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Abstract: Circulating tumor cells (CTCs) are cells that become detached from a primary tumor and enter the vascular or
lymphatic system. These cells contain nearly the entire genetic information of the primary tumor. Enrichment and detection of
CTCs play a crucial role in prognostications and risk assessments of tumor metastasis and recurrence, evaluation of efficacy and
potential medications for precision tumor therapy, and detection of dynamic biomarkers during tumor treatment. Current methods
of CTC capture often face the challenge of balancing capture rate and purity. To address these issues, we propose a microfluidic
biochip based on the principle of immunoaffinity, which incorporates a herringbone microchannel and deterministic lateral
displacement (DLD) technology for the capture of CTCs. By manipulating the internal structural design of the microfluidic
chip, we optimized the flow field within the chip, thereby enhancing the contact frequency between cells and aptamers and
ultimately improving the capture rate. The proposed chip demonstrated a capture efficiency of approximately 91.87% for human
breast cancer cells (MCF7), with a release rate of 77.5%. The relative activity of the released cells was approximately 94.08%.
Notably, the specificity of the aptamers toward tumor cell surface antigens enables high-purity capture. Additionally, the use of
DNA enzymes to digest aptamers facilitates the release of high-activity CTCs, offering a method to simultaneously achieve a
high capture rate, purity, and activity enrichment.
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1 Introduction

Cancer is a leading threat to human longevity
(Sung et al., 2021). In patients with cancer, some tumor
cells become detached from the primary tumor, enter
the circulatory system, and then travel throughout the
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body, where they may infiltrate normal tissues to colo-
nize and form new tumors. This process is known as
cancer metastasis. Cancer metastasis includes four pro-
cesses: local invasion, infiltration, exosmosis, and col-
onization, which is responsible for up to 90% of
cancer deaths (Chaffer and Weinberg, 2011; Li et al.,
2024). Detached tumor cells are also called circulat-
ing tumor cells (CTCs) (Alix-Panabi¢res and Pantel,
2014; Shu et al., 2024). Enrichment and detection of
CTCs in peripheral blood is of great significance for
early tumor diagnosis, prognosis and risk assessment
of metastasis and recurrence (Cristofanilli et al., 2004;
Cohen et al., 2006; de Bono et al., 2008), efficacy
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evaluation and medication guidance regarding tumor
precision therapy (Cortés-Hernandez et al., 2020; Liu
et al., 2023), and monitoring of dynamic markers dur-
ing tumor therapy (Smerage et al., 2014; Ma and Yang,
2023).

The scarcity and heterogeneity of CTCs present
substantial challenges to the enrichment, isolation,
and subsequent detection of CTCs from blood sam-
ples. Existing CTC capture techniques can be roughly
divided into two categories: physics-based capture and
immune-binding capture (Kang et al., 2022; Liu et al.,
2022; Hu et al., 2025).

Physics-based capture is mainly based on the dif-
ferences in certain physical properties (such as size,
density, deformations, and dielectric properties) of
CTCs and blood cells. It includes methods such as
centrifugal separation (Rosenberg et al., 2002; Low
and Abas, 2015), filtration separation (Sarioglu et al.,
2015; Kang et al., 2017; Zhang et al., 2018; Chen et al.,
2024), fluid mechanical separation (Zeming et al.,
2013; Park et al., 2016; Renier et al., 2017; Salafi
et al., 2019; Xiang et al., 2019), dielectrophoresis sep-
aration (Varmazyari et al., 2022; Wu et al., 2023), and
acoustic electrophoresis separation (Antfolk et al.,
2017; Wu et al., 2018). For instance, Rosenberg et al.
(2002) showed that both the OnceQuick and Ficoll
systems achieved a capture efficiency of 70%—-90%
when separating rectal cancer HT-29 cells from blood.
Moreover, Kang et al. (2017) captured nine different
types of cancer cells using filters with conical slits,
with an average capture rate of 77.7%; a vitality of
80.6% was also maintained for the cells. However,
such physical capture methods generally possess the
shortcomings of a low capture rate, low capture purity,
and low cell activity following capture.

The immune binding method uses certain mole-
cules (antibodies or aptamers) to bind specifically to
the surface antigens of cancer cells to capture CTCs
(Sheng et al., 2013; Galletti et al., 2014; Zhou and
Rossi, 2017; Shi et al., 2022; Kang et al., 2025). Con-
sidering the differences in the grafted surfaces of anti-
bodies or aptamers, this method can be roughly di-
vided into two categories: immunomagnetic separation
and functionalized micro/nanostructure separation.
Yu et al. (2013) affixed antibody-modified iron (III)
oxide nanoparticles on nickel microcolumns using a
magnetic field to fabricate a CTC capture chip, which
can separate CTCs by simply removing the magnetic
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field. Additionally, Zhang et al. (2012) functionalized
antibodies against horizontally stacked electrospun
titanium dioxide nanofibers for the capture of CTCs
and increased the capture rate by utilizing the interac-
tion between the substrate and the extracellular matrix
surface. CTC capture techniques based on immune
binding tend to require a longer incubation period to
induce cell binding to antibodies or aptamers, result-
ing in lower fluxes. Meanwhile, some antibody-based
capture methods can release tumor cells through pro-
teolytic hydrolysis of antibodies, which will affect the
activity of tumor cells and the number of membrane
proteins; this complicates subsequent analysis of tumor
cells.

To overcome the limitations of existing CTC cap-
ture technologies—namely, low capture rate, low
purity, and insufficient activity of the captured CTCs—
a microfluidic chip based on the immune binding prin-
ciple that leverages a herringbone-shaped microchan-
nel and deterministic lateral displacement technol-
ogy was proposed. Using the advanced two-photon-
polymerization fabrication method, the bottom cap-
ture unit can be fabricated with high resolution with
high reproducibility. Moreover, by influencing the flow
field inside the chip (Lin et al., 2023), the contact fre-
quency between cells and aptamers can be increased,
and the capture rate can be improved. The specificity
of aptamers to tumor cell surface antigens is used to
achieve high purity capture. The digestion of aptamers
by deoxyribonuclease (DNase) is also leveraged to
promote high activity release of the captured CTCs.

2 Materials and methods

The content of this paper mainly consists of three
parts: first, structural design of the top herringbone-
shaped microchannel and the bottom column is per-
formed, then the designed chip is processed and the
aptamer is modified, and finally, the capture experi-
ment is conducted to verify the effectiveness of the
simulation and explore the optimal operational param-
eters of the chip. Following this research content, the
overall framework is illustrated in Fig. 1.

2.1 Materials

An SU-8-3050 photoresist was purchased from
MicroChem (USA). Polydimethylsiloxane was obtained
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Fig. 1 Schematic of the CTC capture system

from Dow Corning (USA). An IP-Dip2 photoresist was
supplied by NanoScribe (Germany). Cell Tracker Red
CMTPX and Cell Tracker Green CMFDA were pur-
chased from Thermo Fisher (USA). (3-Mercaptopropyl)
trimethoxysilane (MPTS), propylene glycol mono-
methyl ether acetate (PGMEA), and 4-maleimidobu-
tyric acid N-hydroxysuccinimide ester (GMBS) were
purchased from Aladdin (China). Streptavidin, Alexa
Fluor 680-labeled streptavidin, DAPI solution, Tween-
20, bovine serum albumin (BSA), and red blood cell
lysis buffer were obtained from Solarbio (China). The
human breast cancer cell line MCF-7 and the human
chronic myeloid leukemia cell line K562 (both with
complete media) were purchased from Saibaikang
(China). FITC-labeled phalloidin was supplied by
Yisheng (China). Recombinant DNase I, mouse-derived
recombinant EpCAM antibody, and Cy5-labeled goat
anti-mouse IgG were purchased from Saivier (China).
The biotinylated SYL3C aptamer and Cy5-labeled ap-
tamer were synthesized by Tsingke Biotechnology
Co., Ltd. (China).

2.2 Chip fabrication

The top structure of the chip was constructed
using soft lithography technology, which is common
for microfluidic devices. In short, the SU-8 mold was
first engraved, and then the top herringbone-shaped
microchannel was constructed using polydimethylsi-
loxane (PDMS) reverse molding and drilling. The
bottom structure was established through a two-photon
polymerization (TPP) method using a 3D TPP printer
(PPGT2, Nanoscribe, Germany) with its 3D SF Dill
module (63-fold objective) and IP-Dip2 photoresist.
The 3D model was built using SolidWorks and sliced
using Describe software (version 2.7) after comple-
tion, and the output GWL file was imported into

Nanowrite software (version 1.10.5) for printing. The
microstructure is then printed on silylated fused quartz
glass with a glass size of 75 mmx25 mmx1 mm. The
quartz glass with the top PDMS and the bottom printed
with the microstructure was treated with oxygen plasma
at 50 W for 30 s, and subsequently, the assembly was
completed through alignment and pressing under an
industrial microscope.

2.3 Aptamer modification

The aptamer modification process was performed
following the manufacturer’s instructions. To summa-
rize, an anhydrous ethanol solution of 5% (volume
fraction) MPTS was injected into the chip and incu-
bated at room temperature for 30 min to graft the sulf-
hydryl groups. After rinsing with anhydrous ethanol,
10 mmol/L. GMBS anhydrous ethanol solution was in-
jected and incubated at room temperature for 30 min
to graft the N-Hydroxysuccinimide (NHS) ester. Fol-
lowing this rinsing, 50 pg/mL streptavidin was injected
and incubated overnight. Finally, the modification was
completed after rinsing with phosphate-buffered saline
(PBS) and injecting 1.5 pmol/L biotinylated aptamer
with a 2 h incubation time.

2.4 Tumor cell culture

The tumor cell lines were cultured in the corre-
sponding complete medium in a 37 °C incubator with
5% carbon dioxide. The EpCAM-positive human
breast cancer cell line MCF-7 was used as the model
CTC, and the EpCAM-negative human chronic my-
eloid leukemia cell line K562 was used as the model
leukocyte.

2.5 Cell capture and release

Before the capture experiment, live cells were
stained with 1 pumol/L Cell Tracker Red CMTPX or
Cell Tracker Green CMFDA to facilitate follow-up
observations and counting. To prepare the cell suspen-
sion for capture, MCF-7 was first digested with pan-
creatic enzyme-free cell digestion solution, the super-
natant was discarded after centrifugation, and then
resuspension was performed with phenol-free red
Dulbecco’s modified eagle medium (DMEM). For
suspension K562 cells, the digestion step can be omit-
ted. The cells were counted using a hemocytometer,
and specific cell concentrations of MCF-7 and K562
single cells or mixed cell suspensions were prepared



using gradient dilution. The suspension was then ex-
tracted into a 1 mL syringe and injected into the mi-
crofluidic chip with an injection pump at a constant
flow rate. Subsequently, 500 puL of PBS buffer was in-
jected to flush out the uncaptured cells, and subse-
quent counting and other operations were performed.

After the capture and flushing process, the cap-
tured cells were counted under an inverted fluores-
cence microscope. Considering the number of cap-
tured cells for &V, and the total number of cells V, the
capture rate R, can be calculated as:

R.= % x 100%. (1)

Cell release was performed using Recombinant
DNase I by first combining Recombinant DNase I, di-
lutive solution, and ultrapure water in 1 U:1 pL:10 pL.
Then, the working liquid was injected into the chip
and incubated at 37 °C in the incubator for half an
hour. Thereafter, 2 mL of phenol-free red DMEM was
injected into the chip to flush out the released cells.
The cells that were not released were counted under
an inverted fluorescence microscope. With the num-
ber of cells that are not released being N,, the release
rate R, can be calculated as:

R,= % x 100%. 2)

.
1

2.6 Statistical analysis

All data are presented as the meantstandard de-
viation (SD) values from at least three independent
experiments. The significant difference between the
control group and the experimental group was assessed
using the independent samples #-test. All analyses and
plotting were performed using Origin (Version 2024,
OriginLab Co., USA). A P-value less than 0.05 was
considered statistically significant.

3 Results and discussion
3.1 Chip top structural design

The top structure of the CTC capture chip was
constructed as a herringbone-shaped microchannel.
The herringbone-shaped mixer is simple and easy to
manufacture and is commonly used in microfluidics.
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Micro-vortexes can be generated in the microchannel,
promote the diffusion of the fluid through the stretch-
ing and folding of the fluid volume, and achieve mix-
ing of various fluids. Applying the herringbone-shaped
mixer in the capture of CTCs can increase the fre-
quency of cell collisions with the wall and thus in-
crease the capture rate.

The basic size of the herringbone-shaped micro-
channel structure is shown in Fig. 2a. The dimensions
of the microchannel are described by the minimum el-
ement width @, asymmetry p, runner height 4, height
oh, width w,, spacing d, and deflection angles «,
and a,.

The size parameters of the herringbone mixer
were set according to existing studies. For instance,

Stroock’s research showed that when a,=a,=45° and
2moh

w,+d
transverse flow (that is, the ratio of transverse to axial
flow) (Stroock et al., 2002). Therefore, we take a,=
0,=45° and j:jhd
of Li and Chen (2005) showed that a herringbone
asymmetry of 0.6 displayed the greatest transverse
flow. Thus, we set the asymmetry degree of the
herringbone-shaped microchannel to 0.6.

High susceptibility to clogging is a common
problem in microfluidic chips used for CTC capture.
To address this, we must design the flow path height
to accommodate the size of the CTCs. CTCs are 15—
40 pm in diameter, and thus, the flow channel height
needs to be above 40 um. However, for the sake of
more accurate control of the fluid and cell movement
in the channel, the flow height should not be too large.
Therefore, the flow channel height is set at 50 um.
The preliminary design of the herringbone-shaped mi-
crochannel is summarized in Table 1, and simulation
design is only needed for w, w,, and d. The purpose
of the top herringbone design is to promote frequent
contact between the fluid and the cells within the fluid
and the wall. Accordingly, the target physical quantity
was the average flow velocity v,. perpendicular to the
mainstream directional plane, which is the volume
fraction of v,..

First, the herringbone spacing d was designed.
The size ranges needed to be delineated at an early
stage of the design process. If the herringbone shape
spacing is too small, it will cause difficulties in fabri-
cation, so the minimum value of the spacing was set

~2, the herringbone mixer showed the greatest

~2. Moreover, a simulation study
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Fig. 2 Chip structure design and optimization: (a) diagram of the basic dimensions of the herringbone-shaped structure;
(b) mesh diagram; (c) relationship between v, and the herringbone shape spacing d; (d) relationship between v, and the
herringbone shape width and minimum element width; (e) relationship between the angle of the square column and the
collision frequency (normalized); (f) schematic diagram of the column parameters and the relationship between spacing

G and offset angle a

as 50 um, the maximum was 200 pm, and the gradi-
ent was 25 um. The minimum element width of the
fixed herringbone shape is 150 pm, and the herring-
bone shape width is 100 um. The simulations of the
relationship of v, with d are shown in Fig. 2¢. It can
be observed that with the increase of d, the change in
v,. is very small; thus, to increase the number of vorti-
ces, the number of herringbone grooves should be in-
creased. Hence, the herringbone spacing was set at a
smaller value of 50 um.

After determining the herringbone spacing d,
there are only two remaining parameters, @ and ®,, to
be optimized. First, we need to determine their size
limits to constrain the simulation optimization. If the
minimum element width @ is too small, it will increase
the aspect ratio of the structure, which is not condu-
cive to development and engraving. Therefore, the
minimum for the size range of w is determined to be
50 pm—consistent with the height of the flow chan-
nel. If w is too large, the total number of vortices will



Table 1 Preliminary restrictions on the basic dimensions
of the herringbone shape

Parameter Dimension Basis of determination

o, 45° Stroock et al. (2002)

a, 45° Stroock et al. (2002)

a 2noh Stroock et al. (2002)

o w,+d

p 0.6 Li and Chen (2005)

h 50 pm Determined by the size of the
CTCs and their movement
within the fluid

d Undetermined

® Undetermined

be slightly reduced, so the maximum size was set as
200 pm and the gradient was set as 25 um. The size
range and gradient of the herringbone width w, are
the same as for the minimum element width @. Using
the size range and gradient of the two models, 49
flow-domain models were established. The relation-
ship between the simulated v,. and the minimum cell
width @ and herringbone width w, is shown in the 3D
bar chart in Fig. 2d.

Fig. Sla of the electronic supplementary materi-
als (ESM) shows that when the minimum element
width o is fixed, with increasing herringbone width
w,, the average flow velocity perpendicular to the main
flow plane increases rapidly at first and then slows.
Looking at the vector diagram of v . corresponding
to different herringbone widths @, in Fig. S2 of the
ESM, one can see that the larger values of v. only ap-
pear where the fluid enters and exits the herringbone.
This is because when the fluid flows to the onset of
the herringbone shape, it will flow upward and fill the
herringbone-shaped groove; then, when it flows to the
end of the herringbone, it will flow downward and exit
the groove. Therefore, the v . value at the beginning
and end of the herringbone channel is larger, while
the velocity component perpendicular to the main flow
direction is smaller for flow in the groove. When the
width of the herringbone w, is larger, the v,. value in
the middle of the herringbone channel is smaller. It is
clear that if the width @, of the herringbone channel
is too large, the number of vortices per unit length
will be reduced. Therefore, the herringbone channel’s
optimal width is 100 pm.

At the same time, Fig. S1b shows that there is no
obvious correlation between v,. and the minimum ele-
ment width @ when the herringbone width w, is fixed.
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To facilitate fabrication, we must ensure the aspect
ratio of the structure, so the minimum unit width is
set to be 3 times the height of the flow channel, that
is, 150 pm.

3.2 Chip bottom structural design

The deterministic lateral displacement (DLD) prin-
ciple refers to how when particles with different sizes
flow through a microcolumn array, particles with a di-
ameter larger than the critical diameter frequently col-
lide with the column, and particles with a diameter
smaller than the critical diameter follow the flow path.
At present, this principle has been widely used to sep-
arate blood cells (Catarino et al., 2019), extracellular
vesicles (Santana et al., 2014; Havers et al., 2023),
submicron particles (Zhang et al., 2020), and nanopar-
ticles (Xie et al., 2020). The application of this method
in CTC capture can cause cells to collide with the
bottom structure more frequently, thus increasing the
probability of capture. Accordingly, a deterministic
transverse displacement column was selected as the
bottom structure of the CTC capture chip in this study.

The design of the top herringbone-shaped micro-
channel causes the fluid to flow in a spiral pattern in
the flow channel, and thus, the design of the bottom
structure should make the surface of the microcolumn
as perpendicular as possible to the velocity direction
of the cells. Therefore, we opt to design the bottom
microcolumn as a square column with a certain angle.
A high blockage tendency is a common problem in
CTC capture based on the DLD principle. To reduce
the probability of blockage, a column height of 20 um
was selected. Moreover, to simplify the design pro-
cess, the column length was also set to 20 um.

Currently, relevant studies on columns leverag-
ing the DLD principle are relatively mature, and there
is an empirical design formula for square columns
(Zhang et al., 2015) as follows:

D,=1.4G&™, 3)

where D, is the critical diameter, G is the column
spacing, and ¢ is the tangent value of the offset angle.
According to this formula, the spacing and deviation
angle of the column array will affect the frequency of
collisions between the particles and the bottom struc-
ture, so the spacing and deviation angle of the column
array must be designed first. Since the average diame-
ter of the human breast cancer cell line MCF-7 used
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in subsequent experiments was 15 pum, the critical
diameter was taken as this value. When the critical di-
ameter is 15 pm, the relationship between the column
spacing and deviation angle is shown in Fig. 2f. To
prevent blockage, the maximum spacing was set to
60 pm, and the corresponding offset angle was 5°.
The column shape is designed below, and the angle 9
of the square column is designed first. The included
angle range is 0°-100°, and the included angle gradi-
ent is 10°. The higher the collision frequency between
CTCs and the bottom structure, the greater the prob-
ability of CTC capture. Therefore, the simulation de-
sign of the bottom structure was based on a selected
collision frequency between the particles and the bot-
tom structure, that is, the ratio of the number of colli-
sions between the particles and the bottom structure
to the total number of particles. The relationship be-
tween the simulated column angle and the normalized
collision frequency is shown in Fig. 2e. It can be seen
that with the increase in the square column angle, the
collision frequency first increases and then decreases,
so accordingly, we take the angle of the square col-
umn as 70°.

For further design of the column shape, we con-
sidered changing the simple square column into a
more complex 3D structure. However, when meshing
complex columns, very fine grids are needed to reflect
the bottom structure more accurately, which makes cal-
culations difficult. Thus, further design of the columns
is instead informed by subsequent experiments.

3.3 Chip fabrication

Scanning electron microscope (SEM) and light
microscope images of the PDMS after mold inversion
are shown in Figs. 3a and 3b, respectively. In Fig. 3a,
PDMS was placed on the 30° stage and sprayed with
gold. The actual flow path height was twice the mea-
sured length, that is, 50 um. Clearly, the microchannel
size is basically consistent with the design size. At the
same time, the mold remains intact after over 10 cy-
cles of mold reversal, and thus, it can be seen that the
aspect ratio of the structure is effective. The smaller
aspect ratio enables the micro-convex portion of the
mold to suffer less shear force during the mold rever-
sal, making it more difficult for the microstructure to
fall off.

The bottom structure was processed with two-
photon polymerization, with the bottom microstructure
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Fig. 3 Schematic diagram of the bottom and top of the
chip: (a) SEM image of the top structure of PDMS after
mold inversion; (b) optical microscope image of the top
structure after mold inversion; (c) SEM diagram of the
bottom structure; (d) operation of the CTC capture system

revealed through SEM in Fig. 3c. The complete as-
sembled microfluidic chip and the system for CTC
capture are shown in Fig. 3d.

3.4 Chip performance characterization

The performance of the chip can mainly be de-
scribed by the capture rate, release rate, cell activity
after release, and capture purity. The relationship be-
tween the flow rate and capture rate was explored to
determine the optimal flow rate for capture. As shown
in Fig. 4a, with increasing flow velocity, the capture
rate generally decreases. To maximize the processing
flux of the chip and ensure an adequate capture rate of
CTCs, the flow rate for subsequent capture experi-
ments was selected as 1 mL/h.

To verify the effectiveness of the design of the
bottom structure, bottom columns with angles of 0°,
70°, and 140° were printed, and the herringbone-
shaped microchannel designed in the previous section
was used for three sets of capture experiments on the
top of the three columns. The statistical capture rate is
shown in Fig. 4b. When the angle of the square column
was 0°, the capture rate was approximately 75.37%;



=
o
T

—_—
—_—

G

o
Y
T

Capture rate
o
o
T

o
~
T

o
N
T

1 1 1
0.5 1.0 1.5 3.0 5.0
Flow rate (mL/h)

(@)

o
o

—_—

——

——

0.6

Capture rate

04

OO 1 1 1
No herringbone Post-optimized  Not optimal

(©

J Zhejiang Univ-Sci A 2026 27(4):334-347 | 341

-
o
T

—_—

[
o
T

——

C

°
o
T

Capture rate
o
~
T

o
N
T

1 1 1
0 70 140
Angle between square columns (°)

(b)

o
o

N
o
T

—_—
=

Capture rate
o o
[} [ee]
T T
..

o
N
T

o
N
T

1 1 1
Square column Square column Square column
with grooves with a hole

(d)

o
o
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different square column shapes at the bottom. All the above results are expressed as the mean+SD from three independent

experiments

when the angle of the square column was 70°, the cap-
ture rate was approximately 91.87%; when the angle
of the square column was 140°, the capture rate was
approximately 70.57%. As the angle of the square col-
umn increases, the capture rate first increases and
then decreases, which is consistent with the simulation
results. To verify the effectiveness of the top structure
design, three groups of top structures were tested: one
without a herringbone-shaped microchannel, one with
a herringbone-shaped microchannel after simulation
optimization, and one with a non-optimal herringbone-
shaped microchannel with a minimum element width
of 150 um and herringbone shape width of 50 um.
The bottom structures of the three groups were all 70°
angle square columns following optimization. The cap-
ture rates of the three groups are shown in Fig. 4c.
The capture rate of MCF-7 is approximately 63.43%
for the microfluidic chip using the top flow channel
without a herringbone shape and 74.13% for the mi-
crofluidic chip using the top flow channel with a mini-
mum cell width of 150 um and a herringbone shape

width of 50 pm—these results are also consistent with
the simulations.

Next, two more complex 3D columns were printed
for capture, and the influence of column shape on the
capture rate was explored. To increase the effective
area of the aptamer modification, four slots that were
2 um wide, 20 um long, and 2.5 um deep were etched
into the surface of the square column for the first type
of column shape, as shown in Fig. S3a of the ESM.
The second type of column makes a ball-shaped groove
on the surface of the square column, as depicted in
Fig. S3b. The chip was assembled using the optimized
top herringbone-shaped microchannel and the bottom
structure composed of two derived cylindrical arrays,
and the capture experiment was conducted on MCF7
cell suspension with a cell density of 1x10° mL"™', with
the results shown in Fig. 4d. The capture rate of CTCs
for the chip with the grooved square column at its
bottom was approximately 93.70%, for the chip with
the spherical hole square column it was approximately
90.80%, and for the chip with the simple square
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column it was approximately 91.87%. Therefore, these
more complex 3D columns did not have a significant
effect on the capture rate.

The release of the trapped cells was then investi-
gated. First, the DNase treatment time and aptamer
degradation rate were investigated using Cy5-labeled
aptamers to determine the optimal DNase treatment
time for cell release. A 100 pm>100 pm>10 um square
array was printed and treated with DNase for 5, 10,
15, and 20 min after modification; the fluorescence in-
tensity was then measured. As shown in Fig. 5c, with
increasing DNA enzyme treatment time, the release
efficiency of the aptamer gradually increased, with the
release rate reaching approximately 75.0% after an in-
cubation time of 15 min, and then the increasing trend
slowed as the incubation time increased further. To
minimize the incubation time of cells in the DNase
without nutrients, the subsequent DNase incubation
time was set at 20 min. After the incubation, the cap-
tured MCF7 was released.

Before release

L

(ii)

The fluorescence images before and after release
are presented in Fig. 5d. Statistically, the release rate
was approximately 77.57%. The release rate to cells
was slightly lower than that to aptamers. Theoretically,
a single cell needs multiple pairs of antigens to bind
to the aptamer to fix to the wall, so the release rate of
DNase to the cell should be greater than that of the ap-
tamer; however, the experimental results are contrary
to this. The reasons for this may be as follows: First, a
small number of cells adhere to the wall nonspecifi-
cally; that is, they are not fixed on the wall by binding
with the aptamer, so the aptamers decomposed through
DNA enzymes cannot be released. Second, DNA en-
zymes may not fully degrade the aptamer into deoxy-
ribonucleotides but only degrade long aptamer chains
into several short chains and thus not completely sepa-
rate the aptamer from the wall. For the fluorescent ap-
tamer used in the DNase release experiment, the fluo-
rophores are modified at its ends, and the degradation
of any single chain can cause the fluorophores to break
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Fig. 5 DNA enzyme release effect and statistical diagram of the aptamer: (a) fluorescence pattern of the anterior block
treated by DNase; (b) surface fluorescence of the block after 20 min of DNase treatment; (c) relationship between DNase
treatment time and aptamer release rate, where the results are expressed as the mean£SD from three independent
experiments; (d) fluorescence images of captured cells before and after release



away from the wall and cause the wall to lose its red
fluorescence, thus leading to the difference between
the two groups of experiments.

Subsequently, the cell activity after release was
investigated. During the process of capture and re-
lease, cell activity is affected by the following factors:
digestion using pancreatin-free cellular digestive fluid,
the shear process during capture, and the release of
captured cells using DNA enzymes. Therefore, live/
dead staining was performed on the cells after the three
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processes, and the results are presented in Figs. 6a and
6b. The cell activity after digestion by pancreatin-free
cell digestive fluid was approximately 77.47%, and
the cell activity after capture and release was approx-
imately 72.88%; therefore, the relative activity of
cells after capture and release was 94.08%. Moreover,
it is clear that the 1 mL/h flow rate and the DNA
enzymes had no significant effect on cell activity.
After this experiment, the released cells were recul-
tured, with the results demonstrating that the released

@) Before 69

0.8

o

0.7r

o
)
T

Cell activity
o
[

o
N
T

(OF  After

o o ©
PO SR )
T T T

o
o

Hi

Before

(b)

M W vicF7

(iii)

=
o

Capture rate

Q
~
T

o
N
T

MCF7
(d)

K562

After

4149 mm
2444 mm

——10 pm—
ZHEJIANG UNIVERSITY

Purity

Fig. 6 (a) Live/dead staining images of precaptured cells (a-i) and the cells after capture and release (a-ii), where red
represents dead cells, and green represents live cells; (b) statistical graphs of cell activity before and after capture and
release; (c) fluorescence images of EpCAM-negative cells captured by the chip; (d) fluorescence images and statistical data
of two kinds of cells captured by the bottom structure in the mixed cell suspension; (¢) SEM images of the cells captured
by the bottom structure. The results of (b) and (d) are expressed as mean+SD from three independent experiments
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cells were able to proliferate normally in the culture
bottle.

Subsequently, approximately 1000 mL™" Cell
Tracker red-labeled EpCAM-negative K562 cells were
used for capture experiments, with the captured cells
shown in Fig. 6¢c. According to the resulting statistics,
the capture rate of K562 cells was 4.83%. Then, ap-
proximately 1000 mL™ EpCAM-positive MCF7 cells
and approximately 1000 mL™' EpCAM-negative K562
cells were mixed at a ratio of 1:1 for capture. The flu-
orescence diagram of captured cells after rinsing is
shown in Fig. 6d. The captured MCF7 cells were ob-
served with SEM at 45° and from a top view (Fig. 6e).
The capture rate of the two kinds of cells was statisti-
cally measured. The capture rate for EpCAM-positive
MCEF7 cells was approximately 90.63%, the capture
rate for EpCAM-negative cells was approximately
2.93%, and the capture purity was approximately
96.83%. Compared with the capture of a single cell,
the capture rate of both cell types decreased in the
mixed cell suspension. The data show that the capture
rate of positive MCF7 cells by the chip dropped from
91.87% to 90.63%. There may be two reasons for this
decline in the capture rate of MCF7: First, K562,
which experiences nonspecific adhesion to the wall,
occupies a position where MCF7 may be bound to the
aptamer. Second, there is a collision between MCF7
and K562, which will affect the original movement of
MCEF7. Both of these factors will lead to a decrease in
the contact frequency between MCF7 and the aptamer,
thereby resulting in a lower capture rate. The reason
for the lower capture rate of K562 may be that the
aptamer-bound MCF7 occupies the non-specific bind-
ing position of K562. These results demonstrate that
the proposed chip can be used for effective CTC cap-
ture with excellent sensitivity in complex cell mixture
conditions; our methodology therefore shows promise
for real blood flow scenarios with red and white blood
cells.

To better position the advancement of this work,
the performance of our system is briefly compared with
that of several state-of-the-art systems. For instance,
our platform achieved a capture rate of 91.87%, which
compares favorably with the 86.37% reported by Wu
et al. (2023)—they used a dielectrophoresis-based
method involving inkjet printing of microelectrode
arrays onto thin films. The advantages of our method
are particularly evident in terms of purity and release

rate. For instance, compared with the functionalized
nano-magic-clip capture chip based on the immune
binding principle by Sun et al. (2022), at a similar
capture rate (89.9%), we achieved a capture purity of
96.83% and a release rate of 77.57% under mixed cell
conditions. This is crucial for the effectiveness of CTC
detection, which has rarely been explored in previous
studies.

Additionally, maintaining the cell survival rate
after separation is an important issue that has not been
fully addressed in earlier research. The relative activity
of the cells released by our method is approximately
94.08%, while existing capture methods with high
capture rates based on dielectrophoresis principles
often bring along issues such as a relatively high elec-
tric field intensity in the microchannels and the Joule
heating effect; these can cause irreversible damage to
the cells and thereby affect the activity of the released
cells. We primarily attribute the comprehensive per-
formance enhancement shown in our study to the inte-
gration of the principle of immunoaffinity and deter-
ministic lateral displacement technology. This design
achieves a balance between the capture and release
mechanisms, avoiding trade-offs between high purity,
efficient release, and cell activity. Therefore, this com-
parison underscores that our methodology presents a
balanced and effective solution and pushes the limits
of multiple key performance metrics.

However, to apply this technology in future clini-
cal practice, it is imperative to improve upon discrete
and labor-intensive manual operation procedures.
Therefore, a critical direction for our future work will
be the development of a semi- or fully-automated, in-
tegrated platform that combines the steps of sample
introduction, capture, purification, release, and sub-
sequent analysis. This would significantly reduce
operator-induced variability, improve reproducibility,
shorten the time needed for analysis, and thereby fa-
cilitate potential liquid biopsy applications in clinical
settings.

4 Conclusions

A novel CTC capture chip was designed through
computational fluid dynamics simulations of struc-
tures with herringbone-shaped mixers and determinis-
tic lateral displacement technology. Soft lithography



and two-photon polymerization technology were used
to complete the processing of the chip, and an aptamer
was grafted inside the chip for specific capture of
CTCs. The capture rate of the human breast cancer
cell line MCF7 was approximately 91.87%, the release
rate was approximately 77.57%, and the relative activ-
ity of the cells after release was approximately 94.08%.
The capture rate of the negative human chronic my-
eloid leukemia cell line K562 was approximately
4.83%, and the capture purity of positive cells in the
presence of mixed cells was approximately 96.83%.
Our results demonstrated that the proposed CTC cap-
ture chip can achieve a high capture rate, high purity,
and high activity enrichment of CTCs, thus providing
an effective platform for CTC detection and diagno-
sis. With future advancements in integration and auto-
mated development, this method may be impactful in
clinical practice.
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