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We report a simple but effective strategy to capture tumor cells
using fibrin-immobilized microchannels. It is a universal method
since it shows an ability of capturing both epithelial and
mesenchymal tumor cells. The cell capture efficiency is up to 90%.

Analysis of circulating tumor cells (CTCs) has important clinical
significance in cancer diagnosis, treatment monitoring, and
prediction of overall survival rate of patients.l'3 Researchers
have demonstrated that the CTC levels are related to
prognosis in patients with cancer of breast, prostate, lung, and
colon.” *® Microfluidic devices have been applied for capturing
CTCs mainly by using EpCAM antibody that interacts with
tumor cells in microchannels.” However, it has been
reported that the level of EpCAM expression varied among
CTGCs, including patients with hepatocellular carcinoma,lz’ 13
metastatic breast cancer disease,"* and melanoma®™. In
addition, the surface expression of biomarkers on CTCs
became heterogeneous due to the epithelial-mesenchymal
transition (in general, epithelial cells possess EpCAM whereas
mesenchymal cells have no or little EpCAM).3 Thus, capture of
CTCs based on their EpCAM expression can result in a
substantial loss of informative CTCs.

Clinical applications require a method that can effectively
capture CTCs from all types of cancer to build universal
standard for early diagnostics and monitoring progress of
treatment. Technologies using tumor cells’ own properties (for
example, invasive property,le’ v specific antigen-secretingls'zo)
for cell capture could be advantageous.

Fibrin is a fibrous protein, generated by the polymerization
of fibrinogen with the protease thrombin. The fibrin polymer
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interacts with platelets to form a hemostatic clot on a wound

site.” In cancer metastasis study, it has been proved that fibrin
. 22 23

polymers can bind to the receptors on tumor cell surface.

As a result, we explored this property for tumor cell isolation.

Note that fibrin-coated microchannels have been used to

evaluate thrombosis and three-dimensional network

24-27

structures.

We immobilized fibrin polymers on the surface of the
microchannels in a microfluidic device for capturing tumor
cells as shown in Figure 1. Our results indicate that capture
efficiency of up to 90% can be obtained.
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Figure 1. Schematic showing the fibrin-based tumor cell
capture. The drawing is not to scale.

We hypothesized that microfluidic devices immobilized
with fibrin can capture tumor cells from a sample. To verify the
hypothesis, we performed cell capture experiments targeting
acute lymphoblastic leukemia cells (CCRF-CEM cells) and
human pancreatic cells (PAN-1 and MIAPaCa-2). For the proof-
of-concept study, we fabricated a microfluidic device
consisting of one inlet, connecting to eight parallel channels
via consecutive bifurcation, and one outlet, as we reported
previously.28 Before use, the channel surface of the device
was modified through thrombin-fibrinogen reaction. To
generate a uniform layer of fibrin on the glass substrate, the
reaction was optimized to form a thin layer of fibrin to achieve
strong capture of tumor cell (Supplementary information). In
brief, the device was first washed by ethanol and 0.1 M citric
acid-sodium citrate buffer (CA buffer, pH 6.6). It was then
incubated with thrombin for 30 min, which was adsorbed to
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glass substrate. After washed by the CA buffer, a fibrinogen
solution (pH 6.6, containing 25 mM CaCl,) was introduced and
incubated for 45 min. Finally, PBS buffer was introduced into
the device to stop the reaction. Since the reaction is highly
dependent on the pH condition and mediated by Ca2+, it would
stop when the PBS buffer was introduced.”>! The generation
of fibrin polymer inside the microchannels was confirmed by
Coomassie Blue staining (Supplementary information). The
thickness of the fibrin gel is from 10 nm to 1000 nm according
to literature.*
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Figure 2. (a, b) Representative image of the target CCRF-CEM
(green) and MIAPaCa-2 (red) before capture (a), and after
capture (b). (c) The effects of the flow rate on the cell capture
efficiency. (d) Performance of different cells with different
EpCAM expressions: CCRF-CEM cells (EpCAM negative); PAN-1

( EpCAM positive); MIAPaCa-2 (EpCAM negative).

After surface modification, the device was evaluated for
cell capture. Figure 2a shows the composition of a cell mixture
consisting of two EpCAM negative cells, CCRF-CEM cells and
MIAPaCa-2 cells. CCRF-CEM cells and MIAPaCa-2 cells were
pre-stained respectively with DiD (green) and Vybrant Dil (red)
before introducing into the device. After going through the
device, a similar composition of two types of cells was
observed as shown in Figure 2b, indicating that both types of
cells were captured by fibrin on channel surfaces.

To achieve high throughput of the platform with minimum
time required for cell capture, we performed the effects of
flow conditions on cell capture in the device. We examined the
cell capture efficiency for 10°/mL target CCRF-CEM cells in PBS
buffer at a flow rate ranging from 0.5 pL/s to 3.0 uL/s. The cell
capture efficiency was calculated by dividing the number of
target cells captured by the number of target cells introduced
into the device. As shown in Figure 2c, the capture efficiency
of CCRF-CEM cells decreased as the flow rate increased. Flow
rates less than 1.0 pL/s enabled high capture efficiency, which
significantly decreased when flow went was higher than 1.0

2| J. Name., 2012, 00, 1-3

pL/s. It may due to destruction of the fibrin gel by shear stress
or the shear force at a high flow rate, which is too strong for
cells to remain captured. As a result, we used 1.0 pL/s as the
flow rate for the remaining cell capture experiments.

We then compared cell capture efficiency among cells with
different EpCAM expression levels. CCRF-CEM cells are EpCAM
negative; human pancreatic cell lines, PAN-1, are EpCAM
positive; MIAPaCa-2 cells are EpCAM negative.28’33' * At a flow
rate of 1.0 ul/s, the fibrin gel immobilized in a microfluidic
device captured both EpCAM positive and EpCAM negative
cells with capture efficiency around 90% as shown in Figure 2d.
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Figure 3. Calibration plot of cancer cell (CCRF-CEM cells)
capture from PBS buffer solution with different cell
concentrations at a flow rate of 1.0 uL/s; solid lines represent
linear fitting. RSDs obtained from each the concentration are
all below 10%.

To study the performance of fibrin for capturing different
concentrations of targeting cells, we prepared a cell
suspension ranging from 10% to 10° cells/mL of CCRF-CEM cells
in PBS buffer. As shown in Figure 3, the fibrin-immobilized
microfluidic device had capture efficiency of about 90% for all
cases at the flow rate of 1.0 plL/s, indicating the stability and
reliability of the platform.

To evaluate the specificity of fibrin for capturing tumor
cells, we studied the cell capture of human leukemia cells in
blood samples. Researches have showed that different
adhesive proteins and platelet membrane proteins are
involved in aggregation, which depends on the shear stress
condition and the concentration of divalent cations.* Platelets
from blood containing [Ca2+] within normal plasma levels do
not undergo low shear-induced aggregation (shear force less
than 12 dyn/cmz), whereas fibrinogen is not involved in high
shear-induced aggregation (shear force above 80 dyn/cmz).35
With blood sample processed at a flow rate of 1 pl/s
(corresponds to a wall shear force of 0.38 dyn/cmz), we did not
observe platelet aggregation. Some of red blood cells (RBC)
were attached to the microchannel walls, but they were
eliminated in enumeration by subsequent nucleus DNA
staining using DAPI (4’,6-diamidino-2-phenylindole, Invitrogen,
Carlsbad, CA). We prepared a cell suspension ranging from 10°
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to 10° cells/mL of CCRF-CEM cells spiked in human whole
blood. We found that the CCRF-CEM cells were isolated with
capture efficiency at 86+4% (Supplementary information for
detailed experiments). For the cell concentration of 5x10°
cells/mL, the cell capture purity was 42+7%. The cell purity was
calculated by dividing the number of target cells captured on
the device by the number of total captured cells, which
included both target cells and the unspecific bound cells. At a
flow rate of 1.0 uL/s, the capture efficiency is compatible with
either antibody or aptamer-based cell capture methods.?® *°
For concentration of 103/mL CCRF-CEM cells, the fibrin-
immobilized device showed sufficient selectivity of target cells
over millions of white blood cells in the blood sample. For 1 mL
of blood processed, ~6000 leukocytes (~0.09% of total
leukocytes) were captured for spiking experiments using
healthy samples.
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Figure 4. Cell capture comparison of aptamer alone, fibrin
alone, and aptamer-fibrin combination. The capture efficiency
was of 103/mL CCRF-CEM cells in PBS buffer. Error bars
represent one standard deviation (n = 3).

Besides of utilizing the fibrin polymer gel alone for cell
capture, the fibrin can be combined with antibodies or
aptamers for enhanced capture efficiency of tumor cells. We
added avidin in fibrinogen solution before being introduced
into the device. After the thrombin-fibrinogen reaction, the
surface was coated with fibrin gel as before while avidin in the
gel and on the surface allow for further chemical interactions.
A biotinylated aptamer, sgc8, which specifically binds with
CCRF-CEM cells,36 was then introduced into the device,
followed by incubation. The aptamer was attached to the
surface through avidin-biotin chemistry, forming an aptamer-
fibrin gel. We compared aptamer-fibrin with aptamer alone or
fibrin alone for capture cells using identical devices and
conditions (Supplementary information). As shown in Figure 4,
at a flow rate of 1.0 uL/s, the capture efficiency is similar for
fibrin alone, aptamer alone, and the aptamer-fibrin
combination gel. However, at a higher flow rate of 2.0 uL/s,

This journal is © The Royal Society of Chemistry 20xx

the capture efficiency of aptamer-fibrin combination increased
34% and 21% over aptamer alone and fibrin alone,
respectively. The decrease in the overall capture efficiency
from a flow rate of 1.0 pL/s to 2.0 pL/s is in agreement with
the literature because of the reduced interaction time
between cells and capture agents on the surface at a higher
flow rate as well as larger shear forces. The result indicates an
enhanced interaction between tumor cells and the aptamer-
fibrin surface, which sustains at a high flow rate. We can infer
that fibrin gel can be used to immobilize other molecules such
as antibodies in microfluidic devices for tumor cell capture and
other applications.

Conclusions

We developed a fibrin-based microfluidic platform for tumor
cell capture with high efficiency and high throughput. The
thrombin-fibrinogen reaction was optimized in microchannels
for effectively capture of tumor cells. It is a universal platform
since it can capture both EpCAM positive and EpCAM negative
tumor cells. Besides, the fibrin gel can be used for
immobilization of other capturing ligands such as aptamers
and antibodies.
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