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Abstract
In this paper, we focused on a microfluidic sorting method based on bionic splenic sinus microstructures to capture circulat-
ing tumor cells (CTCs). A dynamic multiphase fluidic model was developed to explore the effects of different flows and the 
parameters of the spleen-specific structure of the interendothelial slit (IES) on the cell membrane strain, as represented by 
the interface area between two phases. The results indicated that parameters of the IES and flow velocity strongly influence 
cell membrane strain. The biomimetic IES structure has more advantages than do circular pores because the slit structure 
has a lower flow resistance compared to the circle structure. A microfluidic device based on a biomimetic IES with ultrathin 
(500 nm thick) silicon nitride filters was designed and fabricated for high-throughput enrichment of high-viability CTCs. The 
silicon nitride filters had areas as large as 36 mm2 (6 × 6 mm) and included nearly 18,000 slit units, which was conducive to 
obtaining a high-throughput device. Moreover, the effects of different parameters, such as velocity, slit width, dilution ratio 
and solution volume, on the cell capture efficiency and cell viability were explored. The results show that the microfluidic 
device based on a biomimetic IES has a high potential for preserving viable cells. This study quantitatively explored the 
effects of different parameters on cell viability during the CTC physical filtration process. Additionally, this study will be 
helpful for designing high-throughput CTC enrichment devices that capture high-viability cells.

Keywords  CTCs · Splenic interendothelial slit · Viability · High throughput · Sorting

1  Introduction

Cancer is a high-mortality disease that has attracted increas-
ing attention. A great danger of cancer is that cancer cells 
can spread from the original organ to other organs through 
blood or lymphatic system in a process called cancer metas-
tasis (Kitamura et al. 2015). Cancer cells that detach from 
primary tumors and circulate in peripheral blood are called 
circulating tumor cells (CTCs) (Williams 2013; Plaks and 
Werb 2013), which include much information about the 
genes and pathology of patients and are helpful in diagnosis 
and therapy (Smirnov et al. 2005). These findings suggest 

that CTCs can be used as cancer biomarkers in medical diag-
noses (Cristofanilli et al. 2005), cancer mechanism studies 
(Cristofanilli et al. 2004) and other areas. However, CTCs 
are extremely rare, with only hundreds of CTCs per milliliter 
of blood (Alix-Panabières and Pantel 2013). A process to 
enrich CTCs from whole blood has to be performed before 
other CTC pathological analyses. In addition, the difficulties 
in separating viable CTCs restrict further analysis, such as 
gene and drug experiments (Paterlini-Brechot and Benali 
2007). As techniques have become more advanced, CTC 
enrichment methods have been developed quickly (Alix-
Panabieres and Pantel 2014). Thus far, the CTC enrichment 
methods can be grouped into two categories: biochemical 
methods and physical methods (Alix-Panabieres and Pantel 
2014). Biochemical methods capture target cells by specific 
antibody–antigen interactions, including epithelial cell adhe-
sion molecules (EpCAM) and other biochemical molecules 
(Königsberg et al. 2011; Stott et al. 2010; Li et al. 2015; Lv 
et al. 2015). To date, the only FDA-approved CTC separa-
tion system is the CellSearch® system (Raritan, NJ, USA), 
which is a representative biochemical method (Riethdorf 
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et al. 2007). The CellSearch® system captures target cells 
that express EpCAM molecules by using immunomagnetic 
beads. However, during the metastatic process, tumor cells 
will undergo epithelial-to-mesenchymal transition (EMT) 
and no longer express significant markers, such as EpCAM 
(Rao et al. 2005; Zheng et al. 2015; Gorges et al. 2012). 
Unfortunately, this EMT problem is a fundamental limitation 
of biochemical methods and cannot be avoided. Moreover, 
maintaining the viability of CTCs captured by immunomag-
netic beads is difficult due to irreversible antibody–antigen 
binding.

Many enrichment methods based on the differences in 
physical properties between CTCs and normal blood cells, 
such as cell density (Park et al. 2012), size and deformability 
(McFaul et al. 2012; Kim et al. 2014; Li et al. 2014; Hvi-
chia et al. 2016; Meunier et al. 2016) and dielectric proper-
ties (Warkiani et al. 2016, 2014; Okano et al. 2015), have 
been developed and have achieved considerable gains (Patil 
et al. 2015). These physical enrichment methods have two 
significant advantages over biochemical methods. The first 
advantage is that most physical separation methods do not 
require labels, which is extremely important for subsequent 
analyses that require viable and unperturbed cells. The sec-
ond advantage is that physical methods require less time 
than biochemical methods because cancer cells do not need 
to be marked. Benefiting from high-throughput and mature 
techniques, the microfiltration method is a widely used 
method among physical enrichment methods (Zhou et al. 
2014; Lin et al. 2010; Zheng et al. 2011). Microfilters with 
different materials and different structure parameters were 
developed to capture CTCs and have achieved gratifying 
successes. A commercially available type of filter, the poly-
carbonate track etch filter was fabricated for CTC capture. 
However, the track etch filter has two great disadvantages: 
low porosity (3–5%) and nonuniform, randomly distributed 
pores that limit the throughput and capture performance of 
enrichment devices (Fleischer et al. 1972). To overcome the 
abovementioned disadvantages, photolithographic fabrica-
tion was introduced to produce uniformly patterned micro-
filters from different materials, such as parylene (Zhou et al. 
2014), PEGDA (Tang et al. 2014), SU-8 (Kang et al. 2015), 
PDMS (Fan et al. 2015), silicon (Lim et al. 2012), silicon 
nitride (Coumans et al. 2013; Kuiper et al. 1998; Van Rijn 
et al. 1997; Van Rijn and Elwenspoek 1995) and nickel 
(Hosokawa et al. 2010), for CTC enrichment. However, 
most studies of microfilters focus on improving the capture 
rate, purity and throughput of CTC enrichment devices. At 
present, the size-based method which has the characteristics 
of low cost and portability is widely used in CTCs sort-
ing. However, although the average diameter of circulating 
tumor cells is larger than that of white blood cells, there is 
still the problem of overlapping diameters, which leads to a 
low efficiency of sorting circulating tumor cells. In addition, 

the researchers combined the difference in deformability 
between circulating tumor cells and leukocytes to further 
develop a sorting method based on size and deformability. 
However, this method may still have the problem of losing 
CTCs. Although cell viability is extremely important for 
subsequent analyses, few studies of microfilters have focused 
on improving cell viability. The major factor that affects cell 
viability in the physical enrichment process is the cell mem-
brane rupture of CTCs. Zheng and his coworkers fabricated 
3D microfilters (Zhou et al. 2014; Zheng et al. 2011) and 
flexible microspring array devices (Harouaka et al. 2014) to 
reduce the cell membrane deformability and capture viable 
CTCs. However, the authors considered only the influence of 
static pressure on CTC viability. In addition, the parameter 
structure of the filter still needs to be optimized.

Compared to a static simulation of the pressure of a flow 
field, a dynamic model can offer more information and a 
better analysis. Because the interaction between cells and 
microfluidic devices is considered at the cellular level, the 
influence of internal cellular structures, such as the cytoskel-
eton, can be ignored. Generally, cells are modeled as con-
tinuous materials that can be grouped into two categories: 
a solid model and a liquid model. Compared to the solid 
model, the liquid model has the advantage of large defor-
mation. Zhang et al. developed a liquid model to explore 
the effects of a 3D confinement geometry on the pressure 
on CTCs passing through a channel (Zhang et al. 2014; 
Aghaamoo et al. 2015). However, the dynamic membrane 
strain of cells during the separation process, which can 
directly affect cell viability, was not explored.

The spleen, which is about 10–12 cm long and weighs 
200 g is located in the upper left abdomen. It is the largest 
immune organ in the human body and plays an important 
role in the immune system. Meanwhile, the spleen is also 
a filter that can remove aging and diseased red blood cells 
from the circulatory system (Pivkin et al. 2016). When the 
shape, size or deformability of red blood cells changes, 
the spleen will prevent these red bloods cells from pass-
ing through (Li et al. 2018). The physical filtering function 
of the spleen is determined by the microscopic interstitial 
structure of the splenic sinus, which is the narrowest circu-
latory bottleneck in the vascular system (Duez et al. 2018). 
The splenic sinus is characterized by a high-aspect ratio 
interendothelial slit (IES), with only a submicron thickness 
(0.2–0.8 microns) and a micron-sized length and height (3–5 
microns).

Inspired by the function of the splenic sinus in filtering 
red blood cells, we studied a bionic splenic sinus microflu-
idic chip for capturing circulating tumor cells. We developed 
a dynamic multiphase fluidic model to explore the effects 
of different flows and the parameters of the spleen-specific 
structure of the interendothelial slit (IES) on the cell mem-
brane strain. The simulation showed that compared to the 
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circular-pore structure, the interendothelial slit (IES) struc-
ture has advantages in terms of the porosity, throughput and 
cell viability. Moreover, we designed and fabricated a bionic 
splenic sinus microfluidic device for CTC separation with 
slit filters prepared from ultrathin silicon nitride due to the 
excellent properties of silicon nitride, such as its high struc-
tural strength, transparency and good biocompatibility. This 
device showed strong performance with high enrichment 
efficiency, high throughput and high cell viability. This work 
has the potential to solve the critical problem of CTC viabil-
ity after separation.

2 � Materials and methods

2.1 � Definition of cell membrane rupture

During a physical separation process, cells will experi-
ence pressure from the fluid and from the interaction force 
between cells and filters, which will cause cell membrane 
deformation. The total dynamic CTC separation process 
can be divided into two processes. The first process starts 
when the cells begin to interact with the filter and continues 
until the cells are fully captured; cells experience dynamic 
pressure during this first process. The second process starts 
when the cells are fully captured and continues until the 
end of the whole separation process; cells experience static 
pressure during this second process (Zheng et al. 2011). The 
cell membrane deformation is larger in the second process 
than in the first process. Previously, micropipette experi-
ments showed that cells will rupture when the deforma-
tion of the cell membrane is over 6% (Hategan et al. 2003; 
Evans and Ludwig 2000; Waugh 2014). Consequently, we 
consider 6% cell membrane strain as the critical strain value; 

higher values can be regarded as indicating cell rupture in 
the simulation.

2.2 � Simulation description and settings

A volume of fluid (VOF) model was applied to explore the 
deformation of cells traversing the IES filters or the circular-
pore filters (Fig. 1). The VOF model tracks the insoluble 
interface formed by two phases, which can be described 
as the cell membrane. The volume fraction of the primary 
phase (α) varies between 0 and 1. A two-equation turbulence 
model named the realizable k-ε model is used for numeri-
cal accuracy; in this model, the turbulence kinetic energy, 
k, and its rate of dissipation, ε, are introduced. In addition, 
the Pressure-Implicit with Splitting of Operators (PISO) 
scheme that is suitable for transient computation is employed 
for pressure–velocity coupling. Additionally, the Pressure 
Staggering Options (PRESTO) method was applied for the 
pressure, and the Geo-Reconstruct method was applied for 
volume fraction spatial discretization. Both methods are 
available in Fluent. For the boundary settings, the inlet of 
the channel is set to have a constant flow rate, and the outlet 
is set as a pressure outlet. The periodic boundary condition 
is applied at the lateral face of the fluid body, while no-slip 
and stationary conditions are applied at the channel walls. 
Because of the periodic boundary condition at the lateral 
fluid boundary, the filtering film is considered infinite in 
our simulation.

In accordance with the properties of human blood, the 
fluid density is set as 1025 kg/m3 and the dynamic viscosity 
is 3 × 10–3 Pa•s. The contact angle between a cell and the 
filter in the model is 180°, which means that cells do not 
adhere to the filter wall. The typical value of the surface 
tension of white blood cells (WBCs), 30 × 10–6 N/m, from 
previous literature is used in our model for convenience (Van 

Fig. 1   Schematic diagram of the microfluidic device of bionic spleen 
IES for CTCs sorting. (A) Simulation model of the IES structure. 
(B) Simulation model of circular pores. (C) Schematic of the CTCs 

physical filtration method using the bionic IES microfluidic device. 
(D) Schematic of the structure of the spleen sinus
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Rijn and Elwenspoek 1995; Hosokawa et al. 2010). Due to 
the wide variations in individual samples, the CTCs mechan-
ical properties reported by different studies vary greatly from 
close to the value for WBCs to a value corresponding to a 
nearly 10 times higher stiffness than that of WBCs (McFaul 
et al. 2012; Shaw et al. 2015).

We simulated the influences of different IES parameters, 
such as the filter geometry, filter thickness and cell surface 
tension, on the cell membrane strain. Here, we compared 
two filter geometries: IES and circular pores. For a meaning-
ful comparison of microfiltering films composed of an array 
of circular and IES pores, we fixed the porosity and char-
acteristic dimensions of the microfilters at constant values. 
The diameter of the circular pore and the width of the slit 
pore were set to 7 μm.

2.3 � Design and fabrication of the bionic splenic 
sinus microfluidic device for CTCs separation

The bionic splenic sinus microfluidic device is designed with 
a sandwich structure that consists of three parts: the top layer 
and the bottom layer are PDMS chambers, and the filtra-
tion membrane is located between these layers. The PDMS 
chambers contains a microfluidic channel connected to the 
filtration membrane, the top chamber is the CTC capture 
chamber, and the bottom chamber is the waste chamber.

The top and bottom chambers were fabricated with stand-
ard soft lithography. A 10 mm × 10 mm square silicon chip 
and a 400 μm thick SU-8 pattern was used as a mold. A 
PDMS prepolymer mixture (curing agent to PDMS ratio of 
1:10, Sylgard 184, Dow Corning) was poured onto the mold 
and degassed in a vacuum chamber for 30 min. After curing 
on a 70 °C hotplate for 2 h, the PDMS was peeled from the 
mold and prepared for the next step. Then, the fabricated 
PDMS chambers were cured by O2 plasma and subsequently 
combined with the filtration membrane.

Inspired by the splenic sinus structure, we introduced 
the IES as the filtration unit. The width of the slit filter, 
which is the critical dimension, ranges from 5 to 8 μm, and 
slit filters with a length of 100 μm are designed. Because 
silicon nitride films are transparent, stable and nonfluores-
cent, a monolayer patterned silicon nitride structure was 
designed as the filtration membrane. Furthermore, silicon 
nitride films have high tensile strength, which allows high 
porosity with a large filtration area, obviating complicated 
mounting procedures or additional support structures. The 
membrane area was 6 mm × 6 mm, and the thickness was 
500 nm. Large and stiff cells will be captured on top of the 
membrane. The filtration membrane was fabricated by the 
microfabrication process shown in Fig. 2. First, a silicon 
nitride film with a specific tensile stress was deposited on 
the silicon substrate (400 µm in thickness) by PECVD. The 
thickness of the silicon nitride film (500 nm) was controlled 

by the deposition time, and the magnitude of the stress was 
controlled by the deposition parameters. Second, a 2 µm 
thick silicon oxide layer was deposited by PECVD on the 
back side of the silicon substrate as an etching resistance 
layer. Then, the high-resolution positive photoresist AZ6112 
was spin coated onto the silicon nitride film. The ultraviolet 
aligner (SUSS MA 6) was used to expose the photoresist 
layer, which was covered by a chrome mask with a spe-
cific array pattern. AZ-MIF 400 solution was used for the 
photoresist development, and deionized water was used for 
cleaning the wafer after development. Then, the wafer was 
baked using a hot plate at 120 °C for 2 min. Afterwards, the 
array pattern was transferred from the photoresist layer to 
the silicon nitride membrane by reaction ion etching (RIE, 
OXFORD). The back side of the silicon oxide layer was also 
patterned to form etching windows by lithography and RIE 
etching. The photoresist was 10 µm thick AR-P 3210 (posi-
tive photoresist) and developed in AR 300-26 solution. It 
should be noted that there is no need to post-bake for AR-P 
3210 because high temperatures will deform the pattern of 
the photoresist. The patterned silicon oxide layer produced 
by RIE provides resistance together with AR-P 3210 for bulk 
silicon etching. Afterwards, inductive coupling plasma etch-
ing (ICP etching) was used to etch most of the bulk silicon 
(380 µm in thickness). The residual bulk silicon (20 µm) was 
etched by KOH solution.

2.4 � Cell culture

MDA-MB-231 cells were chosen for enrichment tests. The 
cancer cells (Cell Bank of the Chinese Academy of Sci-
ences, China) were cultured in DMEM supplemented with 
1% streptomycin/penicillin and 10% fetal bovine serum (all 
from Gibco, USA) and incubated at 5% CO2 at 37 °C in 
35 mm dishes (Thermo Fisher Scientific, USA). The cells 
were treated with Trypsin–EDTA (Gibco, USA) solution 
for 1 min to form cell suspensions and then centrifuged at 
1000 revolutions per minute (rpm) for 5 min to be harvested. 
The cells were then immersed in fresh DMEM and aspirated 
by gentle pipetting to form cell suspensions again. Prior to 
each experiment, the cells were trypsinized and resuspended 
in PBS or healthy human peripheral blood. The cells were 
counted with the standard plate-counting method by hand, 
and counting was repeated at least three times to account for 
operational errors.

2.5 � Spiking of cancer cells

Cell concentrations were first determined by manual count-
ing using a hemocytometer, and the cells were serially 
diluted with Dulbecco’s phosphate-buffered saline (DPBS; 
PAA Laboratories GmbH) to an approximate concentration 
of 100 cells per well. Subsequently, the actual number of 
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cells present in the suspension was determined by aliquoting 
cell suspensions (100 μL) into a 96-well plate and manually 
counting the cells under a microscope. The cell counting 
was repeated at least three times, and the count was averaged 
from 5 wells to minimize the effect of operational errors. 
A cell suspension volume corresponding to 100 cells was 
spiked into 1 mL of healthy human whole blood diluted 
with various volumes (0–2 mL) of PBS wash buffer (DPBS 
with 2 mM ethylene diamine tetra acetic acid (EDTA); Pro-
mega, USA) and 0.5% bovine serum albumin (BSA; Sigma-
Aldrich, USA)).

2.6 � Method for characterizing cell viability

Approximately, 100 MDA-MB-231 breast cancer cells were 
spiked into 1 mL of DPBS solution and passed through the 
filters. Then, 1 mL of pure DPBS solution was pumped into 
the filtration device to wash the channel and filters. After 
the abovementioned process, the LIVE/DEAD assay (Invit-
rogen, Carlsbad CA) was used for cell staining. The viable 
cells were stained by Calcein-AM green (8 μM) and showed 
green emission, and the dead cells were stained by ethidium 

homodimer-1 (EthD-1, 4 μM) and showed red emission in a 
fluorescence microscope.

2.7 � Human blood samples

Healthy human whole blood samples (anticoagulated with 
EDTA) were provided by consenting donors at the Anhui 
Provincial Hospital by a standard protocol. Then, the whole 
blood samples were saved in a collection tube with EDTA 
to prevent coagulation. Subsequently, the blood samples 
were preserved in a − 4 °C refrigerator. All blood samples 
were used within 24 h for experiments. Portions of the blood 
samples were diluted multiple times with PBS wash buffer 
solution to determine the influence of blood concentration 
on the separation effect. The ratios of blood sample to PBS 
solution were 1:0, 1:1, 1:2, 1:5, and 1:10.

2.8 � Flow characterization

The flow rate through the microfilters was controlled with 
a microinjection pump (SPLab02, Baoding Shenchen Pre-
cision Pump Co. Here, we set the flow rate to 0.1, 0.2, 

Fig. 2   Fabrication process of the bionic IES microfluidic device. (A) Fabrication process of the silicon nitride filtration membrane. (B) Fabrica-
tion process for the PDMS chamber
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0.5, 1 and 2 mL/min for the purpose of examining the 
influence of flow rate on separation efficiency.

2.9 � Data processing and statistical analysis

Fiji/ImageJ (National Institutes of Health, USA) was used 
for image postprocessing. Origin (Origin Lab, USA) was 
used to perform statistical analysis and create graphs. All 
images were acquired with a Leica DMI3000B (Leica, 
Germany) microscope using the phase contrast and fluo-
rescence modes. Cell counting and fluorescence in situ 
hybridization imaging were performed with 10x, 20x  and 
40x objective lenses.

3 � Results and discussion

3.1 � Theoretical calculations

The pore shape, size and distribution of filters strongly 
affect the separation results and fluidic performance. 
First, we analyzed the influence of different pore shapes 
on the pressure drop across the filters using the theoreti-
cal formula (Shown in Fig. 3). Both the width of the IES 
and the circular pore diameter are 7 μm. The flow rate (Q) 
is proportional to the pressure drop (Δp), as described by 
the following relationship (Kuiper et al. 2002):

where R is the flow resistance.

(1)Q =
Δp

R
,

3.2 � Flow resistance

The flow resistance of a circular pore ( Rc ) can be calculated 
by the following formula (Kuiper et al. 2002):

where h and d are the thickness of the membrane and the 
diameter of the pore, respectively, and η is the viscosity of 
the liquid.�c is the porosity of circular pores on the mem-
brane. f

(

�c

)

 is a factor that corrects for the synergetic effect 
of the pore array.

The flow resistance of a IES structure ( Rs ) can also be 
calculated by a similar formula (Kuiper et al. 2002):

where l and d are the length and width of the slit, respec-
tively.�s is the porosity of slits on the membrane. g

(

�s

)

 is a 
factor that corrects for the synergetic effect of the slit array.

First, we investigated the influence of the IES thickness 
on the flow resistance. When h ≥ d, the flow resistance of 
both circular pores and slits is approximately proportional 
to the thickness of the membrane. Furthermore, when h ≪ d, 
the influence of thickness on flow resistance can be ignored. 
Generally, the thickness of the splenic sinus structure is on 
the submicron level, which means that the splenic sinus 
structure not only has a low flow resistance but also has a 
high flux. Hence, a membrane thickness of 500 nm will be 
optimal because both the flow resistance and strength of the 
membrane are considered.

Second, the flow resistance characteristics of the IES 
structure and the circular pore were compared. Here, both 
the factor f(κc) and g(κs) are set to 1, and the influence of 

(2)Rc =

{

128h�

�d4
+

24�

d3

}

f
(

�c

)

,

(3)Rs =

{

12h�

ld3
+

32�

�ld2

}

g
(

�s

)

,

Fig. 3   Simulation of the effects of different parameters on the pres-
sure drop across the filtration membrane. (A) Effect of filter thickness 
on the pressure drop across the membrane. (B) Effect of the filtration 

unit structure—IES or circular pore—on the pressure drop. (C) Effect 
of flow velocity on the pressure drop
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thickness is ignored. Thus, expression (2) can be simplified 
as follows:

Expression (3) can be simplified as follows:

When we assume the same area for pores and slits and the 
same pressure drop, the ratio of Qs to Qc can be described 
as follows:

Hence, when the porosity and pressure drop are the same, 
the flow rate of the slit filter is 1.85 times that of circular 
pores.

3.3 � VOF simulation results

A VOF multiphase model was developed to calculate the cell 
membrane strain during cell travel in the IES structure or the 
circular pore. To enrich the CTCs, WBCs (soft cells) should 
be separated and passed through the filter under the influ-
ence of a fluid force. Therefore, we performed a simulation 
and found the minimum flow rate that could push soft cells 
(WBCs) through the filter. The cell deformation at different 

(4)Rc =
24�

d3
.

(5)Rs =
32�

�ld2
.

(6)Qs

Qc

=
3�l

4d
×

�

(

d

2

)2

ld
= 1.85.

times is shown in Fig. 4A, and the membrane strain during 
the process is shown in Fig. 4B. The maximum cell mem-
brane strain occurred at the point when just half of the cell 
body passed through the filter. The maximum cell membrane 
strains under different flow rates with a 7 μm width slit and a 
7 μm circular pore diameter are shown in Fig. 4C, D, respec-
tively. The soft cell cannot pass through the 7 μm width IES 
when the velocity is less than 0.175 m/s. Correspondingly, 
a soft cell cannot pass through the 7 μm diameter pore when 
the velocity is less than 0.65 m/s. For both the slit filter 
and the pore filter, the cell membrane strain increases with 
increasing velocity. The thickness of the IES structure also 
influences the cell membrane strain under conditions with 
the same velocity (0.175 mm/s) (Fig. 4F, G). The maximum 
cell membrane strain increases when the IES thickness 
increases. Otherwise, as the slit width increased, the cell 
membrane strain decreased (Fig. 4H).

Notably, the minimum velocity (0.175 m/s) needed to 
force a soft cell to pass through the IES structure is less than 
the velocity (0.65 m/s) needed with a circular pore. Other-
wise, the cell membrane strain (5.1%) is lower when passing 
through the IES filter than when passing through the circular 
pore (15.3%). This finding may be caused by the flow resist-
ance being lower for a slit than for a circular pore. Addition-
ally, the 15.3% cell membrane strain is considerably greater 
than the critical membrane rupture strain (6%). Thus, a lower 
velocity can be used to separate soft cells (WBCs) from stiff 
cells (CTCs) with the slit filter than with the circular-pore 
filter. This result means that compared with the circular-
pore filter, the IES filter has a considerable advantage in 

Fig. 4   Dynamic simulation of cells in the filtration process. (A) 
Simulated dynamic process of a cell passing through the IES filter. 
(B) The areal strain of cell during the dynamic process. (C) Effect of 
the flow velocity on the maximum cell membrane strain with an IES 
filter. (D) Effect of flow velocity on the maximum membrane strain 

with a circular-pore filter. (E) The schematic diagram of the filtering 
structural parameters. (F) Cell deformation under different thickness. 
(G) Effect of filter thickness on the maximum cell membrane strain. 
(H) Effect of slit width on the maximum cell membrane strain
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preserving the cell activity. The IES filter thickness greatly 
influences the cell membrane strain, which varies from 5% 
for a 500 nm thickness to 16% for a 10 μm thickness. To 
keep the cell membrane strain under the critical strain (6%), 
the IES filter needs to be designed with a thickness of less 
than 1 μm.

3.4 � The properties of the microfilter of the bionic 
IES

Silicon nitride is a suitable material for microscope imaging 
applications due to the optical features of transparent and 
nonfluorescent materials. Additionally, we can easily achieve 
a precise pattern and distribution on a silicon nitride mem-
brane. Moreover, silicon nitride films deposited by plasma-
enhanced chemical vapor deposition (PECVD) have high 
tensile stress, enabling high porosity in a large filtration 
area without the need for complex clamping devices and 
additional support structures. Bionic IES filters with widths 
ranging from 5 to 8 μm and a length of 100 μm were gener-
ated by an optical mask. Figure 5 shows an optical micro-
scope image and scanning electronic microscope image of 
IES filters with a 6 μm width and ~ 18,000 slits in the 6 mm 
square membrane area. The slits are spaced at 20 μm inter-
vals in the length direction and 10 μm intervals in the width 
direction. The porosity of the filters ranged from 23% (5 μm 
width) to 37% (8 μm width).

3.5 � Separation performance of high‑density IES 
filters

We studied the influence of size, flow rate, sample dilu-
tion and number of spiked cells on the efficiency of enrich-
ment, which is defined as the ratio between the number of 
cells captured on filters and the number spiked in solution 
(Fig. 6). After enrichment, 1 mL of DPBS solution was used 
to wash the filters.

3.5.1 � Effect of the IES width on the enrichment efficiency

The influence of slit width on the enrichment efficiency 
was explored using approximately 130 MDA-MB-231 cells 
spiked into 1 mL of DPBS (shown in Fig. 6A). IES filters 
with widths ranging from 5 to 8 μm were used to evaluate 
the enrichment efficiency, and the flow rate was 0.5 mL/min. 
Captured cells were observed and counted by using a fluo-
rescence microscope. The experiments for measuring each 
parameter were repeated at least 3 times. The smaller was 
the IES width, the higher was the enrichment efficiency. The 
efficiency decreased from > 90% to < 70% as the slit width 
increased from 5 to 8 μm. However, a filter with a small slit 
width may intercept too many WBCs and cause low purity in 

(7)Efficiency =
Numbercaptured

Numberspiked
× 100%.

Fig. 5   Images of a silicon 
nitride membrane and the 
bionic splenic sinus microflu-
idic device. (A) Schematic of 
a silicon nitride membrane. 
(B) Image of a silicon nitride 
membrane with a slit array. (C) 
Magnified view of the indicated 
box in the slit array. (D) Image 
of the CTC enrichment device. 
(E) Image showing the CTC 
enrichment process
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the CTC sample. Considering the balance among enrichment 
efficiency, purity and clogging, 7 μm is the optimal width.

3.5.2 � Effect of flow rate on enrichment efficiency

The influence of flow rate on enrichment efficiency was 
also explored by using approximately 130 MDA-MB-231 
cells spiked into 1 mL of DPBS (shown in Fig. 6B). Flow 
rates ranging from 0.5 to 5 mL/min were used to evaluate 
the enrichment efficiency with a slit width of 7 μm. As the 
flow rate increased, the enrichment efficiency decreased 
from ~ 90% to ~ 70%.

3.5.3 � Effect of dilution ratio on enrichment efficiency

The effect of sample dilution ratio was also studied with 
130 MDA-MB-231 cells spiked into a 1 mL blood sam-
ple diluted with different volumes of DPBS (1, 2, 3, 5 and 
10 mL) (shown in Fig. 6C). The flow rate was 0.5 mL/min, 
and the slit width was 7 μm.

As the dilution volume of DPBS increased from 1 to 
10 mL, the enrichment efficiency of cancer cells increased 
from ~ 70 to ~ 90%. This trend also confirms the findings of 

previous studies showing that diluting samples reduces the 
pressure drop and increases the enrichment efficiency.

Diluting samples reduces the viscosity of the fluid, which 
is proportional to the flow resistance. Hence, the pressure 
drop across the filter decreases when the dilution ratio 
increases. However, a high dilution ratio means that the total 
volume of the sample also increases, which will increase the 
processing time under conditions with the same flow rate.

3.5.4 � Effect of cell number on enrichment efficiency

The number of CTCs varies greatly among different blood 
samples (shown in Fig. 6D). Here, we measured the enrich-
ment efficiencies with different numbers of spiked cells 
(100, 200, 300, 400, 500 cells) in the same volume of DPBS 
solution. The flow rate was 0.5 mL/min, and the slit width 
was 7 μm. The efficiencies were almost unchanged for dif-
ferent numbers of cells.

The main reason is that the number of cells (mainly 102) 
is much less than the number of slits (105). Therefore, there 
is no significant change in the pressure drop across the filter 
when the enriched cells clog the slits.

Fig. 6   Performance of the bionic splenic sinus microfluidic device 
based on the silicon nitride membrane. (A–D) Effect of different 
parameters on cell enrichment efficiency. (A) Effect of slit width on 
cell capture efficiency. (B) Effect of flow velocity on cell capture 
efficiency. (C) Effect of dilution ratio on cell capture efficiency. (D) 
Effect of cell number on cell capture efficiency. (E, F) Effect of dif-
ferent parameters on CTCs purity ratio. (E) Effect of dilution ratio on 

CTCs purity. (F) Effect of flow rate on CTCs purity ratio. (G) Effect 
of slit width on CTCs purity. (H) Effect of cycle numbers on CTCs 
purity. (I–L) Image of captured cancer cells and WBCs. (I) Bright 
field image. (J) Fluorescence image of captured WBCs. (K) Fluo-
rescence image of captured cancer cells. (L) Merged bright field and 
fluorescence image
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3.5.5 � Effect of the diluted ratio on the CTCs purity

The effect of diluted ratio on CTCs purity was also stud-
ied by spiked MDA-MB-231 cells (shown in Fig. 6E) in 
1 mL diluted blood solution which’s dilution ratios are 
1:2,1:3,1:5,1:10, respectively. The flow velocity was set as 
2 mL/min and the slit width was 7 μm. The percentage of 
spiked MDA-MB-231 cells among total cells (contained 
white blood cells) increased from 45 to 65% with the dilu-
tion ratios increased. This is because the greater the dilution 
ratio, the lower the number of white blood cells in the solu-
tion, so the higher the purity of CTCs.

3.5.6 � Effect of the flow rate on the CTCs purity

The influence of flow rate on CTCs purity was also explored 
using approximately 130 MDA-MB-231 cells spiked into 
1 mL of diluted blood solution (shown in Fig. 6F). Flow 
rates ranging from 0.5 mL/min to 5 mL/min were used to 
evaluate the CTCs purity with a slit width of 7 μm. As the 
flow rate increased, the CTCs purity increased from ~ 45.6 
to ~ 63.4%. This is because white blood cells have a greater 
deformation force than CTCs, so at a high flow rate, more 
white blood cells are filtered out.

3.5.7 � Effect of slit width on the CTCs purity

The influence of slit width on the CTCs purity was explored 
by using approximately 130 MDA-MB-231 cells spiked into 
1 mL of diluted blood solution (shown in Fig. 6G). IES fil-
ters with widths ranging from 5 to 8 μm were used to evalu-
ate the CTCs purity, and the flow rate was 2 mL/min. The 
experiments for measuring each parameter were repeated at 
least 3 times. The smaller was the IES width, the higher was 
the enrichment efficiency. The CTCs purity increased from 
42 to 68% as the slit width increased from 5 to 8 μm. The 
filter with a small slit width may intercept too many WBCs 
and cause low purity in the CTC sample.

3.5.8 � Effect of cycle numbers on the CTCs purity

Moreover, we explored the influence of cycle numbers on 
CTCs purity (shown in Fig. 6H). After cell filtration, rinse 
with PBS solution, and use 1 mL of PBS solution per cycle. 
The flow velocity was maintained at 2 mL/min. As the cycle 
number increased, the percentage of CTCs increased.

3.6 � Characterization of cell viability

The membrane strain of cells is caused by the pressure drop 
across the filters, which is described as the flow rate divided 
by the flow resistance (Fig. 7). Therefore, the viability of 
cells increases as the pressure drop decreases.

3.7 � Effect of the IES slit width on the cell viability

The effect of slit size on cell viability was studied by spiked 
MDA-MB-231 cells (Fig. 7A) in 1 mL of PBS solution. The 
flow velocity was set as 0.5 mL/min. With the slit width 
increased from 5 to 8 μm, the percentage of viable cells 
among total cells increased from 66 to 91%. This result 
agrees with the simulation showing that the pressure drop 
and cell membrane strain decrease with increasing slit width.

3.8 � Effect of velocity on cell viability

The influence of flow velocity on cell viability was also 
explored by MDA-MB-231 cells (Fig. 7B) spiked in 1 mL 
of PBS solution. Here, the slit width was set to 7 μm. With 
increasing velocity, the percentage of viable cells decreased. 
This result also agrees with the simulation showing that 
the pressure drop and cell membrane strain increase with 
increasing velocity.

3.9 � Effect of cycle numbers on cell viability

Moreover, we explored the influence of cycle numbers on 
cell viability. After cell filtration, rinse with PBS solution, 
and use 1 mL of PBS solution per cycle. The flow veloc-
ity was maintained at 0.5 mL/min. As the cycle number 
increased, the percentage of viable cells decreased greatly. 
This finding means that the flow duration greatly affects cell 
viability even with a low flow rate. Increasing the filter area 
and filter number might optimize the balance between the 
flow rate and duration.

4 � Conclusion

Overall, inspired by the filtering function of the spleen, we 
developed a bionic splenic sinus microfluidic device for sort-
ing CTCs. The multiphase fluidic model showed that with 
increasing flow rates and filter thicknesses or decreasing silt 
widths, the cell membrane strain increases. The IES filter 
has more advantages compared to the circular-pore filter 
for decreasing the cell membrane strain under the same flu-
idic parameters because the flow resistance is lower in the 
slit unit than in the circular-pore filter. In accordance with 
the simulation results, silicon nitride filters with slit arrays 
were designed and fabricated for viable and highly efficient 
cell enrichment. With increasing slit width and velocity 
or decreasing dilution ratio, the captured cancer cell ratio 
decreases. Moreover, as the slit width decreases or the veloc-
ity and the solution volume increase, the rate of viable cells 
decreases greatly. Our studies quantitatively analyzed the 
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effects of various parameters on cell viability. These bionic 
splenic sinus microfluidic devices have great potential for 
use in high efficiency techniques to enrich viable CTCs.
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