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ABSTRACT Circulating rare cells (CRCs) in the peripheral blood are considered crucial cells in pathological
phenomena. Circulating tumor cells (CTCs) detach from solid tumors via blood transport and play a crucial
role in cancer metastasis, which is the primary focus of CRCs research. Therefore, a simple and cost-effective
device for capturing and culturing CTCs is required for pathological analysis. This study proposes a new
biosensing device that includes a pair of surface-modified pico-porous nanostructured chips with a large
cross-section and contact area. Compared to traditional narrow microfluidics, this study features a lower
shear stress force, resulting in less damage to the captured cells (less than 5%). In addition, unlike devices
with non-nanostructured silicon chips, this microcavity biosensing device can provide approximately ten
times the cell capture rate and maintain the captured cells as living cells. Another important point to note is
that captured live cells can be cultured for up to 18 days or longer. Computer-aided cell image recognition
was utilized to minimize human misjudgment and to reduce the analysis time to less than 30 minutes. The
novelty of this research is the improved capture rate of CTCs and the prolonged survival time of cells in
culture achieved through the utilization of the newly proposed device.

INDEX TERMS Circulating rare cells, circulating tumor cells, microfluidics, microcavity biosensing, shear
stress force, pico-porous nanostructured chip.

I. INTRODUCTION At present, cell size [5], [6], magnetic materials [7], [8],

Circulating rare cells (CRCs), regarded as rare nucleated cells
in the peripheral blood, are associated with certain diseases or
the physiological characteristics of subjects. Therefore, they
are widely used in auxiliary non-invasive diagnostic inspec-
tions. Cell types include circulating tumor cells (CTCs) [1],
megakaryocytes [2], fibroblast-like cells [3], and nucleated
red blood cells [4]. Cancer is one of the top ten causes of
death worldwide. Although they have a significant impact on
human health, diagnostic methods are complex and costly.
CTCs can provide comprehensive biological information
about cancer cells. Therefore, how to increase the effective
capture of CTCs from the peripheral blood is worthy of study.

The associate editor coordinating the review of this manuscript and
approving it for publication was Wu-Shiung Feng.

[9], and microfluidics [10], [11], [12] are the three most com-
monly used methods for cell capture and counting. In addition
to these techniques, there are also some studies of using
dielectrophoresis (DEP) [13], [14], circuit-based [15], and
microwave [16], [17]. Some studies have combined various
techniques to enhance capture rates [18], [19], and cell culture
monitoring [20]. Some considerations are considered in the
choice of capture technologies, such as the requirement of
specific equipment and the potential impact on cells. For
example, screening cells based on size always results in miss-
ing the capture of smaller cells [21], and the internalization
of magnetic force affects the proliferation and metabolism
of captured cells [22]. Microfluidic technology also faces
challenges, such as the shear stress force that can easily
damage cells [23] and the cell capture rate being affected by
laminar flow [24].

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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FIGURE 1. (a) Flat-walled microfluidic [24]; (b) Herringbone microfluidic
with glass substrate [25]; (c) Herringbone microfluidic with
nanostructured substrate [26].

To solve the problems encountered in microfluidic chan-
nels, some researchers have utilized a herringbone structure,
as shown in Fig. 1(b), to induce turbulence and solve the lami-
nar flow problem [25]. However, this approach also increases
the risk of target cells adhering to the herringbone struc-
ture, thereby reducing the capture rate of target cells in the
microfluidic capture area [26]. In addition, some researchers
have utilized nanostructures, as shown in Fig. 1(c), to enhance
the capture rate of target cells [27], [28]. However, this
approach may increase the risk of shear stress force on cells,
which can result in cell damage [29], [30], and deforma-
tion [31], [32]. However, there is a lack of research on
the utilization of nanostructures to successfully capture and
culture cells. In a paper published in 2007, W. Kim [33]
used nanowires to capture cells and cultured them for three
days to demonstrate the feasibility of using this structure for
cell capture and culture. This information was used as an
important reference in this study. In addition, reducing the
damage caused by cells during capture and the successful
culturing of captured living cells is a significant challenge.
When pushing the liquid specimen through the microfluidic
path, the shear stress force generated by thrust is almost
unavoidable. Shaking is another factor that generates a shear
stress force that prevents cell stacking by reducing the cell
capture rate. Hence, the focus of this study was to reduce the
various shear stress forces generated during the cell capture
process and create a microenvironment that facilitates the
extension of filopodia. The main features of this study are
as follows:

1.Pico-porous nanostructures for enhancing the capture
rate of target cells.

2.Microcavity for high cell survival and cell culture success
rate due to low shear stress force.

3.Use a low shaking speed to minimize cell stacking.

II. BIOSENSING FIXTURE

The microcavity biosensing fixture comprised a bottom car-
rier (Al), top carrier (A2), and guide frame (N1), which
were fabricated using polylactic acid (PLA) as the raw
material using a 3D printer (INFINITY3DP X1E-Plus). Two
nanostructured silicon chips (C1 and C2) with a pico-porous
morphology were fabricated using Metal-Assisted Chemical
Etching (MACE). Fig. 2 shows the exploded view in (a), the
assembly drawing in (b), and the photograph in (c).
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FIGURE 2. (a) An exploded view of a microcavity biosensing fixture with
nanostructured silicon chips; (b) Complete assembly of the fixture jig
identified with dimension; (c) Fixture photo.

The microcavity biosensing assembly process was con-
ducted as follows:

1.First, 10 uL of DI water was dropped onto the PLA
bottom carrier (Al) and PLA top carrier (A2) (the internal
dimensions of Al and A2 were fitted with the chip size).

2.Insert the 1 mm bottom silicon septa (S1) above the
bottom carrier (A1) and then place the top silicon septa (S2)
under the top carrier (A2). DI water was used to bond the
carriers and the silicon septa together.

3.The middle silicone septa (M1) was surrounded by a
face-up pico-porous nanostructured chip (C1) and a face-
down pico-porous nanostructured chip (C2). M1 builds the
reaction area on the face-up pico-porous nanostructured chip
(C1) and prevents the liquid specimen from overflowing.

4.Next, 200 nL of the liquid specimen was injected with
H1975 cells into the center of the face-up chip (C1). Subse-
quently, the top chip carrier group (TCG) and the bottom chip
carrier group (BCG) were stacked and clamped using a PLA
guide frame (N1) fixed with two dovetail clips.

5.Finally, ensure that they are sealed to create a microcavity
for capturing cells.

The nanostructured silicon chip was manufactured using
a single-sided polished boron-doped p-type (100) silicon
wafer with a thickness of 650 um and resistivity of 0.001—
0.005€2-cm. Before proceeding with the fabrication step,
the wafers were immediately removed from environmental
contaminants and organic residues, following standard RCA
cleaning. In the first step, silver ions were deposited on
the wafers in a mixed solution of hydrofluoric acid (HF)
and silver nitrate (AgNO3) for 60 s. Wafers were etched
using a mixed solution of HF and H,O; for 30 min at room
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FIGURE 3. Pico-porous nanostructured chip SEM (a) Cross-section;
(b) Top view.

temperature in the dark. The wafers were then placed in a
mixed solution of CH30OH, HNO3, and H,O, for 45 min to
remove silver ions. To prevent contamination of the chip, the
wafers were initially cut into chips with a laser after fabrica-
tion of the porous nanostructure. The chips were subjected
to surface treatment by silane deposition and streptavidin
covalent binding. This step was crucial for cell capture. The
chips with pico-porous structures will increase the contact
area between the pseudopodia of CTCs and the chip, enabling
the pseudopods to firmly grasp, leading CTCs to believe they
can move and metastasize. Fig. 3(a) shows the cross-section
of a completed pico-porous nanostructured chip, the 1.731
pm long columnar structure in the picture has pico-sized
holes on its top surface. Fig. 3(b) shows the top view.

The fixture was shaken using an orbital shaker (Major
Science, NOR-30) as shown in Fig. 4(a). The shaking pro-
cess consisted of two cycles: 30 minutes initially at 20 rpm,
followed by a slow rotation of 180° to the other side for
another 30 minutes at 20 rpm. Fig. 4 (b) and (c) show the
cross-sectional views of these two cycles. Two pico-porous
nanostructured chips can effectively capture target cells dur-
ing shaking. The use of low-speed rotational shaking during
the capture process can reduce the cell accumulation and
enhance the cell capture rate.

After the cell capture process was completed, the two
nanostructured chips were separated and rinsed with Dul-
becco’s phosphate-buffered saline (DPBS) to ensure that only
the target cells remained on the chip. The chips were pho-
tographed using a fluorescence microscope for analysis, and
the captured target cells were counted.

Ill. SHEAR STRESS FORCE DURING CELL CAPTURE
Different methods used to enhance the cell capture rate result
in varying shear stress forces. Two of the most important
types of shear stress force damage may occur during the
process of injecting the liquid specimen into the microcavity
fixture, and rotating and shaking the jig. This is discussed in
the following two sections:

A. SHEAR STRESS FORCE IN THE LIQUID SPECIMEN
INJECTION PROCESS
In current research, the fluid shear stress force in the flow
channel used for cell capture is mostly discussed based on
Hagen—Poiseuille’s equation.

The shear stress force () is defined by the volumetric flow
rate (Q), viscosity of the media (1), and dimensions of the
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TABLE 1. Comparison of calculated shear stress data.

Pipe shape | Width(w) Height(h) Radius(R) Flow Rate Sgeir/:f;?ss
mm mm cm Q Y
Rectangular "
[This study] 23 1 NA ~100 uL/h| 4.46x10
Rectangular
[37] 1 0.1 NA 100 uL/h 10.26
Circular [36]] NA NA 7.94x10° | 20 uL/s 510

microfluidic features (such as the width (w) and height (h) of

a rectangular channel or the radius (R) of a circular channel).

The shear stress force depends on the shape of the structure,

and can be approximated using Poiseuille’s equation [34].
The average velocity of the flow u is

- Y
- = 1
= (D
For Poiseuille flow shear stress force
dpu
(Teir) = N ()

By substituting (1) into (2), we can obtain the shear stress
force in a circular pipe.

4xuxQ
7R3

In 1998, Bhat [35] described the shear stress force in a
rectangular pipe using the following equation.
6xuxQ

e “)

From (3) and (4), the relationship between the size of the
cross-sectional area and shear stress force in the microfluidic
structure has the greatest impact. The larger the cross-
sectional area, the smaller is the shear stress force.

To minimize the impact of the shear stress force on
the cell-capturing process of biosensing, a microcavity was
utilized in this study, as shown in Fig. 2. Compared to tra-
ditional narrow microfluidics, this microcavity structure is
23 times wider and 10 times higher than previously pub-
lished results [37]. In this study, the flow rate was 100 wL/h
as in the case of [37], but the shear stress force was only
0.00446 dyn/cm? owing to the large cross-section, which is
1/2300 times that of [37]. Table 1 summarizes the results of
this study and other published results. It can be seen from the
table that compared to the other cell capture structures. The
shear stress force of the microcavity structure was relatively
low.

3

(Teir) =

£Trect ) =

B. SHEAR STRESS FORCE OCCURS DURING ROTATIONAL
SHAKING

It is equipped with shaking equipment commonly used in
biological experiments such as solution mixing and cell cul-
ture [38]. Klaus. In 1989, Ley [39] proposed the use of
shaking to apply shear stress and test its impact on cells.
He proposed the following mean shear-stress force:

2. A() ©

T =
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FIGURE 4. (a) Samples on shaking equipment; (b) Illustrations of
pico-porous nanostructured chips capturing the target cells over the D-D’
section of Fig. 2(b) During the first 30 minutes shaking cycle; (c) Another
30 minutes shaking cycle conducted after turning the jig upside down.

TABLE 2. Comparison of calculated shaking shear stress data.

Radius| Viscosity | Density (p)| Frequency (f) Shear stress
(a)em | () poise g/ml rotations/s (Tmax)dyn/cm?
This study 1 1 0.0075 20/60 0.26
0.43 1 0.0075 50/60 0.44
[39] 0.43 1 0.0075 100/60 1.25
0.43 1 0.0075 150/60 2.29
1.4 1 0.0075 25/60 0.5
[40] 1.4 1 0.0075 100/60 4.1
1.4 1 0.0075 200/60 11.5

where 7(r) = y(r) - nand y (r) = 27}lef are calculated from

the actual geometry of the plate-and-cone instrument using
area weighting (A). The (r) is radius of plate-and-cone, (h) is
slit height and (f) is rotation frequency.

The maximal wall shear stress force at the bottom of the
dish can be simplified as

(T shaking max) = ay/ no2mf)? (©6)

where (a) is the radius of orbital rotation, (p) is the density of
the culture medium, (1) is the viscosity of the medium, and
(f) is the frequency of rotation and the maximal shear stress

Tshaking_max -

Higher shear stress forces resulting from high rotational
shaking speeds can adversely affect target cells. As refer-
enced [40], the rotational shaking speed during the biosensing
capture process must be less than 100 rpm. Some studies
have utilized an orbital shaker to simulate cells in the blood
flow [41]. The shear stress forces applied in these studies
were relatively high. Therefore, shaking speed should not be
too high to prevent cell stacking. In this study, the purpose
of using low-speed rotation at 20 rpm with an orbital shaker
was used to reduce laminar flow and cell accumulation. The
study indicates a low shear stress force of 0.26 dyn/cm? which
is 1/10 times that at 150 rpm [39]. It also effectively enhanced
the capture rate of the target cells. Even if the target cells
are not captured by the face-up chip owing to accumulation,
they can be captured by the face-down chip after rotating
the microcavity 180°. This method demonstrated the high
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FIGURE 5. (a)Diagram of the distribution of cells on the chip; (b) Several
computer-aided fluorescent-dyeing stain images of H1975 cells in
Fig 4(a); (c) H1975-cells top view; (d) H1975 cells close-up photo.

efficiency of a simple capture process. Table 2 provides a
summary comparing the findings of this study with those of
other published studies. It can be seen from the table that
compared to other rotation speeds, the shear stress force of
the microcavity structure is relatively low.

IV. MATERIAL AND METHODS
A. PREPARATION OF CIRCULATING TUMOR CELL LINES

The lung cancer cell line H1975 (Human lung cancer cells,
ATCC CRL-5908™ Manassas, VA, USA) were maintained
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in an incubator at 37°C and 5% CO; in RPMI-1640 medium
(Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS) and 100 umnits/mL antibiotic-
antimycotic (Gibco, Grand Island, NY, USA).

During the initial stage of the cell capture experiment,
CellTracker "Green CMFDA Dye (Thermo Fisher Scientific,
Eugene, OR, USA) was added to the H1975 cell medium and
incubated at 37°C for 30 minutes. Subsequently, H1975 cells
were fixed with 4% paraformaldehyde (PFA) for 15 minutes.
The fixed cells were incubated with biotinylated anti-EpCAM
and anti-E-cadherin capture antibodies at 37°C. After 30 min-
utes, the samples were centrifuged at 300 x g for 10 minutes
to collect cell pellets. All cell pellets were resuspended in
200 wL DPBS, and 4’,6-diamidino-2-phenylindole (DAPI)
was added to stain the nuclei, which served as a model for
evaluating capture efficiency.

Biotinylated anti-EpCAM and E-cadherin capture antibod-
ies were added to the H1975 cell medium and incubated
at 37°C for 30 minutes. H1975 cells were used in a live
cell culture experiment and then centrifuged at 300 x g for
10 minutes to collect the cell pellets. All cell pellets were
resuspended in 200 wL of DPBS, which was used for cell
culture on the pico-porous nanostructured chips.

B. COMPUTER-AUDED TARGET CELLS IDENTIFICATION

In addition, the identification and counting of captured CTCs
are important. CTCs identification relies on the interpreta-
tion of immunofluorescence images of the candidate cells.
Traditional cell identification procedures are time consuming
and difficult to standardize. The judgment of CTCs relies on
various subjective criteria among analysts. Computer-aided
identification research has recently started, but little progress
has been made in this regard. The most common criterion
for cell judgment depends on the size and shape of the cell
image [41]. Some studies have incorporated machine learn-
ing techniques [42], such as convolutional neural networks
(CNNs) [43] and transfer learning methods [44].

Instead of manual counting, computer-aided cell image
processing was used to analyze the full image of the entire
chip, which was captured using a fluorescence microscope.
For the analysis, the cells were required to have both the cyto-
plasm stained with CellTracker"Green and the cell nucleus
stained with DAPI. The staining intensity of cells with Cell-
TrackerGreen and DAPI was at least twice that of the
background. The candidate cell region length and width
must be greater than 3 um for DAPI, and greater than
4 um for the green area. The presence of CTCs was deter-
mined by identifying cells that exhibited passive staining
with CellTracker™Green and DAPI to eliminate mis-staining
of particles. When these conditions are satisfied, they can
be considered as cells and their quantities can be calcu-
lated and evaluated. This computer-aided method reduced
the overall analysis and identification time from 3 hours to
less than 30 minutes. Fig. 5(a) shows the distribution of cells
on the chip (the display area is approximately 2.28 mm x
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FIGURE 6. (a) Evaluation of stained H1975 cells viability on the

nanostructured chip; (b) After 18 days of long-term cell culture, the
culture flask was observed to be full of cells.

1.4 mm). The first column of the cell images in Fig. 5(b)
was stained with DAPI, the second column was stained
with CellTracker™Green, and the third column shows the
merged image. The cytokeratin size ranged from 22 um.
to 31 um. Fig. 5(b) displays the individual details of the cells
in Fig. 5(a). Fig. 5(c) shows the top view of the H1975 cells
on the chip. Fig. 5(d) H1975 cells close-up photo. All the
cells in Fig. 5 were intact, and no cell deformation was caused
by shear stress. It had well demonstrated the functionality of
nanostructured silicon surface for the capturing of CTCs.

V. DESCRIPTIONS OF CELL CAPTURE AND CULTURE

A. CIRCULATING TUMOR CELLS CAPUTURE

The liquid specimen mixed with H1975 cells was injected
into the microcavity biosensing with nanostructured chips,
and 1082 cells were captured. When conducting the same
experiment synchronously with non-nanostructured silicon
chips in microcavity biosensing, only 104 cells were cap-
tured. This means that the nanostructured chips enhance the
capture rate by a factor of 10, owing to their cell-friendly
microenvironment.

In addition, the target cells captured by microcavity
biosensing showed less than 5% cell damage in the cell
image, which was lower than approximately 20% damage
experienced when traditional microfluidic devices were used.

B. LIVE TARGET CELLS CULTURED AFTER CAPUTRE

In addition to a high cell capture rate, another crucial point
is that the captured cells experience less damage and loss.
If it can be effectively and successfully cultured, it can
be used as a successful capture structure. To confirm the
cultivation of living cancer cells on nanostructured chips,
22,000 living H1975 cells were placed on the chips. Then,
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using the LIVE/DEAD(®) Viability/Cytotoxicity Kit (Thermo
Fisher Scientific, Eugene, OR, USA), fluorescent staining
(Calcein AM and Ethidium homodimer-1) was performed on
cultured H1975 cells. Dead cells were washed with DPBS
after fluorescent staining. A microscope (Nikon ECLIPSE
NiE, Japan) was used to observe the fluorescent expression of
cell survival. Fig. 6(a) shows the results observed at 2.5 hours
and 24 hours by staining, confirming the successful culturing
of the cells. Fig. 6(b) shows long-term cell culture. After
72 hours of culture, cells were cut from the chips using trypsin
and transferred to 25T culture flasks for further cultivation.
A ZOE Fluorescent Cell Imager (Bio-Rad, USA) was used
to monitor the cell culture conditions. Fig. 6 (b) shows that
the target cells were not only well cultivated for 5, 10, and
12 days but also demonstrated a long-term cell culture lasting
up to 18 days. This proves that this method does not damage
cells, allowing them to continue to be cultured. Consequently,
pico-porous nanostructured chips are suitable for long-term
cultivation of HI1975 cells. Fig. 3 shows the structural depth
and surface density of the pico-porous nanostructured chips
used in this study.

VI. CONCLUSION

This study utilized computer-aided cell image recognition
to minimize human misjudgment and to reduce the analysis
time to less than 30 minutes. These results demonstrated
that using a microcavity biosensing device is a simple and
efficient method for cell capture and culture. Compared with
traditional narrow microfluidics, this structure has a larger
cross-section and contact area, providing the advantage of a
lower shear stress force. Microcavity biosensing includes a
pair of surface-modified pico-porous nanostructured chips.
Cell damage rate was maintained at below 5%. In addition,
low-speed rotational shaking reduces cell accumulation and
enhances the capture rate without affecting the target cells.
Different from the works demonstrating the modeling of the
vascular transport barrier by microfabricated blood vessels,
a study of nanostructured chips imitating the environment of
real human blood vessels can facilitate the cell pseudopods
to attach and allow for better cell growth. Therefore, micro-
cavity biosensing can provide a capture rate approximately
10 times higher than that of non-nanostructured chips, which
is advantageous for long-term cell cultures lasting up to
18 days or longer. This type of structure allows the cells to
proliferate effectively. In future applications, it can not only
facilitate general cell capture and identification but can also
be utilized for drug development experiments.
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