into the devices using a syringe pump (0.5 ml/h), after 1 ml PBS
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was injected into the devices to wash the tubes and syringe. Fluid
coming from the outlets was collected and cells were counted
using lam neobar. The difference between the cell concentration
at inlets and outlets was calculated and defined as capture effi-
ciency. A trypan blue assay was utilized to evaluate the viability
of captured cells. We injected 0.5 lL trypan blue to stain the cap-
tured dead cells inside the device and calculated the viability as the
number of blue color cells per captured cells.

To evaluate the enrichment factor, 105 cells/ml from PC3 and
MDA-MB-231 cells were suspended in the WBCs solution. The sep-
aration process was performed as mentioned in the capture effi-
ciency (CE) section. The enrichment factor is defined as the ratio
between the outlet concentration of cancer cells in WBCs and the
initial concentration.

SEM sample preparation and imaging
Morphology and shape of device and micropillars were charac-

terized using MIRA3 FESEM of TESCAN Company. In the cell culture
section, the morphology of captured cells was studied by SEM Zeiss
Supra 55VP. The cells were first fixed in 4 % paraformaldehyde and
then cells were dehydrated in 60 %, 70 %, 80 %, and 90 % ethanol
solutions in water and 100 % ethanol successively for 15 min for
each step. The PDMS portion containing the captured cancer cells
was separated from the glass substrate using a razor blade. Drying
was conducted with a critical-point dryer (Tousimis Autosamdri-
815), followed by sputtering (Cressington 208 HR) of the Pt/Pd
coating on the samples.

Immunofluorescence staining
Cells were fixed using 4 % formaldehyde for 30 min for all chips

and they were washed in PBS buffer (supplemented with 0.5 %
BSA). In the following, cells were stained using a nuclear dye,
40,6-diamidino-2- phenylindole (DAPI; Beyotime Institute of
Biotechnology, USA) at 37 �C for 30 min. Also, white blood cells
(WBCs) were stained by CD45 (1:100) antibody.

Blood sample preparation
The blood was collected via vein puncture from healthy human

donors and stored in Vacutainers (BD) coated with EDTA as an anti-
coagulant. A sterile pipet was used to place 2 ml of Ficoll-Hypaque
per milliliter of blood into a conical centrifuge tube with a 50-ml
capacity. Anticoagulated blood was mixed with an equal volume
of PBS. The diluted blood was slowly layered over the Ficoll-
Hypaque solution by gently pipetting the diluted blood down the
side of the tube containing the Ficoll-Hypaque. The tube was cen-
trifuged for 30 min at 400 � g, 22 �C, with no brake. Mononuclear
cells, or a desired non-aggregated mononuclear cell subset, were
removed by pipetting sterile Pasteur across the interface between
the plasma (upper layer) and the Ficoll-Hypaque (bottom). The
aspirated mononuclear cells were transferred to a 15-ml conical
tube. 10 ml PBS or tissue culture medium was added and mixed
thoroughly. Then, the tube was centrifuged for 10 min at
400 � g, 4 �C. The supernatant was aspirated and the aggregated
cells were redispersed in a culture medium of 2 ml. WBCs concen-
tration was counted by Neubauer Haemocytometry. Regarding
extracting tumor cell CE from the blood sample, Target cells were
GFP-tagged to be used in the flow cytometry analysis. GFP-
tagged MDA-MB-231 cells (100 � 103) were added to the prepared
blood (Ficoll process, 5 � 106) and injection was performed using a
syringe pump (flow rate: 0.5 ml/h). Isolation processes were the
same as mentioned above and captured cells were imaged under
a fluorescence microscope. A flow cytometry analysis of the WBC
depleted from the target cells provided the CE of the isolation pro-
tocol from blood samples. A healthy blood test was conducted
using the ethical code: IR.ACECR.REC.1396.1, which was taken
from the ethics committee of the Motamed Cancer Institute, and
4

consent letters were obtained from all participants before the
study began.

Ethics statement
All experiments involving human study were conducted

according to the ethical policies and procedures approved by the
ethics committee of the Breast cancer research center, Motamed
cancer institute, Iran (Approval no. IR.ACECR.REC.1396.1).
Informed consent was obtained from all patients being included
in the study.

Patient clinical study
The study was conducted at the Motamed cancer institute, Teh-

ran, Iran. According to the National Health and Medical Research
Councils’ guidelines, ethics approval was obtained from the breast
cancer research center’s Human Research Ethics Committee: IR.
ACECR.REC.1396.1. Informed consent was obtained from 12 partic-
ipants (breast cancer) to collect 10 ml of blood in K2E EDTA vacu-
tainers. After the isolation process, CTCs on the chip were fixed
with 4 % paraformaldehyde for 30 min. Cells were permeabilized
using 0.2 % (v/v) Triton X- 100 for 10 min at room temperature, fol-
lowed by blocking with 10 % FBS (Invitrogen) for 1 h at room tem-
perature. In order to be classified as CTCs, CTCs must meet in visual
inspection the following criteria: (1) pan-cytokeratin positive, (2)
CD45 negative, (3) DAPI positive, (4) morphologically larger than
background leukocytes, (5) intact nuclei. The results were reported
as the number of CTCs per 10 ml whole blood.

Statistical analysis

GraphPad Prism, version 9.1.2 (GraphPad Software, USA) was
employed for the statistical analysis. We considered p < 0.05 to
be statistically significant.

Results

Fig. 1(a-d) shows schematic diagrams of the MPA chips with dif-
ferent pillar geometries. Each chip has an inlet, a separation region,
and an outlet. The working fluid, cell suspension in culture med-
ium or blood with CTCs, is injected into the chips from the inlets.
After the inlet, the fluid flow splits into multiple streams and
enters the micro-pillar area with 9 rows of micro-pillars. The gap
between the micro-pillars decreases gradually from 50 lm in the
first row to 10 lm in the last row. The height of the posts, and
therefore the height of the micro-channels, is 50 lm in all the
devices.

Design of the MPA-Chip

Four different geometries, i.e. triangle, circle, rectangle and
lozenge, were chosen for the fabrication of the devices. Existing
CTC separation devices often use large amounts of raw materials
to fabricate the chips and stain the cells and have a large imaging
area to visualize trapped cells [28]. We minimized the dimensions
of the chips and volume of the microchannels to decrease the costs
of the chip microfabrication process and reagents, especially the
antibodies used in the experiments. As shown in Fig. 2a, the total
size of the chips was 5.5 mm � 4 mm (lozenge) and 5.5 mm � 3 m
m (triangle, rectangle, circle). Also, the size of the separation region
and the volume of the MPA-chips were 0.63 mm � 2 mm for the
triangle, rectangle, circle and 2.36 mm � 2 mm for the lozenge,
respectively, and the total chip volume was smaller than 0.45 lL.
Due to the small size of the chip, we were able to fabricate a SU-
8 mold with approximately 130 chips on a single 4-inch silicon
wafer.



Fig. 1. Schematic images of MPA-chip with micro-pillars with the triangle (a), circle (b), rectangle (c) and lozenge (d) cross-sections. The fluid flow enters the chip at the inlet
and exits from the outlet. The black region indicates the fluid area and the white region shows the pillars and other solid parts of the chip. Every chip contains 9 rows of micro-
pillars (horizontal in these images) in the separation region; the numbers next to each image indicate the row numbers of the micro-pillars. The gap between the pillars
decreases from 50 lm in the first row to 10 lm in the last row.
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As shown in Fig. 2(b–e), scanning electron microscopy (SEM)
of the fabricated micropillars confirmed that all the pillars had
their designed geometry and size (with a 10 lm gap between
micropillars) except for the triangular shape. The corners of the
triangular pillars were too sharp (60�) to be reproduced exactly
during fabrication. This resulted in slightly round corners and
consequently larger distance between the pillars (approximately
13 lm).

Micropillar pattern and geometry determine the flow velocity and
pressure in the MPA-Chip

The geometry of micropillars and their arrangement in CTC
devices determine the flow velocity and pressure in the chips
[29]. From previous studies, we know that the velocity and pres-
sure of the flow between the pillars have a large influence on the
capture efficiency, purity and viability of the trapped cancer cells
5

[30]. To understand the effect of pillar geometry on these parame-
ters, we chose triangles, representing sharp surfaces not aligned
with the flow direction, circles, representing curved surfaces, rect-
angles, representing flat surfaces, and lozenges which represent
sharp surfaces aligned with the flow direction (Fig. 1). To investi-
gate whether the arrangement of pillars in the chip has an effect
on the cells we used COMSOL Multiphysics simulations. As shown
in Fig. 3 (a), we found that the total pressure drop over the chip
was higher when the inter-pillar distance was the same for all 9
rows than for the design in which the inter-pillar distance gradu-
ally decreased with pillar row number. Accordingly, in this state,
the pressure acting on the trapped cells is larger, and there is a
higher risk of cell rupture and lower cell viability. Therefore, we
designed the MPA-chip with gradually decreasing gaps between
the micropillars, from 50 lm in the first row to 10 lm in the last
row, as shown in Fig. 1. By gradually reducing the gaps between
micropillars, the total pressure drop over all chips is decreased



Fig. 2. (a) Pictures of MPA-chips including their dimensions. (b-e) SEM images of devices with different micropillar geometries; (b) triangle, (c) circle, (d) rectangle and (e)
lozenge.
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by approximately 40 % (Fig. 3a), which likely results in better pres-
sure distribution and a higher chance of trapped cells survival.

Furthermore, we analyzed the flow velocity and pressure in the
MPA-Chip to compare these parameters between different
micropillar array geometries. We assumed blood as the fluid in
the chip, a flow rate of 2.5 ml/h and zero pressure at the outlet.
Fig. 3 (b-d) show the velocity and pressure in different rows of
the chips with different geometries. The velocity increased from
the first to the last row of the pillar geometries. This increase
was especially sharp after row 7, and 14 %, 31 %, 38 % and 17 %
of the total velocity increase happened after row 7 for the triangle,
circle, rectangle and lozenge micropillars, respectively. The total
increase in fluid velocity was the smallest for triangular pillars
6

and the largest for the pillars with rectangular shape as seen in
Fig. 3(b). The fluid velocity increased for each subsequent row of
micropillars as the gap between them decreased, so that the
flow-through area decreased while the flow rate was constant.
Since the gap size in each row was similar between different
micro-pillar geometries, the difference between velocity magni-
tudes of the different MPA-Chips reflects the net effect of the
geometry type. Additional simulation results of the velocity for
each geometry are shown in Figure S1 of the supporting
information.

Fig. 3(c) shows the percentage of pressure drop over all the 9
micro-pillar rows as well as over the last 2 rows (rows number 8
and 9) compared to the pressure drop over the whole chip. As
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shown in this figure, the pressure drop was dependent greatly on
the geometry of the pillars, and like the velocity, the pressure chan-
ged significantly after the last 2 rows (decreasing by around 20 % of
the total pressure drop for the triangle, circle and lozenge and 32 %
for rectangle micro-pillars) (Fig. 3(c)). Since the length of the sep-
aration region was larger for the chip with lozenge micro-pillars,
we calculated the pressure drop per unit length in the MPA-Chip
(Fig. 3(d)). Specifically, the chip with lozenge micropillars showed
a significantly lower value compared to the other geometries
(Fig. 3(d)), which is understandable since the total streamwise
length of the lozenge chip is the largest (see Fig. 1). Also, a small
difference between the pressure drop per unit length over all 9
rows and over the last 2 rows in the chip indicates the uniformity
of the pressure drop within the chip. As a result, according to Fig. 3
(d), the pressure drop is nearly uniform in the whole chip, in all
geometries except for the rectangle micropillars in which there is
a large pressure drop over the last 2 rows compared to other rows.
The uniformity of the pressure drop over the separation area
ensures that blood cells and CTCs are evenly distributed between
the layers and that the pressure applied on them is uniform (See
Movie S1 and S2). Additional simulation results of pressure (heat
map and pressure distribution data) for each geometry are shown
in Figure S2. (a and b) in the supplementary file. Also, the velocity
and pressure distribution curves (Particle sizes: 15, 20 and 25 lm)
are shown in Figures S1 and S2 in the supporting information, and
Movies S1 and S2 in the supporting information show the particle
distribution based on the flow field. Also, in order to compare the
simulations with the experiments and in particular, the effect of
red and white blood cells on the distribution of cancer cells, we
carried out two different simulations. In the first, 1 Âll of blood
fluid is considered as the base fluid including RBCs, WBCs, and pla-
telets according to the concentrations given in Table S2, and 100
cancer cells were also included. In the second simulation, only
100 cancer cell are added in the blood plasma, without any other
cells. The results (videos) for both simulations are presented in
Movie S1 and Movie S2 in the supporting information, respectively.
The movies show that blood fluid and cancer cells are distributed
uniformly throughout our chip.

During CTC separation, when cells are trapped between the
micro-pillars, the fluid flow applies pressure on the surface of the
cells and compresses them against the walls. If the pressure is
too high, it can decrease the cell viability as well as the capture effi-
ciency and if it is too low, it does not trap the cells with the
intended purity. To compare the pressure levels on the trapped
particles between the chips with different geometries, we simu-
lated the flow over the particles. We considered 100 particles with
a diameter of 15 lm representing CTCs and calculated the maxi-
mum pressure difference over the trapped particles as well as
the pressure distribution (specifically its uniformity) on their sur-
face according to the color contour plots in Fig. 3 (e-h). The maxi-
mum pressure difference on the particles is defined as the
difference between the pressure at the top and bottom points
(Fig. 3 (e-h)) on the particle. The maximum pressure difference
was 0.45, 0.8, 1, and 0.7 kPa for the devices with triangle, circle,
rectangle, and lozenge micro-pillar geometries, respectively. The
3

Fig. 3. Results of numerical simulations of fluid pressure and velocity in the MPA-chip w
between the pillars is the same for all the 9 rows (10 lm) or different (from 50 lm in the
of the MPA-Chip, measured between the micropillar; the plot also includes the calculated
the chip compared to the velocity increase over the whole chip (subtraction of outlet v
2.5 ml/h. (c) Percentage of pressure drop over the last 2 rows and over all the 9 rows for a
outlet pressure from inlet pressure) for all geometries. (d) Pressure drop percentage per m
to the pressure drop over the whole chip (subtraction of outlet pressure from inlet pressu
chip for (e) triangle (f) circle (g) rectangle (h) lozenge.
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results show that rectangle chips induce a larger pressure differ-
ence over the trapped particles. Furthermore, in order to calculate
and compare the pressure distributions on the trapped particle in
all the geometries, we defined a high-pressure area as that in
which the value of the pressure falls within the top 15 % of the total
pressure range in the trapped particle; this top 15 % pressure area
is colored red in Fig. 3(e–h). The results show that about 75 % of the
surface area of trapped particles between rectangular pillars expe-
rienced high pressure (red areas) whereas this was about 55 % for
the triangle and 40 % for both circle and lozenge designs. To quan-
tify the effect of pressure on the particles, we multiply, for each
micropillar geometry, the maximum pressure difference with the
high-pressure area percentage, so that a representative force is
obtained. This results in (0.45 � 55 %) = 24.75 %, (0.8 � 40 %) = 3
2 %, (1 � 75 %) = 75 %, and (0.7 � 40 %) = 28 % for the devices with
triangle, circle, rectangle, and lozenge micro-pillar geometries,
respectively. In conclusion, the flow pushes the trapped particles
between rectangular micro-pillars with a larger pressure over a
larger surface area, i.e. a larger effective force, compared to the
other geometries.
A comparison of different microarray geometries performance:
Capture efficiency, enrichment, and cell viability

CTC isolation has a number of performance characteristics,
including capture efficiency, enrichment factor, and cell viability
[31,32]. To verify that the fabricated chips can selectively separate
the CTCs based on their size for different cancer types, we tested
the performance of our micro-devices using two cancer cell lines:
PC3, a human prostate cancer cell line and a highly invasive
[33,34], and MDA-MB-231, a human breast cancer cell line, and
highly invasive [35,36]. The DAPI-stained MDA-MB-231 cells (105-
cells/mL) trapped within the rectangle and lozenge devices are
shown in Fig. 4 (a-c). The cancer cells were mainly trapped at the
end of the separation area where the distance between the
micropillars was smaller than the CTC size (<15 lm). The DAPI
stained cells for other geometries are shown in Figure S4.

We tracked the DAPI stained MDA-MB-231 cells inside the chip,
and as shown in the movie in the supplementary file (Movie S3),
DAPI stained cancer cells entered from the inlet and easily passed
through the separation region’s primary arrays and were finally
trapped in the last rows. Fig. 4 (d) shows an SEM image of a single
cell that is captured by lozenge micropillars. We also observed cell
clusters that were trapped inside the chip using SEM in Figure S5
(supplementary file).

In the following, we evaluate the capture efficiency (CE) of dif-
ferent geometries using high and low CTC concentrations (105 and
102 cells) in a 5 ml culture medium. The cancer cells, MDA-MB-231
and PC3, had a mean diameter of 15.5 lm, and 18.1 lm, respec-
tively [37,38]. As shown in Fig. 4 (e), for the high cell concentration,
the rectangle and lozenge micropillars captured 92 ± 5 % and
85 ± 6 % of spiked CTCs respectively, while the circle and triangle
micropillars isolated 60 ± 13 % and 43 ± 4 %, respectively. The CE
was similar for MDA-MB-231 and PC3 cells (Fig. 4(e)).
ith different geometries. (a) The total pressure drop over the chip when the distance
first row to 10 lm in the 9th row.) (b) The fluid velocity magnitude through the rows
the percentage of fluid velocity increase in the last two rows (after the 7th row) of

elocity from inlet velocity) for all geometries. The flow rate of the inlet blood was
ll the geometries compared to the pressure drop over the whole chip (subtraction of
icrometer over all 9 rows and over the last 2 rows for all pillar geometries compared
re) for all geometries. (e-h) fluid pressure acting on trapped particles (15 lm) in the



Fig. 4. Characterization of device performance with different cancer types, where the cells are suspended in a culture medium. (a-c) Nuclei staining of captured cells (DAPI)
inside the rectangle and lozenge chips in the last two rows (8th and 9th rows); scale bars are 20 lm in all the images. (d) SEM image of captured cells inside a device with
lozenge micro-pillars. (e) Capture efficiency for two cell lines, human prostate cancer cell line PC3 and breast cancer cell line MDA- MB-231 (cell concentration: 105 cells/mL
in culture medium). (f) Capture efficiency for MDA-MB-231 cells (100 cells/mL in culture medium). (g) The observed cell population (100 MDA-MB-231 cells suspended in
1 ml culture medium) flowing in various regions of the devices with lozenge and rectangular micro-pillars. Almost all cells entered the chip (observed at ‘‘inlet”) and only few
cells were counted at the ‘‘outlet”; hence, cells were mostly captured in the separation region of chips and the rate of cell loss in the tubes and syringes at the inlet and outlet
was very low and not significant. (h) Comparison of the simulation and experiment capture efficiency data for all geometries with 100 microparticles (representing cancer
cells in the simulations, size: 15 lm) and 100 cells (MDA-MB-231, in the experiments), respectively. (i) Cell viability percentage for MDA-MB-231 cells in the inlet, on the chip
and outlet and (j) viability of captured cells for PC3 cells only in the chip (i&j: cell concentration: 105 cells/mL in culture medium). (k) The enrichment factor of the chip for
PC3 and MDA-MB-231 cells spiked into the same concentration of WBCs (5 � 105 cells/mL in culture medium). For all figures, all columns and plots represent the mean value
and the standard deviation (n = 4).
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Moreover, we investigated the CE for 100 MDA-MB-231 cells
dispersed in 1 ml culture media. Lozenge and rectangle geometries
separated 92 ± 3 % and 73 ± 3 % of cancer cells, respectively (Fig. 4
(f)). These results for circle and triangle geometries were 41 ± 2 %
and 16 ± 2 %, respectively. Therefore, we found no strong depen-
dency of CE on cell concentration since we observed similarly high
CE for lozenge and rectangle geometries when the concentration of
spiked cells reduced from 105 to 102 cells. We tracked cells in all
parts of the devices (inlet, separation region, and outlet) to monitor
where our fabricated devices could physically capture cells. Fig. 4
9

(g) shows the number of cells we observed flowing in the respec-
tive areas (relative to the initial cell number), and clearly cells were
mostly captured in the separation region of chips and the rate of
cell loss in the tubes and syringes at the inlet and outlet was very
low and not significant. Therefore, our results show that the sepa-
ration region and whole chip worked well and efficiently. To verify
the numerical method, the experimental and simulation data in
the capture efficiency were evaluated. Firstly, using COMSOL Multi-
physics, we simulated 100 microparticles with an average size of
15 lm representing 100 MDA-MB-231 cells for calculating capture
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efficiency (Fig. 4 (h) and Movie S2). Experimental and simulation
results on capture efficiency (CE) show similar trends: according
to Fig. 4 (h), the lozenge geometry has the highest CE in both the
simulation and the experiment, namely 84 % and, 92 %
respectively.

Then, for a better understanding of how micropillar geometry
influences the viability of the isolated cells, we evaluated the cell
viability in the three sections of devices (inlet, inside the chip,
and outlet) for MDA-MB-231 cells. Fig. 4 (i) shows that the viability
in the inlet is the same for all the geometries and close to 100 %,
but not inside the chip or near the outlet. Hence, the cell viability
does depend on the geometry. The viability of the cells inside the
chip was over 95 %, except for the rectangular pillars (around
80 %). In the outlets, cells in the rectangular chip had a low cell via-
bility of just around 48 %, while the cell viability in the other chips
exceeded 75 %. The viability of PC3 cells is presented in Fig. 4 (j);
this is similar to MDA-MB-231 for all the micro-pillar geometries.

The enrichment factor is an indication of how effective a filtra-
tion method enriches a specific target cell within a cell suspension
in the presence of other cell types. To calculate this parameter, we
used the ratio of tumor cells to leukocytes (white blood cells), and
divided the ratio after filtration by the ratio before the filtration by
the chip [39,40]. We evaluated the enrichment factor of the chip
for PC3 and MDA-MB-231 cells spiked into a culture medium along
with the same concentration of WBCs. The measured enrichment
factors were 7.3 � 104 for PC3 and 7.1 � 104 for MDA-MB-231
(Fig. 4 (k)). This result indicates that the enrichment factors are
similar between PC3 and MDA-MB-231 cells, which agrees with
results obtained by other studies in the field of size-based separa-
tion of CTCs [39,41].

The best geometry for isolating CTCs?

According to previous sections, both our simulations and exper-
iments show that the rectangle and lozenge geometries are the
most efficient geometric shapes for capturing CTCs. Therefore, we
selected these two types for isolating CTCs from whole blood.
Firstly, as shown in Fig. 5 (a), using the Ficoll technique, the buffy
coat layer which contained the CTCs was separated and red blood
cells (RBCs), platelets and granulocytes were depleted from the
blood for improving the isolation and detection process and reduc-
ing clogging and process time [42]. Then, to characterize the device
with blood samples, 105 GFP-tagged MDA-MB-231 human breast
cancer cells were first spiked artificially into 5 ml unlabelled blood
samples from healthy donors and applied to the MPA-Chip (Fig. 5
(a)). In order to determine capture efficiencies, fluorescent micro-
scopy and flow cytometry were used to image and count the
GFP-tagged cancer cells that were captured. As shown in Fig. 5
(b,c), single cells of GFP-tagged MDA-MB-231 were trapped
between the micropillars, which can also isolate cancer cell clus-
ters (Figure S5). Then, we calculated the capture efficiency (CE)
for the lozenge and rectangle geometries using flow cytometry
(Figure (d-f)). The flow cytometer is a powerful tool technology
in detecting and counting cells for validating the obtained CE of
CTCs in blood samples [43]. Fig. 5(d,e) demonstrate flow cytometry
histograms of 105 GFP-tagged cancer cells spiked in healthy donor
blood for the lozenge (Fig. 5 (d)) and the rectangle design (Fig. 5
(e)), respectively. The difference between the population of
GFP + cells in the inlet and the outlet of the devices divided by
the GPF + cells in the inlet represents the CE. The CE of lozenge
and rectangular micropillars was 87 ± 3 % and 89 ± 2 %, respectively
as represented in Fig. 5 (f). The calibration curve of different num-
bers of (105, 104, 103, and 102) GFP-tagged cancer cells spiked in
healthy donor blood is demonstrated in figure S6. Moreover, we
evaluated the purity of the separated cancer cells from a healthy
blood sample by flow cytometry, by counting the population of
10
WBCs before and after the isolation process (Fig. 5(g)). The per-
centages of non-captured WBCs for the rectangular and the
lozenge designs were 95.1 ± 3.7 % and 91.5 ± 4.5 % respectively.
This result demonstrated the population of WBCs captured with
CTCs simultaneously and for lozenge and rectangular pillars was
less than 10 %.
CTC counts in different states of breast cancer patients

To clinically evaluate the MPA-chip with lozenge micropillar
geometry, blood samples from twelve breast cancer patients were
utilized to detect and count CTCs. First, 10 ml of each patient’s
blood was incubated with the Ficoll to remove RBCs and some
WBCs and then the buffy coat layer was suspended in a 1 ml
MDEM cell culture medium. Then, samples were injected into
our chip and analysed. The isolated cells on the chip were stained
by DAPI, CD45, and pan-CK immunologically [9,44]. CTCs were
defined as DAPI+, CD45�, CK+ cells with high nucleus to cytoplas-
mic ratio and morphologically larger than background leukocytes,
whereas WBCs were DAPI+, CD45+, and CK� [44].

In this study, we assessed the CTC counts in blood samples of 12
breast cancer patients in different states of disease. The patients
were categorized into two groups: locally advanced non-
metastatic breast cancer (LA non-mBC) and metastatic breast can-
cer (mBC). The clinical characteristics of patients are depicted in
Table 2.

Fig. 6(a) shows captured CTCs between micropillars in the MPA-
chip. CTCs were captured from the blood samples of all the 12
patients, with a minimum and maximum concentration of 5 and
49 CTCs in 10 ml whole blood, respectively (Fig. 6(b)). The locally
advanced non-metastatic breast cancer group (LA non-mBC) as
shown in Fig. 6c had a mean number of 6 CTCs while the patients
in the metastatic breast cancer (mBC) group displayed a mean
number of 22 CTCs. Thus, CTC levels in metastatic disease were sig-
nificantly higher than non-metastatic breast cancer patients (p
\0.001). In the group of metastatic breast cancer (mBC; n = 9), 4
patients harbored both bone and visceral metastases, 3 bone
metastases, and 2 visceral metastases involvement only. As shown
in Fig. 6(d), patients with both visceral and bone lesions showed
the highest median CTC count of about 49, whereas patients with
only visceral lesions showed a median CTC count of 23. For patients
with only bone disease, the median CTC number was 14 which was
significantly lower compared to the group with both visceral and
bone metastases (p = 0.0005) and to only visceral metastatic
patients (p = 0.001) (Fig. 6(d)).

CTC counts for one of the mBC patients was also calculated after
3 and 6 courses of chemotherapy. As the values are shown in Fig. 6
(e), the number of CTCs that was 23 before treatment decreased
after 3 and 6 courses of chemotherapy to 15 and 7, respectively.
(Fig. 6 (e)).
Discussion

Although various geometries have been used in the literature
for size and deformability-based CTC capture, there has been no
comprehensive comparison between micropillar geometries. In
this study, we demonstrated a comprehensive comparison of four
basic micropillar geometries relevant to CTC isolation in both sim-
ulation and experiment. Our simulations focused on two main
parameters: the velocity profile and the pressure profile in the
chip. As mentioned before, the fluid velocity between the micro-
pillars and the pressure drop over the last rows of the micropillar
array plays a significant role in capturing the cells. Abrupt changes
in the pressure drop, such as the changes shown in the rectangular
pillar geometry (see Fig. 3 (c,d)), may result in a strong pressure



Fig. 5. Characterization of the lozenge and rectangle chips with spiked breast cancer cell line (MDA-MB-231) in whole blood. (a) Schematic illustration of CTC isolation
process in the blood sample, (b) and (c) Trapped GFP-labelled MDA-MB-231 human breast cancer cells (green) between micro-pillars in the last rows of the chip (8th and 9th
rows); scale bar is 20 lm. (d) and (e) Flow cytometer histograms of GFP-labelled MDA-MB-231 cells obtained after collecting the liquid suspension coming out of the chip for
the rectangle and lozenge chips, respectively. (f) Capture efficiency of the trapped GFP-labelled MDA-MB-231cells spiked into whole blood for lozenge and rectangle chips
using flow cytometry. (g) Purity of the separated MDA-MB-231 cells in the population of prepared healthy blood on the chip. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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acting on the cells trapped in the micropillar gaps and conse-
quently in a decrease of the cell viability of the capture cells, which
in turn compromises the capturing efficiency.

Based on the simulations and experiments, Table 3 provides an
overview of the results to facilitate the discussion and analysis.
Accordingly, the lozenge chip had lower DP (pressure drop over
11
the last two pillar rows) and DV (velocity difference between the
first and last pillar row) than the rectangle chip. Since the rectan-
gular geometry effectively forms a wall-like obstacle against the
flow of fluid in the last two rows, we observed the highest velocity
between the gaps for this geometry [45,46]. Correspondingly, we
observed lower capture efficiency (for 100 cancer cells) for the



Fig. 5 (continued)

Table 2
Clinical and pathological characteristics of breast cancer patients.

Clinical characteristics

Number of Patients (n) 12
Age (years)
Mean 60
Range 43–78
Gender
Male 1
Female 11
Metastatic sites
Visceral 2
Bone 3
Bone & Visceral 4
Tumor stage
Locally Advanced non-metastatic Breast Cancer (LA non-mBC) 3
Ⅳ-metastatic Breast Cancer (mBC) 9
HER-2
Positive 3 (25 %)
Negative 9 (75 %)
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rectangular geometry than for the lozenge geometry. The pressure
drop over the last rows of the MPA-chip affects the viability of
trapped cells. In the rectangular geometry, higher DP and high
pressure applied to a large area of the captured cell surface (75 %
of its surface) reduced the cell viability (also see Fig. 3 (g) and
Fig. 4 (i)). In the chips with rectangular micro-pillars, the larger
pressure and velocity can also create a force on the cells that
pushes them through the trap. In the lozenge chips, the pressure
drop and velocity are lowest, and so the cell viability and the CE
are the highest. Pressure-driven deformability for metastatic cells
12
such as MDA-MB-231 has been previously reported [47]. The effect
of pressure and shear stress on the deformability, migration, and
viability of CTCs has been widely investigated [48,49]. Congnart
et al. reported that shear stress and mechanical constrictions
induce morphological and molecular changes in the MDA-MB-
231 cells [50]. The effect of shear stress on the viability of the
tumorigenic cell lines was also investigated by Hyler et al. [51].
According to these previous reports, pressure-driven mortality
may be caused when the cells are trapped between micro-pillars
[50,51]. The higher velocity between the gaps and the correspond-
ing higher shear stress in the rectangle chips, especially in the last
arrays, may be further increased when the cells are entrapped
between the micropillars as shown in Fig. 3 (g). Hence, our simula-
tion results (pressure and velocity variations) and the experimen-
tal results (viability, CE) are consistent.

Lozenge and rectangle micropillars successfully isolated CTCs
with the highest efficiency (CE > 90 %) compared with triangles
and circles. Fatih Sarioglu and co-workers [24] developed a
microfluidic device consisting of triangle shape pillars for CTC clus-
ter isolation. They demonstrated that a microchip with triangle pil-
lars with 12 lm gaps physically captured 99 % of only MDA-MB-
231 clusters, and no single cells. Zhou et al. reported a microfluidic
device with diamond shape pillars (gap size: 12 lm) that showed
70 % trapping efficiency for single or cluster cells [28]. In this study,
we obtained a capture efficiency of about 93 % for lozenge chips.
Also, some studies have reported that in physical and size-based
cell separation microchips, the array of triangular micropillars
had a higher capture efficiency compared to circular micropillars
[52,53]. In this study on the other hand, we observed that the cir-



Fig. 6. Detection and enumeration of circulating tumor cells (CTCs) in breast cancer patients. (a) Fluorescent images showing detected CTCs from patient samples. Cells were
stained by DAPI (blue), CK (green arrow, CTCs), and CD45 (red arrow, WBCs); CTCs are DAPI+, CK+, and CD45�; scale bar represents 20 lm. (b) The numbers of CTCs detected
from blood samples of 12 breast cancer patients; results are from 10 ml whole blood. (c) The number of CTCs detected in venous blood samples from non-metastatic breast
cancer with locally advanced tumors (non-mBC; n = 3), and from metastatic breast cancer (mBC; n = 9). (d) Comparison of the number of CTCs according to their metastatic
niche with those with only soft tissue involvement (n = 3), only bone metastases (n = 3), or both soft tissue and bone metastases (n = 3). (e) CTC numbers before and after
different courses of chemotherapy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cular geometry had a higher capture efficiency compared to trian-
gle geometry. The reason for this could be due to our new chip
design, which gradually reduces gaps between micropillars in con-
secutive rows, which improves pressure distribution according to
simulation results (Fig. 3).
13
For simulating a liquid biopsy and real conditions, we spiked
MDA-MB-231 cells into healthy blood samples. In the lozenge
and rectangle chips, these samples showed high capture efficiency
(>85 %) and purity (>90 %), in contrast to several reported size-
based technologies that display efficiencies of 50–70 % [54,55].



Table 3
An overview of simulation (DP and DV) and experimental results (CE and cell viability) of the MPA-chips with different geometries.

Geometry DP (KPa)* DV (mm/s)# CE� (%) Cell viability (%)

Rectangle �0.0961 86.20 73.3 ± 2 80
Lozenge �0.0174 68.34 92.3 ± 3 97
Circle �0.0587 59.89 41 ± 2 95
Triangle �0.0687 28.98 16 ± 2 97

# DV is defined as the difference in velocity between the first and last row.
* DP is defined as the pressure drop over the two last rows.
� CE is the calculated capture efficiency (CE) for 100 cells.
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Commercially available Vortex chips (Vortex Biosciences) show
high purity (57–94 %) but low efficiency (up to 37 %) when used
with diluted blood and spiked MCF7 breast cancer cells [56]. Par-
sortixTM (ANGLE) [57] and CellseeTM (Celsee Diagnostics) [58]
devices have been found to achieve capture efficiency rates up to
62.5 % when using prefixed or diluted blood samples loaded with
prostate or breast cancer cells with minimal leukocyte contamina-
tion (>80 %). The Parsortix and whole blood provided capture effi-
ciencies of 70 %, however, only for large size cells (>20 lm) [59]. It
is noteworthy that all systems described above require sample
post-processing and also have difficulty discriminating CTCs from
WBCs, often resulting in poor isolation or a high level of WBC con-
tamination. A comprehensive comparison of efficiency, purity and
other parameters affecting the separation of CTCs in this study
with other DLD devices is shown in Table S3 (supplementary file).
The capturing efficiency and purity of our device are very high
compared to previous studies, but ours has no antibodies and no
post-processing. The separation mechanism of MPA-Chip is based
not only on the difference in size between normal circulating cells
(leukocytes and RBCs) and CTCs, like in DLD approaches, but also
on their difference in deformability. So, it has the potential to be
developed into a product with relatively low costs, which at the
same time is user-friendly, enhancing its usability in the clinic.
The MPA-chip does still have limitations in volume capacity per
unit of time (0.5 ml /h) compared to some studies but, due to the
use of the Ficoll method, the blood volume is decreased from
7.5 ml to 0.5 ml without wasting the CTCs. The complete process-
ing time for the isolation and detection of CTCs was 2 h. Also, the
chip throughput can be increased by using multiple MPA-Chips
in parallel. Thus, this method improves the system and allows it
to analyze larger volumes of whole blood in a shorter period of
time by reducing disturbing factors and the volume capacity.

Our MPA-chip with lozenge micropillar geometry was also val-
idated with the detection of CTCs in blood samples from 12 breast
cancer patients. As demonstrated in this work, we obtain a clear
relationship between CTCs count and breast cancer progression,
since metastatic patients show significantly higher CTCs numbers
compared to non-metastatic metastatic. Therefore, in our study,
patients with higher CTCs represent more advanced states of dis-
ease with higher recurrence risks. Chen et al. [60] found that the
median number of CTCs in a metastatic group (8 cells/5 ml) was
significantly higher than in the non-metastatic group (2 cells/5
ml; P < 0.001). Moreover, Cristofanilli et al. [61] evaluated CTC enu-
meration for the staging of metastatic breast cancer patients. Their
results show that patients with Stage IVindolent disease had lower
CTC numbers and longer overall survival in comparison to patients
with Stage IVaggressive disease [61]. In the context of prospective
clinical trials, CTC count can be considered an important tool for
the staging of advanced disease and disease stratification.

There is an association between metastatic sites and the hetero-
geneity of breast cancer. Our result show that patients with only
bone metastases displayed the lowest CTCs level, whereas the
highest CTC count was found in the group of both bone and visceral
metastatic patients. The patient group with only visceral metasta-
14
sis showed a slightly elevated CTC count compared to the group
with only bone metastasis. In addition, we observed that the
amount of CTCs decreased as the chemotherapy courses continued
suggesting that the treatment protocol was effective (Fig. 6 e).
Accordingly, this device can be utilized for monitoring treatment
results and defining the best treatment choice for patients. Yu
et al. [62] showed that the incidence of CTCs in patients’ blood with
visceral metastasis is higher than in the case of bone metastasis.
Additionally, they observed that patients with over 5 CTCs or CTC
doublets/clusters were prone to develop more visceral metastases
[62]. Also, some studies have reported that the number of CTCs in
the peripheral blood of patients with lymph node and visceral
metastases was significantly higher than that in patients with bone
metastasis or without metastasis [63–65].

We have developed a device that detects CTCs from breast can-
cer patient samples in a label-free manner, due to the distinct dif-
ference in WBC and CTC size and deformability. The device can be
extended to the isolation of CTCs of other cancers and for separa-
tion of other sources of liquid biopsy, as long as the targets are lar-
ger than the blood cells. We envision that our system could be a
promising tool in cancer patient management both in diagnosis
and treatment. In metastatic patients, CTC counting could be help-
ful as an alternative to more invasive methods of diagnosis. It may
also provide important prognostic information and could be used
in monitoring the treatment efficacy.

There are other commercial microfiltration systems like Screen-
Cell (ScreenCell) [66] and CellSieveTM (Creatv MicroTech) [67] that
provide greater throughput (>5 ml/min) than the MPA-chip
(0.5 ml/h). But, filter clogging, damage to the cells, and low CTC
capture efficiency and recovery are major disadvantages of these
mechanical filtration devices due to their high flow rate and filtra-
tion pressure [68–70].

Additionally, the chip size of the MPA-chip is smaller (5.5 mm
� 4 mm) than most systems previously reported, including the
commercially available Parsortix (70 mm � 20 mm) [71]. Warkiani
and colleagues developed a curvilinear microchannel chip, similar
to the ClearCell FX system (Clearbridge Biomedics)
(30 mm � 30 mm) [72]. Zhou and co-workers [28] developed a
microfluidic device consisting of diamond shape pillars
(30 mm � 20 mm), Chen et al. [73] introduced a microfluidic
device with micro-ellipse pillars (30 mm � 20 mm), CROSS chip
[74] with circular micropillars (40 mm � 40 mm) and other studies
(40 mm � 30 mm) [75], (34 mm � 47 mm) [76]. The small size of
the MPA-chip resulted in higher throughput of the microfabrica-
tion process, since 135 chips can be produced on a single silicon
wafer, and 20 chips can be bonded to a standard microscope slide.
Comparatively, the other systems mentioned above contain 20
chips on a silicon wafer and finally bond 2 chips to a microscope
slide. This feature reduces the time of chip fabrication, and results
in saving materials needed to fabricate the chips. Because of the
small form factor, the MPA-chip has the potential to decrease the
amount of reagents necessary to identify cells (anti-bodies, stain-
ing materials, and culture media), and to minimize the risk to lose
the rare cells and end up with lower cell viability during post-
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processing (due to release of CTCs from the chip). It has previously
been reported that<50 % of trapped cells are released from inside
the chip [24]. Taken together, smaller microfluidic chips such as
the MPA-chip show significant advantages such as less sample
and reagent demand, short analysis and process time, and precise
operation [77–80].

Importantly, this size minimization facilitates the visualization
of the entire separation region of the MPA-chip directly under a
10X lens in the microscope, avoiding movement of the lens or chip,
and the tedious bottlenecks of sample post-processing required by
numerous CTC isolation techniques [80]. Notably, enumeration,
staining, and washing are integrated into MPA-chips.

Furthermore, due to the simplicity of the setup and protocol
used, our system can be implemented in a straightforward manner
in any research or pathology lab without requiring the use of spe-
cial equipment, and only using an ordinary syringe pump for CTC
isolation. Using our optimized MPA-chip, fabrication, isolation,
detection, and even harvesting can be conducted inside the micro-
chip with reduced time and as a result at lower cost.
Conclusion

We introduced a novel microfluidic micro-pillar array chip
(MPA-chip) with optimized micro-pillar geometries for separating
CTCs from a blood sample based on the size of CTCs and the defor-
mation of leukocytes (WBCs and RBCs). Our results (simulation and
experiment) demonstrate that the lozenge geometry have better
CTC isolation performance than other micropillar geometries. We
found that the cell viability depends mainly on micropillars’ geom-
etry, and the lozenge geometry is safer for cells. For the lozenge
MPA chip, the capture efficiency is larger than 85 %, the purity is
larger than 90 %, and the viability of isolated cells is as high as
97 %, There were no significant differences in the results of capture
efficiency, cell viability, and enrichment factor between PC3 and
MDA-MB-231 cell lines across all the micro-pillar geometries.
Accordingly, our MPA-chip only separates CTCs according to their
size and without considering the type of cancer. Our device was
also validated by the detection of CTCs in the blood of breast cancer
patients. The CTC count showed good potential in monitoring
treatment and guiding future individualized treatment. All of the
results demonstrate that the lozenge MPA-chips have promising
potential for capturing CTCs of breast cancer patients. In this study,
we have focused on the influence of the pillar shape and on the val-
idation with patient samples towards clinical relevance. In future
work, the influence of the details of the geometrical design (dimen-
sions, distances, positions) could be further studied to improve the
CTC isolation performance even more.
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