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Continuously recording the dynamic changes of circulating tumor
cells (CTCs) is crucial for tumor metastasis. This paper creates a
continuous magnetic separation microfluidic chip that enables
rapid and continuous in vivo cell detection. The chip shows its
potential to study tumor cell circulation in the blood, offering a new
platform for studying the cellular mechanism of tumor metastasis.

Circulating tumor cells (CTCs) are an important medium for
cancer metastases, but they are extremely rare in the blood."?
As demonstrated in many clinical cases, no more than 10 CTCs
can be found in 7.5 mL of blood from cancer patients, especially for
early-stage cancer patients.>* Therefore, the majority of studies on
CTC detection are focused on increasing sensitivity or specificity.””
Due to the concern for patient safety, CTC detection is still limited
to small blood volume (usually 1-10 mL).**° A small blood sample
means few CTCs may be found, which leads to false negative
results, causing further studies to be difficult to process with the
existing method.

Nowadays, an in vivo detection strategy that processes large
blood volumes directly from the blood vessel exhibits great
potential."* This technology samples a large volume of blood
(several milliliters or even liters), and hence almost all the CTCs
in the vessel can be found. One of the popular strategies is to
insert an intravenous stainless steel medical wire into the
12714 After coating with antibodies against epithelial cellu-
lar adhesion molecule (EpCAM) protein, CTCs can be captured
in vivo."® However, the captured tumor cells might be lost when
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the wire is extracted from the vein, which further influences the
detection efficiency. Another in vivo flow cytometry-based tech-
nology (IVFC) is a powerful method for detecting and monitor-
ing CTCs quantitatively.'®'” The evolved technology is mainly
used for real-time studying the influence of tumor progression.
But an apparent limitation is that the CTCs cannot be acquired
for further investigation. Inspired by the extracorporeal circula-
tion, some microfluidic chip-based in vivo detection technology
was developed.'®'® Taking advantage of the microfluidic chip,
the whole blood is extracted from the vessel by a pump, then
flows through the microfluidic chip-based sensing system for
CTC capture and detection.”® After that, the blood continues to
flow back into the patient and the circuit will repeat. However,
these methods usually involve the pre-injection of antibody-
coated nanomaterial into the vessel, and the biosafety of
nanomaterials remains to be verified.

Previously, we have constructed a magnetic chip-based
extracorporeal circulation for in vivo CTC detection.>' > Taking
a C57BL/6 mouse as a model, the immunomagnetic separation-
based system was stable, safe, and exhibited a higher capture
efficiency than the ex vivo method. However, to increase the
temporal resolution in monitoring the natural CTC cleanup
process in vivo, the throughput of this method needed to be
improved. Some research showed that continuous-flow separa-
tion normally had a high throughput with high precision,
which was suitable for real-time monitoring or continuously
separating target biomarkers.>*** In this work, we designed a
magnetic separation microfluidic chip that can continuously
collect the tumor cells directly from the blood. By regulating the
magnetic field distribution in a microfluidic chip, magnetic
nanoparticles (MNs) can realize functions like magnetic lateral,
tumor cell tagged, and recovery respectively. Using the laminar
flow effect of the microfluidic chip, antibody-modified MN
injection was processed as a function of magnetophoresis
driven by a permanent magnet. Then there was a reaction area
for sufficient contact between the MNs and tumor cells in the
whole blood. After that, the magnetically tagged tumor cells
and the excess of unreacted MNs were completely recovered
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Scheme 1 Schematic diagram of the design for the continuous magnetic
microfluidic chip. (A) The working principle of the continuous magnetic
microfluidic chip. Inlet | is used for MN introduction. Inlet Il is used for
sample introduction, and Inlet Il is used for PBS introduction. On the other
side, outlet | is used for tumor cell and MN recovery. Outlet Il is for the
sample, and outlet Il is for waste. (B) Schematic diagram of the integrated
continuous magnetic microfluidic chip. There are three layers in the chip:
the bottom layer is ITO glass with two magnets fixed under it, the middle
layer is electroplated with several nickel wires and encapsulated in a thin
PDMS film, and the upper layer is a microfluidic channel made by
electroplating.

with the help of a series of nickel wires under the microchan-
nel. This chip achieved about 95.05% cell capture efficiency
ex vivo with high universality and specificity. Moreover, up to
98% of the MNs could be recovered, which prevented the
probable harm to lives in subsequent in vivo experiments.
Then, the natural CTC cleanup process was mimicked and con-
tinuously monitored, and a process in which the cell numbers
increased rapidly and then decreased gradually was discovered,
which was consistent with those reported previously.

The design of the continuous magnetic separation micro-
fluidic chip contains three areas, as illustrated in Scheme 1A.
Immunomagnetic nanoparticles (IMNs, coated with anti-
EpCAM antibody, Fig. S1, ESIt) and samples (such as tumor
cells or the blood sample) are introduced into the chip sepa-
rately from inlets I and inlets II, respectively. In the beginning,
both the IMNs and samples will remain pristine due to the
laminar flow effect in the microfluidic chip. Meanwhile, under
the guidance of the magnetic field, IMNs will transport to the
sample and flow together into the reaction area. Furthermore,
IMNSs can contact and react with the tumor cells in the sample,
and thus the tumor cells are magnetically tagged. In this work,
two reaction areas of the same size (20 mm in length and 7 mm
in width) are designed to ensure sufficient contact between the
tumor cells and the IMNs. After that, the tagged tumor cells are
recovered in the magnetic recovery area for further study. To
simplify the chip, both the recovery area and the magnetic
lateral area share the same external magnetic field. But differ-
ent from the function of the magnetic lateral area, the recovery
area needs to ensure that the magnetically tagged tumor cells
and IMNs are completely recovered; hence, the magnetic force
of the magnetically tagged tumor cells and IMNs needs to be
increased appropriately. Nickel has a higher permeability com-
pared to the buffer, so it can produce a strong magnetic field
under the function of an external magnet.>® Encouraged by this
property, nickel wires are set under the magnetic recovery area
to improve the recovery efficiency. In this way, almost all the
magnetically tagged tumor cells and unreacted IMNs will be
recovered (Fig. S2C, ESIt). The rest of the blood sample is
unaffected and eventually collected for further study. Experi-
ment results shown in Fig. S2 (ESIt) confirmed that this chip
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can accurately regulate and control the motion of IMNs, which
serves as an important basis for in vivo tumor cell detection and
monitoring.

To obtain better cell detection results, the detailed structure
of the microfluidic chip (like the heights of the reaction area
and the angle of inclination of the nickel wires) and the
experimental parameters (like the flow rate conditions in each
inlet) were carefully optimized (Fig. S3, ESIT). After that, the
specificity of this continuous magnetic separation chip was
further investigated. Fig. 1A showed that this chip could barely
capture the EpCAM-negative cells, such as Jurkat T cells. Also,
MNs without antibody modification were unable to capture the
MCF-7 cells. Moreover, the data revealed that cell detection
depended on the presence of an external magnetic field in this
chip. These results confirmed the specific binding between
IMNs and tumor cells.

On the other hand, the capture efficiencies of the contin-
uous magnetic separation chip towards different kinds of
epithelial original tumor cells (SK-BR-3 breast cells, Hep G2
hepatoma carcinoma cells, and MDA-MB-453 breast cells) were
investigated. Epithelial tumor cells with EpCAM expression
could be well captured by the chip with efficiencies up to
90% (Fig. 1B). The above finding demonstrated that this con-
tinuous magnetic separation chip could be applied to capture
tumor cells from different types of hematogenous metastatic
tumors.

For further use in in vivo detection, the tumor cell capture
ability of this continuous magnetic separation chip in the
whole blood needed to be investigated. As the component of
blood was complex, the dispersion of the IMNs is a guarantee of
subsequent cell detection and should be investigated first. As
shown in Fig. 2A-C, the hydrodynamic size of the MNs after a
magnetic lateral migration remained almost constant either in
PBS or in whole blood. The polymer dispersity indexes (PDIs) of
the MNs were both less than 0.1 whether in PBS or blood,
demonstrating that the MNs kept evenly dispersed after mag-
netic lateral migration, which laid the foundation for the
following CTC in vivo detection.

Besides that, the capture efficiencies of the microfluidic chip
towards MCF-7 cells in the blood were verified. Experiment
results demonstrated that the MCF-7 cell capture efficiency
kept up to 87% and about 98.5% IMNs could be recovered
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Fig. 1 (A) Capture efficiencies of IMNs towards MCF 7 cells, IMNs towards
Jurkat T cells, MNs towards MCF 7 cells, and IMNs towards MCF 7 cells
without a magnetic field. (B) The capture efficiencies of the IMN towards
MCEF 7 cells, SK-BR-3 cells, Hep G2 cells, and MDA-MB-453 cells, respec-
tively. The error bars indicate the standard deviation of three experiments.
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Fig. 2 (A) The hydrodynamic size of the MNs in PBS. (B) The hydro-
dynamic size of the MNs after magnetic lateral migration in the micro-
fluidic chip. (C) The hydrodynamic size of the MNs after magnetic lateral
migration in microfluidic filled by the whole blood. (D) Capture efficiency
in PBS and the whole blood of the IMNs in the lateral area, the IMNs in
the recovery area, and MCF-7 cells in the recovery area, respectively.
(E) Capture efficiencies of the continuous magnetic separation chip
towards MCF-7 cells at different cell numbers in three different types of
samples: PBS (M), a mixture with Jurkat T cells (@), and whole blood (A.).
respectively. (F) Capture efficiencies of the magnetic microfluidic chip at
different time points within 35 minutes, the collection time at each time
point was set as 1 minute. The error bars indicate the standard deviation of
three experiments.

from the chip (Fig. 2D). Compared to the results in PBS, the
recovery efficiency of IMNs in blood was nearly the same but
the cell capture efficiency in blood was slightly reduced. This
result might be explained as the presence of a huge number of
cells in the whole blood affected the IMN transport efficiency.
Since there is an obvious IMN lateral efficiency reduced in the
magnetic lateral area. Even though, the number of IMNs was
vastly excessive, hence the decrease in the cell capture efficiency
was not significant. These results showed the excellent anti-
interference ability in the blood of this continuous magnetic
separation chip.

CTCs are rare events in the blood. Hence about 0-100 MCF-7
cells were spiked into PBS, Jurkat T cells, and whole blood,
respectively, to simulate this situation. The results showed
that the disturbance from Jurkat T cells or blood cells had
little influence on the capture efficiency towards MCF-7 cells
(Fig. 2E). Regression analyses of the number of captured cells
versus the total number of spiked cells were obtained: y = 0.85x
(R* = 0.995, in PBS), y = 0.93x (R* = 0.993, in Jurkat T cells),
¥ = 0.92x (R* = 0.999, in the whole blood), showing that the
continuous magnetic separation chip could efficiently capture
tumor cells in the blood. Therefore, it could be further con-
cluded that the complex conditions had little effect on the
performance of this continuous magnetic separation chip.

To monitor the in vivo experiment, the ability of this
magnetic separation chip to capture tumor cells continuously
and repeatedly was studied. Unlike the in vitro experiment, a
peristaltic pump was applied to drive fluid flow instead of the
injection pump. Due to the instability of the peristaltic pump,
two buffer areas were set next to both the inlet I and inlet II to
reduce the influence of fluidic disturbance. Within 35 minutes,
10 time points were randomly selected and the MCF-7 cell
capture efficiencies were all above 65% (Fig. 2F). This decrease
might be due to the inconsistent flow from the peristaltic

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

pump. Although decreased, the cell capture efficiency remained
stable and effective for a longer time, so it could continue to be
used for the following in vivo detection.

As a continued cell separation method, the recovered tumor
cells from the continuous magnetic separation chip should be
further collected and reserved for the following studies, like
enumeration and cell identification. In this work, a single-cell
array microfluidic chip was used to study the collected tumor
cells at the single-cell level (Fig. S4, ESIf). The experiment
results confirmed that the collected tumor cells kept cell
activity, which was beneficial for the subsequent cell-related
study (Fig. S5, ESIT). Moreover, this single-cell array chip can
not only remove excess magnetic nanoparticles and blood cells
but also be used for three-color immunocytochemical identifi-
cation. In this way, the purity of the captured CTCs is signifi-
cantly enhanced, and the identification results are simple and
easy to distinguish.

In our previous work, the majority of the CTCs were cleared
away in the first 10 minutes after they entered the blood
circulation system.> Despite this observation, the detailed cell
clearance process during the first 10 minutes remains
unknown. However, it was very important to study the CTC
secretion mechanism. Aimed at this, an in vivo microfluidic
chip-based tumor cell detection system was constructed
(Fig. 3A). This system consisted of a peristaltic pump, a con-
tinuous magnetic separation chip, and an about 5-to-8 weeks
old C57BL/6 mouse (BALB/c background). The mouse was
hocussed during the whole process of CTC in vivo detection.

The constructed microfluidic chip-based in vivo detection
system was applied to monitor the simulative natural CTC
clear-up process, especially in the first 20 minutes. This study
was carried out according to the guidelines approved by the
review board of the ethics committee of the Hospital of Stoma-
tology, Wuhan University. Meanwhile, the study was performed
according to the World Medical Association Declaration of
Helsinki and the National Institutes of Health guidelines
regarding the use of clinical tissues. Written informed consent
was obtained from all the subjects in our research. For better
observation, MCF-7 cells were stained with DAPI for the nucleus
and Dil for cytomembrane before being injected into the
mouse. Immediately, the cell number change was monitored
every minute. As revealed by Fig. 3B, the number of captured
MCF-7 cells sharply increased in the first 2 minutes. After that,
the MCF-7 cell number gradually reduced and eventually
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Fig. 3 (A) Diagram of the in vivo microfluidic chip-based CTC detection
system. (B) Quantitative changes at different times after MCF 7 cells enter
the bloodstream. The error bars indicate the standard deviation of three
experiments.
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stabilized to 10% of the maximum. This phenomenon was
consistent with literature reports that circulating CT26 cells
rapidly increased right after injection and quickly decreased to
below 10% of the maximum within 2 minutes.?””*® Compared
to our previous work, this continuous magnetic separation
microfluidic chip had a higher temporal resolution, exhibiting
potential applications in CTC in vivo monitoring.

Microfluidic chips with precise magnetic field control
enable MNs to perform various functions without manual
intervention. In this work, we designed a magnetic microfluidic
chip for the continuous collection and detection of tumor cells
in vivo, which can be further used for in vivo tumor cell
detection. This chip had a capture efficiency of 95.05% and
could recover almost all the introduced IMNs from entering the
living animal. For in vivo detection, the capture efficiency of the
continuous magnetic separation microfluidic chip remained
consistent over a long time, and hence it could serve as a good
technology for tumor cell number monitoring. This chip was
capable of studying the natural CTC cleanup process, indicat-
ing that it’s an ideal platform for continuous separation and
monitoring of tumor cell quantitative changes in vivo, which
provided new technical support for CTC-related tumor moni-
toring and research.
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