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Integration of aligned polymer nanofibers within a
microfluidic chip for efficient capture and rapid
release of circulating tumor cellsf
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Capture and detection of circulating tumor cells (CTCs) is of great significance in the early diagnosis,
prognosis evaluation and personalized therapy of cancer. Herein, we report a unique microfluidic
platform integrated with zwitterion-modified aligned polyethyleneimine/polyvinyl alcohol nanofibers for
efficient capture and rapid release of CTCs. We show that zwitterions of poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) can be immobilized onto the aligned nanofibers via an atomic transfer
radical polymerization approach. The combined strategy of using aligned nanofibers instead of random
nanofibers and PMPC immobilization endows the nanofibers with excellent antifouling properties against
protein adsorption and blood cell attachment, thereby significantly improving the capture purity of cancer
cells. Meanwhile, the targeting ligand folic acid (FA) can be modified onto the surface of nanofibers via a
redox-sensitive disulfide bond to specifically and efficiently capture cancer cells overexpressing FA receptors
and to rapidly release the cancer cells in a non-destructive manner through tris(2-carboxyethyl)phosphine
treatment. The dynamic capture assay using the fiber-integrated microfluidic platform demonstrates that
FA receptor-expressing cancer cells can be isolated with a high capture efficiency (92.7%) and considerable
purity (43.4%) in a time period of 30 min and can be rapidly detached from the nanofibrous substrates
within 5 min with a release efficiency up to 98.9%. These results as well as the isolation and detection of
CTCs from the blood of cancer patients suggest that the developed microfluidic chip may be potentially
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Introduction

Over 90% of cancer-related deaths are caused by cancer cell
metastases. During the tumor metastatic process, tumor cells
are shed from the primary tumor tissue into the bloodstream,
becoming the circulating tumor cells (CTCs), and further spread
to distant organs."” Detection of CTCs is of great significance for
early diagnosis, prediction of cancer development, and evalua-
tion of therapeutic efficacy, prognosis and personalized cancer
therapy.®* However, it is very difficult to isolate or capture CTCs
from blood via conventional means due to the extremely low
concentration of CTCs in the blood (approximately one CTC
among a billion blood cells).” For instance, based on density
difference, density gradient centrifugation is one of the most
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used for clinical cancer diagnosis applications.

classic methods to separate various components of blood.
However, during the gradient centrifugation process, CTCs
may migrate to the blood plasma layer or remain in red blood
cells and neutrophils, resulting in the loss of CTCs during
separation.®” Flow cytometry can quickly and accurately screen
cells, but the operation is complex, and a large amount of
peripheral blood is required for effective screening. In addition,
according to the cell size difference, membrane filtration is
another frequently used approach to separate CTCs from the
whole blood, but the separation purity is generally poor.®’
Therefore, exploration of a highly efficient, simple and high-
purity CTC capture technology still remains a challenge.

In recent years, microfluidic technology and nanomaterial-based
detection platforms have attracted great attention for cell separa-
tion.’”"® The geometrical dimensions of the microfluidic channel
pretty match the cell size and shape, and thus various operations can
be performed by fine control of the flow field around the cells or by
tailoring the microstructures of the microfluidic channel.'*" In
addition, the microfluidic chip possesses the advantages of small-
size, less sample demand and precise operation, thus becoming an
ideal tool for the isolation of CTCs from blood."*"

Mater. Chem. Front., 2018, 2, 891-900 | 891


http://orcid.org/0000-0002-8737-8027
http://orcid.org/0000-0002-1065-0854
http://orcid.org/0000-0001-6785-6645
http://crossmark.crossref.org/dialog/?doi=10.1039/c7qm00570a&domain=pdf&date_stamp=2018-01-30
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c7qm00570a
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM002005

Published on 15 1 2018. Downloaded on 2026-01-31 7:55:26.

Research Article

Electrospun nanofibers possess extremely large surface area
to volume ratio, good biocompatibility, ability to mimic the
native extracellular matrix, and the advantages of easy prepara-
tion and surface modification.'®* The large specific surface
area provides a large number of cell contact sites, and the active
surface groups enable conjugation of various targeting mole-
cules onto the surface of nanofibers, such as anti-EpCAM,**>*
anti-CD146,>" folic acid (FA),”® hyaluronic acid (HA),'®*” DNA
aptamer,*® etc. Therefore, nanofibers could serve as an ideal
platform for cancer cell capture applications.'®?%?%*° For
example, polyethyleneimine/polyvinyl alcohol (PEI/PVA) electro-
spun nanofibers have plenty of surface amine and hydroxyl
groups, which enable modification with multiple targeting
ligands for specific capture of cancer cells. In our previous
work, HA was covalently conjugated onto the surface of electro-
spun PEI/PVA nanofibers via an N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide/N-hydroxysuccinimide coupling reaction for
capturing CD44 receptor-overexpressing cancer cells.”

It has been shown that the desired capture efficiency of
CTCs can be achieved through integration of nanomaterials
with microfluidic platforms, while the isolation purity of CTCs
is generally low for further efficient analysis of CTCs due to
the nonspecific adhesion of proteins or blood cells onto the
nanomaterial-based substrates.*! In our recent studies, we have
shown that zwitterions of cysteine (Cys)** or carboxybetaine
acrylamide®® can be modified onto the surface of magnetic or
gold nanoparticles to have significantly improved antifouling
properties, decreased macrophage cellular uptake, and extended
blood circulation time, which is desirable for magnetic resonance
or computed tomographic imaging of different biosystems.
Furthermore, zwitterion-functionalized nanomaterials have also
proven to have blood-inert surfaces to effectively prevent non-
specific adhesion of blood cells.>*** Therefore, it is reasonable to
anticipate that the purity of CTC capture may be significantly
enhanced by modifying zwitterions onto the surface of substrates
or microfluidic channels. Additionally, random nanofibers might
cause more non-specific adhesion of blood cells due to the
porous network structure, resulting in a relatively low purity of
captured cancer cells. Thus, employing aligned nanofibers
instead of random nanofibers may be a feasible approach to
reduce blood-cell attachment and finally improve the capture
purity of cancer cells. By combining the strategies of aligned
nanofibers and zwitterion modification, we attempt to endow
the nanofibers with excellent antifouling properties against
blood cells, thus achieving a high-purity capture of cancer cells.

For efficient analysis of CTCs, such as gene sequencing and
the in vitro drug susceptibility test, the captured CTCs should
be effectively dissociated from the capture matrix in a non-
destructive manner.*® In principle, the methods used for the
release of CTCs from the substrate always cause damage to the
CTCs and result in decreased cell viability. In addition, a rela-
tively longer treatment time period also causes more damage to
cancer cells. Therefore, it is necessary to realize a rapid and
intact release of CTCs. The disulfide bond is able to be rapidly
ruptured by reducing agents such as dithiothreitol (DTT),*”
glutathione (GSH),*® and tris(2-carboxyethyl)phosphine (TCEP).*>*°
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Fig. 1 Schematic illustration of the functionalization of the aligned PEI/PVA
nanofibrous mat for highly efficient capture and rapid release of CTCs.

For this reason, the disulfide bond has been used as an inter-
mediate linker to modify drug molecules onto nanoparticles to
achieve the rapid release of anti-cancer drugs in a reductive
tumor microenvironment.”' This leads us to speculate that
CTCs captured onto a nanofiber substrate modified with a
targeting ligand via a disulfide bond may be rapidly released
for further assays.

In this study, we designed a unique microfluidic chip system
integrated with zwitterion-functionalized aligned PEI/PVA nano-
fibers for efficient capture and rapid release of CTCs (Fig. 1).
Firstly, aligned PEI/PVA nanofibers were brominated and modi-
fied with zwitterions of poly(2-methacryloyloxyethyl phosphoryl-
choline) (PMPC) via an atomic transfer radical polymerization
(ATRP) reaction. Meanwhile, the targeting ligand containing a
disulfide bond was synthesized by thiol oxidation of Cys and
SH-PEG-FA (a PEGylated folic acid with one end of sulfhydryl
group), and then was modified on the surface of nanofibers via
reaction with the bromide group (Fig. S1, ESIt). The function-
alized nanofibers were systematically characterized using different
techniques and then integrated with a herringbone microfluidic
channel system. The integrated microfluidic platform was used for
dynamic capture and release of cancer cells. The viability of the
released cells was also tested through a standard method. Further-
more, blood samples collected from cancer patients were used for
the capture and release of CTCs using our microfluidic device to
determine its potential clinical applications. To our knowledge,
this is the first example using a microfluidic chip system inte-
grated with aligned PEI/PVA nanofibers for highly efficient capture
and rapid release of CTCs.

Results and discussion

Preparation and characterization of the PEI/PVA-PMPC-FA
nanofibrous mat

FA receptors are cell-surface glycoproteins that bind FA with a
high affinity,*>
cells, but are generally overexpressed in various cancer cells
such as KB, M109,** HeLa,”® and SKOV-3.*° Therefore,

and are expressed at a very low level in normal
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in this study, we selected FA as a targeting ligand for selective
cancer cell capture.

Firstly, Cys-PEG-FA was synthesized via a thiol oxidation
reaction and was characterized by FTIR and "H NMR. As shown
in Fig. S2a (ESIT), the peak at 2591 cm ™" can be assigned to the
characteristic peak of the sulfhydryl group in SH-PEG-FA,
while the peak at 2591 cm ™" vanishes in the FTIR spectrum
of Cys-PEG-FA, and a new peak attributed to disulfide (-S-S-)
absorption appears at 456 cm™ ", This suggests that the disulfide
bond has been successfully formed. In Fig. S2b (ESIt), the
chemical shifts at 7.53 ppm and 6.67 ppm are assigned to the
benzene ring of FA, and those at 3.35 ppm and 1-2 ppm
correspond to the methylene protons of PEG and the sulfhydryl
(-SH) protons of SH-PEG-FA, respectively. In comparison with
the "H NMR spectrum of SH-PEG-FA, the characteristic protons
of sulfhydryl (-SH) disappear in the 'H NMR spectrum of
Cys-PEG-FA. Taken together, both "H NMR and FTIR spectra
reveal the successful synthesis of Cys-PEG-FA by conjugation
of cysteine with SH-PEG-FA via a disulfide bond.

The aligned PEI/PVA nanofibers were then formed via electro-
spinning, followed by GA vapor crosslinking to endow them
with water stability. The crosslinked PEI/PVA nanofibers were
observed using scanning electron microscopy (SEM). As can be
seen in Fig. 2a, the PEI/PVA nanofibers possess a uniform
morphology with a good orientation and with a mean diameter
of 357 nm (Fig. 2b).

After that, the crosslinked PEI/PVA nanofibers were sequen-
tially modified with PMPC and Cys-PEG-FA, which was con-
firmed by attenuation total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy (Fig. 2c). For pristine PEI/PVA nano-
fibers (curve 1), the peak at 3301 cm ' is attributed to the
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Fig. 2 (a) SEM image and (b) diameter distribution histogram of aligned
PEI/PVA nanofibers after GA vapor crosslinking. (c) ATR-FTIR spectra of
(1) pristine PEI/PVA nanofibers, (2) crosslinked PEI/PVA nanofibers, (3) PEI/
PVA-PMPC nanofibers, (4) Cys—PEG—-FA, and (5) PEI/PVA-PMPC-FA nano-
fibers. (d) TGA curves of the PEI/PVA nanofibers before and after each step
of surface modification.
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hydroxyl groups of PVA, and the peaks appearing at 2850 cm™
and 2935 cm™ " correspond to the symmetric and asymmetric
stretching vibration of methine (-CH-), respectively. The peaks
at 1566 cm ' and 653 cm™ ' are associated with the bending
vibration of -NH-, and the peak at 1325 cm™ ' can be assigned
to C-N stretching vibration absorption of PEI. After GA cross-
linking, a new peak appears at 1650 cm ™" in curve 2 (crosslinked
PEI/PVA), which is the characteristic peak of -CH—N- formed by
the conjugation of partial surface amines of PEI and aldehyde
groups of GA. After PMPC modification (curve 3), a new peak
corresponding to P—=0 of PMPC appears at 1275 cm™ ', suggesting
that PMPC has been successfully immobilized on the surface of
PEI/PVA nanofibers. Moreover, by comparison of curves 2 and 3,
the peaks at 1570 em ' and 1485 cm ' appear in curve 5
(PEI/PVA-PMPC-FA), which are assigned to the characteristic
adsorption peaks of the benzene ring of FA (curve 4, Cys-PEG-FA),
indicating that the targeting ligand of FA has been successfully
modified on the surface of nanofibers.

Thermogravimetric analysis (TGA) was used to quantify the
composition of the PMPC and Cys-PEG-FA modified onto the
nanofiber surface (Fig. 2d). PEI/PVA displays a weight loss
of 83.8% at 700 °C under a nitrogen atmosphere, while the
PEI/PVA-PMPC nanofibrous mat has a weight loss of 75.7%
under the same conditions. Hence, the percentage of PMPC
modified on the nanofibrous mat can be calculated to be
8.1 wt%. Similarly, it can be calculated that the mass percentage
of Cys-PEG-FA immobilized on the nanofibrous mat is about
9.6 wt%.

Hemocompatibility assays of functional nanofibers

Hemolysis and dynamic clotting assays were performed to
evaluate the hemocompatibility of nanofibrous mats before
and after surface modification (Fig. S3, ESIT). In Fig. S3a (ESIT),
the hemolysis rates of human red blood cells (HRBCs) treated
with different nanofibrous mats are all less than the threshold
value of 5%,'®"” suggesting that the formed PEI/PVA nano-
fibrous mats before and after surface modification do not cause
hemolysis of RBCs, similar to the negative control of PBS. In
contrast, HRBCs exposed to water display a severe hemolysis
effect (inset of Fig. S3a, ESIt). Dynamic coagulation assay results
(Fig. S3b, ESIt) show that the OD values for the PEI/PVA mat
group are higher than those for the control group (cover slip) at
the same time points, indicating the good anticoagulant activity
of the nanofibrous mats. After functionalization with PMPC
or PMPC-FA, the OD values for both PEI/PVA-PMPC and
PEI/PVA-PMPC-FA groups are higher than those for the control
group and the PEI/PVA group, suggesting that modification of
PMPC or PMPC-FA enhances the anticoagulation effect of the
fibrous mats. Taken together, we can safely conclude that the
PEI/PVA-PMPC-FA nanofibrous mat possesses an excellent
hemocompatibility.

Antifouling properties of nanofibrous mats

Protein adsorption and blood cell attachment assays were used
to investigate the antifouling properties of the zwitterion-
modified aligned nanofibrous mats. Random nanofibers were
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Fig. 3 Adsorption rates of (a) BSA and (b) Fg on the aligned nanofibrous
mats after incubation at 37 °C for 1 h. (c) The density of blood cells
attached on the random and aligned nanofibrous mats. (d) Fluorescence
microscopic images of WBCs attached onto different nanofibrous mats.
A freshly isolated WBC suspension (1 mL, 10 mL™) was added into each
well and incubated at 37 °C for 1 h.

also evaluated for comparison. As shown in Fig. 3a and b,
the protein (bovine serum albumin (BSA) and fibrinogen (Fg))
adsorption rates for both PEI/PVA-PMPC and PEI/PVA-PMPC-FA
significantly decrease when compared with the non-modified
PEI/PVA nanofibrous mat (p < 0.001). The blood-cell attachment
results of both random and aligned nanofibrous mats are shown
in Fig. 3c. The density of blood cells adhered on the random
PEI/PVA nanofibrous mat is over 300 mm™ 2, which is higher
than that attached on the aligned PEI/PVA nanofibrous mat
(273 mm ™2, p < 0.01). After PMPC modification, the blood-cell
density on both random and aligned nanofibrous mat is merely
2-7 mm 2. It seems that the density of blood cells attached
onto the random nanofibrous mat is slightly higher than that
attached onto the aligned nanofibrous mat, although no signifi-
cant differences were observed. This clearly demonstrates that
zwitterion-modified nanofibrous mats possess excellent blood
cell anti-adhesion performance. The blood cell anti-adhesion
performance was further confirmed by fluorescence microscopic
observation of the adhered WBCs on the different fibrous mats
(Fig. 3d). Apparently, PMPC functionalization with or without
further FA modification significantly reduces the blood-cell attach-
ment on the fibrous mats, thus endowing the fibrous mats with an
excellent blood-inert property.

Static cancer cell capture and release assays

The aligned nanofibrous mats were used for static capture of
cancer cells (Fig. 4). Fluorescence microscopic images (Fig. 4a)
show that HeLa cells (red) and plenty of WBCs (green) are attached
on the PEI/PVA nanofibrous mat after incubation for 1 h, while
only a few WBCs are attached on the PEI/PVA-PMPC nanofibrous
mat. Compared with PEI/PVA and PEI/PVA-PMPC mats, the
PEI/PVA-PMPC-FA mat is able to capture more HeLa cells likely
due to the presence of FA ligands. Further quantitative analysis
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Fig. 4 (a) Fluorescence microscopic images of Hela cells (red) and WBCs
(green) attached on different aligned nanofibrous mats after incubation for
1 h. (b) Capture efficiency of Hela cells at various incubation time periods.
(c) Capture purity of Hela cells on different nanofibrous mats after incu-
bation for 1 h. The Hela cells were spiked into 1 mL of WBC suspension
(10 mL™Y) with a HeLa cell density of 200 mL ™.

(Fig. 4b) reveals that the capture efficiency of HeLa cells
gradually increases with the extension of incubation time for
all three types of nanofibers. At each time point, the capture
efficiency of the PEI/PVA-PMPC-FA nanofibers is significantly
higher than that of the PEI/PVA and PEI/PVA-PMPC nanofibers,
suggesting that FA modification could achieve specific capture
of FA receptor-expressing cancer cells with a high efficiency.
At the incubation time of 60 min, the capture efficiency of HeLa
cells using PEI/PVA-PMPC-FA nanofibers reaches up to 78.9%.
We further checked the capture purity of three kinds of nanofibers
(Fig. 4c). Obviously, the capture purities of PEI/PVA-PMPC-FA
and PEI/PVA-PMPC mats are higher than that of the PEI/PVA mat
(p < 0.001). This implies that the zwitterion PMPC modification
could reduce the adhesion of WBCs on the nanofibrous mats
and further improve the final capture purity of cancer cells.
In addition, the capture purity of the PEI/PVA-PMPC-FA mat is
much higher than that of the PEI/PVA-PMPC mat (p < 0.001),
which further demonstrates the role played by the targeting
ligand FA in specific cancer cell capture.

To release the captured HeLa cells from the PEI/PVA-PMPC-FA
fibrous mats, the cells were treated with various concentrations
of TCEP for different time periods. TCEP is known to be an
efficient reducing agent to break disulfide bonds within 5 min
at room temperature.’****®¥ Hence, we selected TCEP to break
the disulfide bonds between FA and PMPC for rapid release of
cancer cells. As shown in Fig. 5a, almost all of the captured
HeLa cells are able to be released from the nanofibrous mat
after treatment with TCEP for 5 min. The release efficiency
increases with the extension of treatment time (Fig. 5b), and
reaches up to 97.7% at 5 min. At the same treatment time,
the release efficiency does not seem to have a significant
difference when TECP at different concentrations was used.
At the lowest concentration (10 mM) of TCEP and at the shortest
time period of 1 min, the release efficiency of cancer cells can
reach up to 69.3%.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 5 (a) Fluorescence microscopic images of Hela cells (green)
attached on the nanofibrous mats after capture under static conditions
and after release (treated with TCEP for 5 min). (b) Release percentage of
captured Hela cells after treatment with TCEP for different time periods.
Initially, each well was added with 500 pL of cell culture medium contain-
ing 10” calcein AM-prestained Hela cells. (c) Fluorescence microscopic
images of live (green) and dead (red) cells in the recovered cell suspension
after treatment with TCEP at different concentrations for 5 min. (d) Viability
of released Hela cells after treatment with TCEP at different concentra-
tions for 5 min. For cell viability assay, Hela cells were not prestained and
after release the recovered cell suspension was collected and subjected to
live—dead cell staining.

We also investigated the impact of TCEP concentration on
the viability of the released cells by live-dead cell staining
(Fig. 5¢). It can be seen that when the TECP concentration is
lower than 20 mM, a few dead (red) cells can be found in the
recovered cell suspension, while the dead (red) cells increase
sharply at the TECP concentration over 40 mM. This suggests
that TCEP at a low concentration scarcely causes damage to
cancer cells, while TCEP at a high concentration starts to impair
cancer cells. This can be further confirmed by quantitatively
measuring the viability of the released HeLa cells (Fig. 5d),
where over 90% of cells remain viable after treatment with
TCEP at lower concentrations (<20 mM) for 5 min. Hence, in
the subsequent dynamic release assays, we selected the TCEP
concentration at 10 mM.

Dynamic capture and release of cancer cells using a
fiber-integrated microfluidic system

We next checked the feasibility of using the designed micro-
fluidic chip integrated with the PEI/PVA-PMPC-FA nanofibrous
mat for dynamic capture and release of cancer cells. The effect
of flow rate on the capture efficiency and capture purity was
first investigated (Fig. 6a). The capture efficiency decreases with
the increase of flow rate and declines sharply at a flow rate over
3 mL h™". At a flow rate of 2 mL h™ ", the cell capture efficiency
still remains more than 90%. It should be noted that the
dynamic capture efficiency is obviously higher than that under
static conditions. This may be due to the fact that the height of
our microfluidic channel allows monolayered or double-layered

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 6 (a) Capture efficiency and (b) capture purity of HelLa cells at various
flow rates. (c) Capture efficiency of Hela cells after spiking of different
numbers of Hela cells with the WBCs. (d) Capture efficiency of different
types of cancer cells under the same experimental conditions. In (a), (b),
and (d), the cell densities of cancer cells and WBCs were 200 mL~* and
10® mL™%, respectively.

cells to pass through the microfluidic chip, ensuring sufficient
interaction between single cancer cells and targeting ligand-
modified fiber substrates. Further, the herringbone micro-
fluidic channel could generate turbulence, thus increasing the
interaction and collision probability between substrates and
cancer cells.”>*°

In addition, the capture purity of cancer cells under various
flow rates was also determined (Fig. 6b). The developed micro-
fluidic chip is able to capture HeLa cells with considerable
purity (39.3-43.4%) under different flow rates, and at a flow rate
of 2 mL h™", the capture purity is the highest (43.4%). As a
visual confirmation (Fig. S4, ESIt), only a few WBCs are trapped
in the microfluidic chip, showing a fairly high purity of the
captured cancer cells. We therefore selected the flow rate of
2 mL h™" for subsequent studies.

In order to investigate the detection limit of the microfluidic
chip system, the cell capture efficiency was analyzed by spiking
different numbers of HeLa cells with WBCs (Fig. 6¢). The capture
efficiency increases initially and tends to be stable with the
increase of cancer cell concentration. The microfluidic device
exhibits an excellent capture efficiency (80.2-96.4%) in the
cancer cell density range of 5-1000 per mL, which is sensitive
enough for clinical blood samples with a CTC density at a few to
hundred cells per mL of blood.

Furthermore, the capture efficiency of different types of
cancer cells was also studied to confirm the versatility of the
microfluidic chip. It can be seen from Fig. 6d that the fiber-
integrated microfluidic chip enables highly efficient capture of
FA receptor-overexpressing cancer cells (KB, HeLa, or SKOV-3)
with an efficiency in the range of 92.3-93.5%. In contrast, the
efficiency to capture A549 cells having a low-level FA receptor
expression is much lower (p < 0.001). These results indicate
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Fig. 7 (a) Fluorescence microscopic images of the microfluidic chip after
capture and release of Hela cells. The microfluidic chip was treated with
TCEP (10 mM) for 5 min at a flow rate of 4 mL h™1 (b) Fluorescence
microscopic images of live (green) and dead (red) Hela cells released from
the microfluidic chip after treatment with TCEP (10 mM) for 5 min. (c) Purity
of Hela cells captured on the nanofibrous mats under static or dynamic
conditions, and the capture purity of Hela cells in the recovered solution
after release. Hela cells were spiked into a WBC suspension with a Hela cell
density of 200 mL~* and a WBC concentration of 10° mL™2,

that the fibrous mat-integrated microfluidic chip can be used
for highly efficient capture of multiple types of cancer cells
expressing FA receptors.

The dynamically captured cancer cells can also be released
by inletting TCEP solution through the microfluidic channel.
Fig. 7a shows that a majority of the captured HeLa cells are
released from the microfluidic chip after treatment with 10 mM
TCEP for 5 min at a flow rate of 4 mL h™". The release efficiency
can be calculated to be 98.9%. Furthermore, as shown in
Fig. 7b, only a few dead (red) cells can be found in the recovered
cell suspension and the viability of the released cells is still up
to 90.3%, which is slightly lower than that under static assay
conditions (94.5%) after treatment with 10 mM TCEP for 5 min.
This suggests that the possible shear force and collision in the
microfluidic chip do not seem to cause a significant damage or
deformation to the cancer cells. Additionally, we compared
the purity of HeLa cells captured on the aligned and random
nanofibrous mats under either static or dynamic conditions,
and the capture purity of HeLa cells in the recovered solution
after release. As can be seen in Fig. 7c, the purity of HeLa cells is
further enhanced after release, being higher than that of static
capture and dynamic capture, reaching up to 51.3% after their
release from the aligned nanofibers. The improved capture
purity is likely due to the fact that a portion of WBCs trapped
in the nanofibrous mat could not be detached from the nano-
fibrous mat, whereas the cancer cells have quite a high release
percentage under the same treatment conditions. According to
eqn (2), by calculating the numbers of WBCs with a decreased
portion and cancer cells in the receiving tank, the purity of cancer
cell capture should be enhanced. Under dynamic conditions,
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the capture purity of aligned nanofibers is significantly higher
(p < 0.001) than that of random nanofibers, suggesting that
aligned nanofibers indeed enhance the capture purity of cancer
cells due largely to the lower blood-cell attachment on aligned
nanofibers. We note that the capture purity under dynamic
conditions (43.4%) is much higher than that under static condi-
tions (23.7%), suggesting that the nanofiber-integrated micro-
fluidic chip is able to effectively improve the capture purity,
likely due to the low adhesion of blood cells under flowing
conditions.

Clinical utility

To further investigate the clinical applications of our micro-
fluidic chip system, we next tested its utility to capture CTCs
from the blood of cancer patients. Prior to processing the whole
blood samples, a comparative study was conducted to investigate
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Fig. 8 (a) Fluorescence microscopic images of CTCs from an ovarian
cancer patient sample captured using the microfluidic device. The CTCs
were identified by predefined criteria (DAPI positive, blue; CD45 negative,
green; and cytokeratin positive, red). The CD45 positive cells are white
blood cells. (b) CTC enumeration results from 7 ovarian cancer patients
(green columns, O,), 5 cervical cancer patients (purple columns, C,), and
5 breast cancer patients (cyan columns, B,).
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the capture efficiency of cancer cells in different media (culture
medium, RBC-lysed blood, or healthy human whole blood).
As shown in Fig. S5 (ESIt), the capture efficiencies in three
different media are close, and the capture efficiency in whole
blood is sufficiently high (86.5%) for CTC capture. Therefore, the
blood of cancer patients was processed directly without dilution
or labeling, and the CTCs in 1 mL of blood were captured and
released using the fibrous mat-integrated microfluidic chip sys-
tem. The released CTCs were subjected to immunostaining and
were counted under a fluorescence microscope (Fig. 8). According
to the cell identification criteria, the isolated CTCs are 4',6-
diamidino-2-phenylindole (DAPI)+ (blue)/CK+ (red)/CD45— cells,
while WBCs are DAPI+ (blue)/CK—/CD45+ (green) cells (Fig. 8a).
Blood from different cancer patients was analyzed (Fig. 8b). The
results show that 6 of 7 ovarian cancer patients, 5 of 5 cervical
cancer patients, and 5 of 5 breast cancer patients are successfully
diagnosed to have the CTCs (ranging from 1 to 16 CTCs mL ™)
using the developed fibrous mat-integrated microfluidic chip
system. Our data indicate that the microfluidic device is able to
isolate and detect CTCs from the whole blood of cancer patients.

Conclusions

In summary, we developed a unique microfluidic platform inte-
grated with zwitterion-modified aligned nanofibers for highly
efficient capture and rapid release of CTCs. Aligned PEI/PVA
nanofibers are able to be modified with zwitterions of PMPC via
ATRP and further functionalized with FA through a redox-
sensitive disulfide bond linker. The formed PMPC-functionalized
nanofibrous mats display excellent antifouling property against
protein and blood cell adhesion, are hemocompatible, and are able
to effectively and specifically capture FA receptor-overexpressing
cancer cells with a high purity (e.g., for HeLa cells, 43.4%) and a
capture efficiency up to 92.7% within 30 min under dynamic
microfluidic conditions. Furthermore, the use of the fiber-
integrated microfluidic platform for detection of CTCs from
cancer patients was proven to be successful. Overall, the devel-
oped aligned fiber-integrated microfluidic device may be poten-
tially used for CTC capture and rapid release for clinical cancer
diagnosis applications.

Experimental
Preparation of electrospun PEI/PVA nanofibers

Through electrospinning technology, aligned PEI/PVA nanofibers
were prepared using a high-speed rotating drum as the collecting
device. Simultaneously, the random PEI/PVA nanofibers were also
prepared for comparison. Then, the prepared PEI/PVA nanofibrous
mats were crosslinked by glutaraldehyde (GA) vapor to endow
them with water stability according to our previous work.**° To be
specific, 10 wt% PEI/PVA electrospinning solution was prepared
and suctioned into a 10 mL syringe equipped with a No. 18
stainless steel needle. The electrospinning was conducted with
a high voltage of 25 kv, a flow rate of 0.3 mL h™" and a
collecting distance of 10 cm under an ambient environment
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(about 35% humidity and 25 °C). The PEI/PVA nanofibrous
mats were collected on a rotating drum with a speed of
2600-3000 r min~ " to obtain aligned nanofibers, and a speed of
50-100 r min~* to acquire random nanofibers. The fibrous mats
were then crosslinked by GA vapor in a vacuum desiccator for 6 h.
After crosslinking, the PEI/PVA nanofibrous mats were vacuum
dried at 60 °C for 24 h to remove the residual moisture and GA.

Zwitterion modification of nanofibers

Zwitterion modification was carried out via a two-step ATRP of
MPC on the crosslinked PEI/PVA nanofibers (Fig. S1, ESIt). In
the first step, brominated PEI/PVA nanofibers were acquired.
Briefly, PEI/PVA mats were immersed in dichloromethane (10 mL)
containing 500 pL of triethylamine and 412 pL of 2-bromoiso-
butyryl bromide was dropwise added into the above solution in an
ice bath under a nitrogen atmosphere. The mixture was stirred for
4 h at 0 °C and subsequently stirred for 8 h at room temperature.
After the reaction, the mats were ultrasonically rinsed using
dichloromethane, ethanol, and water (with each 3 times), respec-
tively. The formed brominated PEI/PVA nanofibers (PEI/PVA-Br)
were dried in vacuum for 24 h at 40 °C.

In the second step, PMPC was anchored onto the PEI/PVA-Br
nanofibers via ATRP. To be short, 107 mg of CuBr, 1.77 g of MPC
and 234 mg of 2,2'-bipyridine were co-dissolved in a mixture of
water and methanol (volume ratio of 1:1, 25 mL), and PEI/PVA-Br
nanofibrous mats were put into the mixture solution under
stirring. After 2 h reaction under nitrogen protection, the nano-
fibrous mats were taken out and ultrasonically rinsed with ethanol
and water (with each 3 times), respectively. Then the PMPC-
functionalized PEI/PVA nanofibers (PEI/PVA-PMPC-Br) were
obtained after vacuum drying for 24 h at 60 °C.

Synthesis of Cys-PEG-FA segments

PEGylated FA with one end of sulfhydryl group (SH-PEG-FA,
37.2 mg) was dissolved in 3 mL of water, followed by addition of
2.42 mg of cysteine (Cys) under magnetic stirring. Then, H,O,
(30 wt%, 10 pL) was added into the above solution under an ice
bath. After stirring for 1 h, the mixture was dialyzed against
water (2 L, for 3 days) using a cellulose dialysis membrane with
a molecular weight cut-off (MWCO) of 1000. Afterwards, the
formed Cys-PEG-FA was lyophilized for subsequent use.

Preparation of PEI/PVA-PMPC-FA nanofibers

The obtained Cys-PEG-FA was dissolved in 20 mL of DMSO,
into which 2.1 mg of potassium carbonate was added under
stirring. After that, the PEI/PVA-PMPC-Br mats were added
into the mixture solution, and the reaction system was heated
up to 75 °C. After reaction for 6 h, the mats were taken out and
ultrasonically cleaned with methanol and water (with each
3 times), respectively. The final product of PMPC- and FA-
functionalized PEI/PVA nanofibrous mats (PEI/PVA-PMPC-FA)
was harvested after vacuum drying.

Static capture and release of cancer cells

Firstly, white blood cells (WBCs) were acquired from fresh human
blood by lysing red blood cells. Then, WBCs were stained with
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calcein AM, resuspended in cell culture medium, and counted
using a Scepter 2.0 Handheld Automated Cell Counter (Merck
Millipore, Darmstadt, Germany). Afterwards, a number of HeLa
cells (human cervical carcinoma cell line) were blended into the
WBC suspension to obtain the mixed cell suspension. In order
to facilitate the follow-up counting, HeLa cells were stained
with calcein red before the incorporation. Next, circular
nanofibrous mats with a diameter of 14 mm were placed in a
24-well plate with each mat in each well. Each circular mat was
immersed in 500 puL of phosphate buffered saline (PBS) and
equilibrated for 24 h under ultraviolet irradiation. After equili-
bration, 1 mL of culture medium containing 10® pre-stained
WBCs and 200 pre-stained HeLa cells was added into each well
of the 24-well plate, and incubated at 37 °C for different time
periods (10, 20, 30, 40, 50, and 60 min, respectively). For each
time interval, 4 parallel specimens were tested. Subsequently,
the mat in each well was rinsed three times with PBS (500 pL for
each time) and then the numbers of HeLa cells (red) and WBCs
(green) attached onto the nanofibrous mats were counted
under a fluorescence microscope. All the fluorescence micro-
scopic images of cells were collected using a 20x objective lens.
Finally, the capture efficiency and capture purity of cancer cells
were calculated via eqn (1) and (2):

Capture efficiency (%) = No/Np x 100% (1)
Capture purity (%) = Nc/(Nc + Nw) x 100% (2)

where N is the number of cancer cells captured on the nano-
fibrous mat, Ny is the total number of cancer cells in the mixed
cell suspension, and Ny is the number of WBCs attached on
the nanofibrous mat.

To release the captured cancer cells from the PEI/PVA-PMPC-
FA nanofibrous mats, each mat with a diameter of 14 mm was
placed into each well of a 24-well plate and equilibrated in 500 puL
of PBS under ultraviolet irradiation for 24 h. Then, 500 pL of
culture medium containing 10* calcein AM-prestained HelLa cells
was added into each well and incubated at 37 °C for 1 h.
Subsequently, each mat in the well was rinsed three times with
500 uL of PBS to remove the non-adherent cells and then HeLa
cells captured on the nanofibrous mats were imaged and counted
under a fluorescence microscope (10x objective lens). After that,
500 pL of TCEP with different concentrations (10 mM, 30 mM,
or 50 mM) was added into each well and incubated for different
time periods (1, 3, or 5 min), and at each time point, quad-
ruplicate samples were tested. After treatment with TCEP for a
predetermined time interval, the nanofibrous mats were rinsed
and observed following the same steps as described above. The
cell release efficiency was calculated by eqn (3):

Release efficiency (%) = (N¢ — Nr)/Nc x 100%  (3)

where N¢ is the number of A549 cells captured on the nano-
fibrous mat before release and Ny is the number of residual
A549 cells attached on the nanofibrous mat after release.
Next, we conducted live-dead cell staining assay to investigate
the cell viability of the released cancer cells after treatment with
TCEP at different concentrations (5, 10, 20, 30, 40, or 50 mM)
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for 5 min. Experimental procedures were similar to those
described above. The only difference is that HeLa cells were
not prestained. The recovered solution was collected and sub-
jected to live-dead cell staining, and the live (green) and dead
(red) cancer cells were counted under a fluorescence micro-
scope. The viability of the released cancer cells was calculated
through eqn (4):

Viability (%) = Np/(Ny, + Np) x 100% (4)

where N, is the number of live HeLa cells in the recovered
solution after release and Np, is the number of dead HeLa cells
in the recovered solution after release.

Fabrication of a fiber-integrated microfluidic chip system

We used Auto CAD software to design the herringbone micro-
fluidic channel system,'””*" which includes an inlet, an outlet
and four parallel herringbone channels for CTC capture. In
detail, the height of the microfluidic channel and the herring-
bone channel was 40 um and 30 pm, respectively. And the total
length from the inlet to the outlet was 65 mm; the herringbone
channel length was 45.5 mm; the total width of four parallel
herringbone channels was 20 mm; and the width of the single
fishbone channel was 4 mm (Fig. S6a, ESIt). Subsequently, a
channel mask was printed out through a high-resolution printer,
followed by photoetching of the microfluidic channel mold in a
silicon wafer via photolithography. Finally, the transparent micro-
fluidic channel plate was obtained by casting polydimethylsiloxane
(PDMS) on the microfluidic channel mold.

The microfluidic chip was fabricated using plasma bonding
technology. In brief, by taking the PEI/PVA-PMPC-FA nano-
fibrous mat-loaded glass slide as a substrate, the PDMS micro-
fluidic channel plate was bonded with the glass slide after
treatment with plasma for 40-50 s in air (20-26 Pa). After
that, the nanofiber-integrated microfluidic chip was fabricated
(Fig. S6b, ESIt).

Dynamic capture and release of cancer cells

Dynamic capture and release of cancer cells were carried out
using a microfluidic chip system integrated with the PEI/PVA-
PMPC-FA nanofibrous mat. Firstly, the mixed suspension of
HeLa cells and WBCs was obtained as described above. Before
passing through the mixed cell suspension, the microfluidic chip
was continuously pumped with PBS at a flow rate of 4 mL h™*
to ensure that the channel and nanofibers were sufficiently
equilibrated. First of all, the dynamic capture efficiency and
capture purity of HeLa cells under different flow rates were
investigated. In brief, 1 mL of the mixed cell suspension with a
WBC concentration of 10° mL~" and a HeLa cell concentration of
200 mL ™" was introduced into the microfluidic chip at various
flow rates (0.5, 1, 2, 3, 4, and 5 mL h™ ", respectively). After that,
the microfluidic channel was washed by inletting PBS for 5 min
at a flow rate of 4 mL h™" and then the cells captured on the
nanofiber substrate were observed and counted under a fluores-
cence microscope. And the capture efficiency and capture
purity were calculated according to eqn (1) and (2), respectively.
Subsequently, the dynamic capture efficiency of HeLa cells at
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different concentrations was determined. The mixed cell sus-
pension (1 mL) with a WBC concentration of 10° mL™* and a
HelLa cell concentration of 5 mL ™", 20 mL™*, 50 mL™*, 100 mL™*,
200 mL ™%, or 1000 mL ™' was passed through the microfluidic
chip at an optimum flow rate. The dynamic capture efficiency of
HelLa cells at different concentrations was calculated according to
eqn (1). Moreover, the dynamic capture efficiency of different
kinds of cancer cells (KB, HeLa, SKOV-3, or A549) with a concen-
tration of 200 mL ™" was explored under the same conditions.

To release the captured cancer cells from the fibrous mats,
we first introduced HeLa cells pre-stained with calcein-AM
(1 mL, 10* mL™") to the microfluidic chip. The microfluidic
chip was washed by pumping PBS and then HeLa cells captured
onto the nanofibrous mats were observed and counted using a
fluorescence microscope (10x objective lens). Then, TCEP
(10 mM) was introduced into the microfluidic chip at a flow
rate of 4 mL h™! for 5 min. After that, the residual HeLa cells
attached onto the nanofibrous mats were observed and counted
under a fluorescence microscope, and the release efficiency of
cancer cells was calculated according to eqn (3).

In order to investigate the viability of released HeLa cells,
HelLa cells (1 mL, 10* mL™") were pumped into the microfluidic
chip. After passing through TCEP (10 mM) for 5 min, the
recovered solution was collected and subjected to a live-dead
cell staining assay. The live (green) and dead (red) cancer cells
were counted under a fluorescence microscope (10x objective lens).
Finally, the viability of released cancer cells was calculated
according to eqn (4).

Clinical utility

Fresh whole blood of cancer patients was received from Shanghai
General Hospital (Shanghai, China) after approval by the ethical
committee of Shanghai General Hospital. Without any pretreat-
ment, 1 mL of the whole blood was directly passed through our
microfluidic device at a flow rate of 2 mL h™*. The CTC capture
and release processes were similar to those used in the dynamic
capture and release assays of cancer cells described above.
The isolated CTCs were identified with three-color immuno-
cytochemistry. They were co-stained with Alexa Fluor 568 conju-
gated anti-cytokeratin 7 (CK, red) and fluorescein isothiocyanate
(FITC)-labeled anti-CD45 (CD45, green) for 30 min, and
DAPI (blue) for 7 min at room temperature. The stained cells
were imaged and counted under a fluorescence microscope
(40x objective lens).
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