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A B S T R A C T

Metastasis is the major cause of death in cancer patients accounting for about 90% of the mortality. The detection
and analysis of the hallmark of metastasis, circulating tumor cells (CTCs), have significant impact in cancer
biology and clinical practice. However, the scarcity of CTCs in blood, particularly in that of colorectal cancer
patients, is a serious bottleneck in the development of CTC-based precision medicine. Herein, the melt electro-
writing (MEW) technology was used for reproductive fabrication of a biocompatible antibody-presenting
polycaprolactone filter with tailored porous structure. It is demonstrated, for the first time, that such filter can
be used not only to catch cancer cells spiked in whole blood but also to culture the cancer cells directly on site.
Specifically, HT29 colon cancer cells can be captured with an efficiency of 85%, and when spiked into 4 mL of
whole blood, 47% were captured on one Ø12mm filter. Furthermore, repeated capture and culture experiments
have shown that as few as 20 HT29 colon cancer cells spiked into 4 mL of whole blood can be captured on the
filter and within 2 weeks be expanded on site to become tumor bodies that are visible to the untrained eye. This
filter allows for downstream analysis, such as flow cytometry, immunocytochemistry, Western blotting, and rt-
qPCR. This technology represents a simple and cost-effective platform that potentially enables fast and efficient
culture of rare CTCs from patients’ blood. This provides non-invasive alternatives for solid biopsy tumor materials
for treatment screening, with great potential to realize precision medicine for cancer treatment.
1. Introduction

At present, late stage colorectal cancer is associated with poor sur-
vival rates, and colorectal cancer is one of the leading causes of cancer-
related deaths [1]. When colorectal tumors are diagnosed at a late stage,
there are often limited options in terms of curative surgery and chemo-
therapy. The tumor heterogeneity leads to complexity and significant
patient-to-patient differences in treatment response is a pivotal challenge
[2]. Circulating tumor cells (CTCs) might be one of the avenues to
overcome these challenges [3,4]. Several studies have shown that stable
CTC cell lines can be established as 2D cultures, and such cell lines might
extend our understanding of the CTC biology and the underlying mech-
anisms that drive cancer dissemination [5]. However, it can be difficult to
establish CTC-derived cell lines of colorectal cancer patients because of
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their extreme rareness, one CTC among a billion hematopoietic cells [6].
Tremendous effort has been directed toward exploring the diagnostic

and prognostic potential of CTCs. To facilitate their isolation and
expansion, Zhang et al. recently demonstrated efficient chip-based CTC
capture and subsequent fast expansion in three-dimensional (3D) co-
cultures that can be used for downstream analysis and drug testing [7].
Other groups have followed, and it appears that CTC capture and culture
via microtechnologies and nanotechnologies have gained momentum [3,
8]. A wide range of CTC isolation technologies have been developed,
using different principles such as immunoaffinity, size-based capture,
and inertial focusing for CTC enrichment [9–11].

Electrospinning is a robust nanofiber-producing technique, where
viscous liquids made of virtually any polymers, supramolecules, or
composites can be extruded and elongated as submicron fibers under an
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electric field. Fibers in the nanometer and submicron scale have an
enormous variety of applications, which is rooted in their ultrahigh
surface area. Only to name a few, applications of such fibers include
catalysis, sensors, and filtration [12]. Their overall extracellular
matrix-mimicking structure together with their capacity for encapsula-
tion or bioconjugation of biomolecules has within decades made them
attractive in both tissue engineering and cancer modeling [13]. It has
previously been demonstrated that electrospun scaffolds can be utilized
for isolation of CTCs. One example can be seen in the work by Zhang et al.
in which spiked gastric and colon cancer cells were captured on anti-
EpCAM–conjugated TiO2 electrospun scaffolds incubated with a 1 mL
target cell suspension. They furthermore demonstrated a few examples of
CTC capture from cancer patient blood [14]. Ma et al. reported the use of
3D polystyrene (PS) fibrous scaffolds to capture spiked MCF-7 breast
cancer cells by incubating anti-EpCAM–conjugated PS scaffolds with the
cells for 30 min [15]. In 2017, Xu et al. published their study on the use of
2D hyaluronic acid–functionalized poly lactic-co-glycolic acid (PLGA)
nanofibers embedded in a microfluidic system for the capture a variety of
cancer cells [16]. Additionally, a binary blend of polyethylene oxid (PEO)
and nylon-6 has been utilized by Lee et al. for the capture of CTCs from
colorectal cancer patients by incubating drops of samples with their bi-
nary blend fibers [17]. However, none of those studies has used the fibers
as a filtration device nor demonstrated the on-site culture capacity.

The above-mentioned studies all used conventional solution electro-
spinning, where the stacking of fibers is intrinsically random because of
the relatively high conductivity of polymer solutions. Comparing with
solution electrospinning, melt electrowriting (MEW) of polymer melts
with lower conductivity is distinguished by the possibility to produce
highly defined tailored architectures using computer-aided programming
[18]. This improves the reproducibility of the filter with both tailored
porosity and transparency which facilitate microscopy analysis at clinics
[3,5,19].

Here, we present a novel MEW microfibrous filter made of poly-
caprolactone (PCL) that enables size- and immunoaffinity-based capture
and on-site culture of EpCAM-positive cancer cells. Scanning electron
microscopy (SEM) was used to characterize the filter structure. Fluores-
cent imaging and enzyme-linked immunosorbent assay (ELISA) were
used to analyze anti-EpCAM antibody bioconjugation. The capture effi-
ciency of HT29 colon cancer cells spiked in milliliters of whole blood was
assessed at different flow rates using immunocytochemistry staining.
Captured cells were subsequently cultured in situ on the filter, where a
few cells can be expanded within 2 weeks to subcolonies that are visible
to the naked eye. Further down-stream analysis, such as Western blot,
flow cytometry, qPCR, and fluorescence microscopy was also
demonstrated.

2. Materials and methods

2.1. Culture of cells

HT29 and NIH3T3 were maintained in complete growth medium,
Dulbecco's Modified Eagle's Medium (DMEM, Sigma, cat no. D6046)
holding 10% fetal bovine serum (FBS, Gibco, cat no. 10082-147) and
1:100 diluted Pen-strep (LONZA, cat no. 17-602E). The cells were
passaged when 80–100% confluent and cultured at 37�C, 95% humidity,
and 5% CO2. Detachment of cells was done by trypsination as outlined by
manufacturer (LONZA, cat no. BE17-161E). Dulbecco's phospate buffered
saline (DPBS, Sigma, D8537) was used for washing cells in between the
steps of passaging the cells.

2.2. Melt electrospinning writing and preparation of filter

Melt electrospinning writing (CAT000111, Spraybase) was performed
to print the filters. PCL (Mw ¼ 45 kDa, Sigma-Aldrich) was loaded in a
grounded stainless steel syringe and heated to 80�C. Then a gas pump
was used to supply air pressure of 0.5 bar for extruding the melted PCL
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polymer out from the syringe connected with a blunt-end stainless steel
needle. An automated plate collector was placed under the needle and
connected to a high voltage of 3.5 kV. Movement of the collector was
precisely controlled by UCCNC software. The distance between the
needle and collector was 4 mm. Coiled fibers were first printed as the
bottom layer at 400 mm/min using a 0.3 mm in diameter needle. The
relatively low speed facilitated coiling of the fibers. The spacing was
100 μm. The coiled fibers were printed in two perpendicular directions
and in their two diagonal directions with the same spacing distance. This
formed a porous monolayer membrane of coiled fibers. Afterward, a grid
frame composed of bigger straight fibers for stabilizing the underneath
membrane was printed on top of the bottom layer at a 2,000 mm/min.
The top layer needle had a diameter of 0.55 mm, and the spacing was
300 μm. The top grid frame was prepared by printing straight fibers in
two perpendicular directions.

After electrospinning, filters were transferred to a 70% EtOH bath
from where they were mounted to glass slides and with a scalpel cut to fit
the filter holders (Millipore, cat no. SX0001300).

2.3. Scanning electron microscopy

The structure and surface morphology of the PCL fibrous scaffolds
were characterized by scanning electron microscope (Hitachi TM3030).

2.4. Bioconjugation of a biotinylated anti-human EpCAM antibody to the
filters

If the filters were used for culture, they were placed in a drop of 70%
ethanol before bioconjugation, and the ethanol was evaporated in a
sterile laminar flow bench. A UV source (around 260 nm) of a sterile
bench was then used for additional sterilization for more than 1 h. All
buffers were autoclaved or sterile filtered (0.2 μm).

All conjugation steps were performed at room temperature. The anti-
EpCAM antibody was conjugated to a filter via polydopamine coating
[23]. In short, the filter was kept on glass slides (VWR, cat no 631-1551)
within an area encircled using a liquid blocker super PAP pen (Fisher
scientific, cat no. NC 9827128). Dopamin hydrochloride (Sigma, cat no.
H8502) was added (2 mg/mL in 500 μL 10 mM Tris-HCL, pH 9) to the
filter for minimum 30 min, making sure that the filter was soaked with
the dopamine solution hereby creating a polydopamine surface. Next, the
filter was washed four times in 400 μL sodium phosphate buffer (50 mM,
pH 7.8). Streptavidin (15 μg/mL) was then conjugated to the polydop-
amine layer for minimum 45 min in sodium phosphate buffer. The filter
was washed four times in phosphate buffered saline (PBS, Sigma, cat no.
P4417), before transferring the filter to a fresh glass slide. Here, the filter
was incubated with 5 μg/mL of biotinylated anti-EpCAM antibody (RnD
Systems, BAF960) in 1% bovine serum albumin in PBS for more than an
1 h. Finally, the filter was washed in PBS four times.

2.5. Immunocytochemistry

In general, scaffolds and cells were stained on VWR glass slides (cat
no. 631-1551) or on cover slides (VWR, cat no. 631-0138). The cells or
scaffolds were placed in an encircled area by using the aforementioned
PAP pen to create a hydrophobic barrier. Next, samples were washed in
DPBS or PBS and fixed in 4% formaldehyde (AppliChem, cat no. A3813),
followed by four times rinsing in PBS. The cells were then permeabilized
and blocked in BD Perm/Wash buffer (BD Biosciences, cat.554723) for
10 min, before adding primary antibodies or phalloidin alexa fluor 488
(ThermoFisher Scientific, cat 12379) in Perm/Wash buffer. The primary
antibodies mouse monoclonal anti-pan cytokeratin (ab86734, Abcam)
and rabbit recombinant anti-CD 45 (ab40763, Abcam) were used in
1:200 and 1:100 ratios, respectively, and incubated 2 h at room tem-
perature or overnight at 4�C. Phalloidin alexa fluor 488 was used in
1:100 ratio for 1 h staining and 1:400 for overnight staining. Next,
washing was performed three times, 3 min each, in 400 μL Perm/wash
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buffer. Finally, the secondary antibodies anti-mouse and anti-rabbit alexa
fluor 488/594 (Abcam, cat no. ab150105, ab150076) was used 1:400 in
Perm/Wash buffer for 1 h at room temperature. The washing was
repeated. Hoechst 33342 (Life Technologies, cat no. H3570) was then
used 1:10,000 in PBS for 5 min, the sample was rinsed, gently desiccated,
and mounted with aqueous mounting media (Sigma, cat no. F4680).
Staining was analyzed in EVOS FL Auto Imaging system or Zeiss confocal
laser scanning microscopy (LSM 700 and 780).

2.6. Cell seeding on scaffolds and cell counting kit-8 measurements

Before cell culture, all filter scaffolds were conjugated to the anti-
EpCAM antibody under sterile conditions. HT29 cells were seeded to the
scaffolds in 20 μL media in a TC 96-well culture plate (SARSTEDT, cat no.
83.3925.500) in different densities (100, 200, and 400 cells per scaffold,
four replicate for each seeding density). After 1 h, additional 180 μL
media were added to the scaffolds. The next day (day 1), each scaffold
was transferred to new wells, fresh media was added, and the scaffolds
were left there until day 5 where the cell viability was assessed by using
the cell counting kit-8 as outlined by the manufacturer (Dojindo Molec-
ular Technologies). The cell counting kit-8 was applied again on day 15,
and each time the measurements were performed in newwells to rule out
any signal from cells not growing directly on the scaffolds. After finishing
the cell counting on day 15, the scaffolds were rinsed in PBS, and the
presence of cells was confirmed by immunocytochemistry using the anti-
pan cytokeratin antibody and Hoechst stain as outlined above.

2.7. Prestaining HT29 with cell tracker dye

Approximately 5 million HT29 cells were washed twice in DPBS. Cells
were centrifuged at 300 g for 3 min each time. The cells were re-
suspended in DMEM without fetal bovine serum but holding 1 μM Cell-
Tracker Red CMPTX dye (ThermoFisher, cat no. C34552). After 30 min in
the CellTracker solution at 37�C, the cells were washed twice in complete
growth media and kept in media until further use.

2.8. Processing blood samples

Eight milliliters of blood from volunteers from our research group
were drawn into EDTA-coated tubes. The blood was used according to
the National Ethical Guidelines for quality control and quality assurance
(guideline no. 11052, July 2, 1999). The blood was processed within 6 h.
Lysis of red blood cells (RBCs) was performed by mixing 4 mL blood with
40 mL lysis buffer (155 mM NH4Cl, 12 mM NaHCOO3, 0.1 mM EDTA), it
was incubated for 10 min at room temperature followed by centrifuga-
tion (5 min, 1,000 g). If necessary, the cells were resuspended, and the
centrifugation was repeated. Without disturbing the pellet, the super-
natant was gently aspirated, and PBS was added to total a volume of
1.5 mL.

2.9. Spike-in experiments

For whole-blood samples with non-lysed RBCs, 200 prestained HT29
were added to 1 mL whole blood and filtrated. For samples where RBCs
were lysed, 200 prestained HT29 cells were added to 4 mL whole blood,
and thereafter, the RBCs were lysed as described above. The flow rate
was 0.5 mL/h. For spike-in experiments concerning culture after capture,
20 or 200 HT29 cells were spiked into 4 mL whole blood. The blood was
subsequently treated with RBC lysis buffer, and the nucleated cells were
filtered.

2.10. The filtrations

A filter was transferred to a sterile (if needed for culture) water bath,
and the floating filter could be mounted from underneath directly to the
bottom part of a filter holder. The top part of the filter holder was gently
3

attached to the bottom part and through a tubing connected to a 20 mL
syringe placed in a syringe pump (World Precision Instruments, cat no.
941-371-10003) (refer to figure 1). Next, the filter holder was carefully
filled with 10% FBS in PBS, taking care that air was not trapped above the
filter. The filter was left like this for 10 min before commencing the
filtration. A 3 mL syringe was then connected to the top of the filter
holder, and the sample was gently loaded to this syringe. The syringe
pump was set to withdraw mode. Just before the entire sample had run
through the filter, additional 300 μL PBS were added for washing. The
immunocytochemistry was performed directly on the filter holder, and
the cells could be visualized while still being placed on the filter holder
by gently placing the bottom part of the filter holder directly on top of a
cover slide.

2.11. Cell lysing and Western blotting

Four hundred HT29 cells per scaffold were seeded. Each scaffold was
conjugated the anti-EpCAM antibody. The cells were cultured for 28 days,
where after the cells, still on the scaffolds, werewashed in DPBS 2–3 times
and could be kept at �20�C until further use. To lyse the cells on the
scaffolds, 100 μL per scaffold ofM-PER solution (ThermoScientific, cat no.
78503) were used. After 10 min incubation at room temperature, the ly-
sateswere centrifuged 15min at 14,000 g. The supernatantwas harvested.
To prepare samples for sodium dodecyl sulfate-polyacryl amide gel elec-
trophoresis (SDS-PAGE), 80 μL of each sample were mixed carefully with
20 μL XT sample buffer (BIORAD, cat no. 161-0791) and 6 μL XT reducing
agent (BIORAD, cat no. 161-0792). The samples were left at 90�C for
5 min. Next, 20 μL of each sample were loaded to a 12% XT Bis-tris gel
(BIORAD, cat no. 3450118) and run at 200 V for 50 min. Proteins were
blotted to a nitrocellulosemembrane by using the turbo-blotting systemof
BIORAD (Trans-Blot Turbo). The membrane was blocked 45 min in 3%
bovine serumalbumine inPBS (BSA-PBS) at room temperatureon a rolling
table. The membrane was then probed with anti-beta actin antibody (cat
no. ab8227, Abcam) or the anti-EpCAM antibody diluted 1:1000 in 7 mL
2% BSA-PBS and incubated overnight at 4�C. In the first and subsequent
washing steps, the volume used was 10–15 mL per wash. The membrane
was rinsed twice and washed in 3 � 5 min in PBS. The anti-beta actin
antibody was detected by using anti-rabbit IgG Cy3 conjugate (Sigma
Aldrich, cat no. C2306) 1:1000 in 7 mL 2% BSA-PBS for 2 h at room
temperature. The anti-EpCAM antibody was detected with streptavidin
alexa fluor 488 1:1000 in 7 mL 2% BSA-PBS for 2 h at room temperature.
The membrane was then rinsed once in PBS, washed 4 � 5 min in PBS-
tween20 (0.05%), washed 2 � 5 min in PBS, and finally rinsed in PBS.
To detect the signal, we used a typhoon scanner (Amersham), which was
set for 200 μm resolution and PMT voltage to 500.

2.12. Flow cytometry

HT29 cells were seeded on anti-EpCAM conjugated scaffolds
(1,000 cells/filter) and cultured for 10 days in a 96-well culture plate
before harvesting the cells from the scaffolds by using trypsin. Cells from
one scaffold were then incubated with 10 μg/mL of the anti-EpCAM
antibody in PBS for 30 min at room temperature, washed once in PBS,
and centrifuged at 400 g for 5 min. The anti-EpCAM antibody was
detected by using 1:100 diluted streptavidin alexa fluor 488(Thermo-
fisher, cat no. S11223) for 25 min at room temperature. Washing was
repeated, the cells were resuspended in 300 μL PBS, and the flow
cytometry was performed on a SONY SH800 Cell Sorter. Non-stained
cells detached from a separate scaffold was used as a negative control.

2.13. RNA isolation and cDNA synthesis

Total RNA was extracted from each individual filter using the miR-
CURY RNA isolation Kit—Tissue (Exiqon) according to the manufactur-
er's protocol (Proteinase K digestion was omitted). The RNA
concentration, including the A260/280 and A260/230 ratios, were
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determined using a Nanodrop 2000 (ThermoFisher Scientific). The iso-
lated RNA from filter 1 (10.5 ng/μl) and filter 2 (15.2 ng/μl) were then
reverse transcribed with the ExiLERATE LNA qPCR—cDNA synthesis kit
(Exiqon), according to the manufacturer's instructions.
2.14. Quantitative real-time PCR

The qPCR reactions were prepared using the ExiLERATE LNA
qPCR—SYBR Green master mix (Exiqon), cDNA template, and LNA
primer sets against human phosphoglycerate kinase 1 (PGK1) and human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Exiqon) accord-
ing to the manufacturer's instructions. Each reaction was performed at a
final volume of 10 μL. The reactions were run on a Stratagene Mx3000P
(Agilent Technologies) with the following thermal profile: 95�C for 30 s;
40 cycles at 95�C for 10 s and 60�C for 1 min; and 55�C for 30 s and 95�C
for 30 s. Dissociation curves and amplification plots were analyzed with
the MxPro qPCR software (Agilent). No amplification was observed for
no template controls and no primer controls confirming primer and
target amplification specificity.
2.15. Culture after capture

Three filtrations were performed to capture 200 HT29 cells: two non-
spiked samples (200 HT29 cells each) and one spiked sample (200 HT29
in 4 mL blood). Moreover, additional filtrations were independently
performed on three spike-in samples, each having 20 HT29 cells spiked
into 4 mL blood. After filtration, the filters were gently rinsed in PBS and
transferred to complete growth medium and cultured in a 24-well TC
plate (SARSTEDT, cat no. 83.3922) at 37�C, 95% humidity and 5% CO2,
this was considered as day 1.

The next day, the filters were gently rinsed in DPBS and transferred to
new wells holding fresh medium. The transfer step was repeated on day 5
and 12. At day 21, the culture was ended, and the filters were rinsed in
DPBS and fixed in 4% formaldehyde for 10 min. Finally, the filters were
stained for CD45 and pan-cytokeratin and evaluated by fluorescence
microscopy.
2.16. Analysis of cancer cell cluster thickness, three-dimensional growth,
and area analysis

Confocal imaging was performed using Zeiss LSM780. The following
excitation/emission parameters were used for generating composite im-
ages: (i) Hoechst 33342 - 405/415-502 nm, (ii) Alexa Fluor 488 - 488/500-
571 nm, (iii) Alexa Fluor 594 - 561/615-696. Fluorescence of Hoechst and
Alexa Fluor 594 was acquired simultaneously. Maximal intensity pro-
jections and color-coded depth projections were generated using Zeiss
ZenBlue software. In the color-coded projection, point 0 refers to the most
shallow focal point. 3D projections were generated using Fiji ImageJ [43]
using attached macro (supplementary methods). Resulting animation
frames were then rearranged using Adobe Photoshop CC 2015 into final
projections (supplementary animation). The determination of the area of
HT29 subcolonieswas performedusing ImageJ. Stitched 8-bit imageswere
first cropped and converted to binary images by adjusting the threshold. As
a scale reference, the stabilization frame of the filter with dimensions of
300� 300 μmwas used. Subsequently, the analyze particle tool in ImageJ
was applied to determine the area of particles (cells). In the co-culture
study (Fig. s5), particles with an area less than 36 μm2 were not analyzed
to avoid measurement of visual artefacts. The analysis was blinded.
2.17. Statistics

Students t-test, two-tailed and equal variance. Groups were consid-
ered different for p-values < 0.05.
4

3. Results

3.1. The filter fabrication and bioconjugation

The MEW technique was used to print defined patterns of a micro-
coiled MEW filter. The MEW filter holds 30 fiber coils per mm, which
were written in the x and y directions and in two diagonal directions with
100 μm spacing.

Previously, PCL dissolved in chloroform (CHCl3) has been electrospun
into biocompatible microfibers by electrospinning [20]. On the other
hand, PCL dissolved in a mixture of dichloromethane (DCM) and N,
N-dimethylformamide (DMF) has been extruded to nanofibers by elec-
trospinning [21]. In parallel, filters using similar approaches (Supporting
method) were produced for comparison, namely a microfibrous CHCl3
filter and a nanofibrous DCM/DMF filter. As a final step, a frame for
stabilization was printed on top of all three types of filters in the x and y
directions with 300 μm spacing (Fig. 1c).

Characteristics of the three filter types were determined by using the
DiameterJ plugin for imageJ (Supplementary Table s1 and Fig. s1). The
average diameters and standard deviations of the DCM/DMF filter, CHCl3
filter, and MEW filter were 0.9 � 0.2 μm, 7.7 � 2.5 μm, and
3.3 � 0.45 μm, respectively. The average pore sizes and standard de-
viations of the DCM/DMF, CHCl3, and MEW filters were 7.4 � 6.3 μm2,
112.8 � 118.9 μm2, and 141.5 � 146.8 μm2, respectively.

As there are billions of blood cells and only a few CTCs in the patient
blood, it is beneficial to decrease the amount of captured background
blood cells to ease downstream culture and analysis. Initial pore size-
based filtrations were performed on white blood cells using the three
different filters, where the MEW filter captured fewer white blood cells
compared with the CHCl3 filter, and much fewer than that on the DCM/
DMF filter (Fig. s1), because of the significantly smaller pore sizes of the
CHCl3 and DCM/DMF filters.

Although solution electrospinning offers faster fiber production,
challenges with reproducibility of the DCM/DMF filters were encoun-
tered, because of the intrinsic chaotic nature of solution electrospinning.
The MEW filter was thus chosen to test CTC capture and in situ culture.
This filter is transparent, and it can be used with standard filter holders
(Fig. 1a), which can be easily connected to syringes and pumps for flow-
rate controlled filtration (Fig. 1b).

In terms of isolating CTCs of an epithelial origin, the EpCAM surface
molecule has become a golden standard [22]. Accordingly, anti-EpCAM
antibody bioconjugation on the MEW filter was performed via a poly-
dopamine-based conjugation of streptavidin, followed by a biotinylated
anti-EpCAM antibody to coat each single MEW fiber [23]. The conjuga-
tion was successfully performed in 3–4 hours, where the biotinylated
antibody was readily detected with streptavidin alexa fluor 488 (Fig. 1d),
as opposed to a non-conjugated filter, where no signal of streptavidin
alexa fluor 488 was detected (Fig. 1e).

To assess the function of the anti-EpCAM bioconjugation, a non-
conjugated MEW filter was compared with an anti-EpCAM–conjugated
MEW filter, through which 2,000 prestained HT29 cells were filtrated at
2 mL/h. Clearly, the conjugation of the anti-EpCAM antibody improved
capture efficiency of the HT29 cells (Fig. 2).

The conjugation efficiency relies on the formation of a polydopamine
layer, and the conjugation of the streptavidin to the formed quinone
groups of the polydopamine [23]. To make a rough assessment of the
amount of antibody bound to the filter surface, ELISA was used to detect
any unbound antibody after performing the conjugation (Fig. s2). By
calculation, approximately 11,200 anti-EpCAM molecules were bound
for every squared micrometer.

3.2. The filter biocompatibility and down-stream analysis

As CTCs are rare in blood and as we aimed for a scaffold that enables
culture of these rare events, we assessed whether a few cells could be
expanded on the anti-EpCAM–conjugated MEW filter by seeding 100,



Fig. 1. The filtration setup, MEW filter
structure, and bioconjugation. (a) The
MEW filter, marked with a white arrow, with
diameter of Ø12 mm is transparent and can
readily be mounted to standard filter holders.
(b) The filtration setup consists of a syringe
pump connected through a tubing to the filter
holder and of a syringe attached on top of the
filter holder, where the sample is loaded. (c)
Scanning electron microscopy (SEM) image
of the MEW filter. Scalebar, 300 μm. (d) The
confocal microscopy image of MEW filter
conjugated with a biotinylated anti-EpCAM
antibody, which was detected by streptavidin
alexa fluor 488 (green). The image was ac-
quired, at 10% laser power. (e) A non-
conjugated MEW filter was incubated with
streptavidin alexa fluor 488 as a negative
control. The laser power was set to 100%.
MEW, melt electrowriting.

Fig. 2. Filtration of 2,000 HT29 cells on filters with and without anti-EpCAM bioconjugation. (a) A representative image of a non-conjugated filter after
filtration. (b) A representative image of an anti-EpCAM conjugated filter after filtration. Prestained HT29 cells are shown in magenta. (c) A zoom-in image of
HT29 cells (magenta, stained for cytokeratin) captured on the conjugated filter (green, stained with streptavidin AF488).
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200, and 400 HT29 cells on the MEW filter of Ø ¼ 6 mm. The cells were
successfully expanded on the MEW filters within 2 weeks, as shown by
CCK-8 assay measurements, immunochemical staining, and imaging
(Fig. 3a and b). While it has been shown that nucleic acid–based analysis
can be performed on breast cancer cells grown on PCL scaffolds [24], it
could also be relevant to analyze cells from PCL-based scaffolds by
common proteomic methods, such as flow cytometry and Western blot-
ting. The expanded cells were therefore detached from the filter, and flow
cytometry was performed on the cells. The cells were gated according to
their forward vs side scatter (Fig. 3c). When comparing the signal of
non-stained cells from one scaffold with the signal of anti-EpCAM stained
cells from another scaffold, a clear shift was observed (Fig. 3d). Addi-
tionally, cell lysates were obtained from cultured scaffolds, on which
EpCAM (Fig. 3e) and beta actin (Fig. 3f) could be detected by Western
blotting. To demonstrate the feasibility of rt-qPCR analysis of cells grown
on the filters, the house-hold genes GAPDH and PGK1 were analyzed on
two randomly chosen filter samples and successfully detected (Fig. 3g).
3.3. Capture and culture

As flow rate influences the capture efficiency, different flow rates
were first assayed using 200 prestained HT29 cells through anti-
EpCAM–conjugated MEW filters (Ø 12 mm). It was shown that a capture
of 85.0 � 9.2% could be achieved at 0.5 mL/h, which was significantly
higher than 62.0 � 10.6% at 1 mL/h, and 16.5 � 2.2% at 2 mL/h
5

(Fig. 4a).
Next, 0.5 mL/h was used to investigate the capacity of the MEW filter

on clinical relevant spiked-in-samples, where 200 HT29 colon cancer
cells were spiked into 1 mL and 4 mL whole blood, respectively.

The ‘1 mL blood’ spike-in-sample (whole blood sample) was filtered
without lysing the RBCs. Here, 51.3 � 4.0% of the cancer cells were
captured. Owing to the long (0.5 mL/h, 8 h) filtration process, the ‘4 mL
blood’ sample was treated with RBC lysing buffer after spiking in
HT29 cells to avoid coagulation. The nucleated cells were then filtered,
and 47.2 � 4.7% of the cancer cells were captured (Fig. 4a). Subsequent
to these filtrations, it was seen that the captured HT29 were dispersed on
the filters as single cells and surrounded by white blood cells (Fig. 4b).

It was then assessed whether 200 colon cancer cells, spiked into 4 mL
whole blood, could be captured and cultured on site. Although it was not
possible to distinguish between cancer cells and surrounding blood cells
on day 7, distinct tumor cell clusters were visible to the naked eye on day
14, with diameters up to approximately 300 μm (Fig. s3). After 21 days of
culture, several cancer clusters had emerged on the filter (Fig. 4c and d).
The size of the clusters varied substantially, ranging from 6.7 � 103 to
3.7 � 105 μm2 with an average of 1 � 105 μm2 � 1.1 � 105 μm2 standard
deviation. The clusters were surrounded by residual blood cells that
appeared to have attached to the filter and survived there (Fig. 4d and f).

The CTCs are extremely rare, roughly one CTC among one billion
blood cells. To get even closer to clinical relevance, the filter was tested
further by performing three additional filtrations. In these independently



Fig. 3. Biocompatibility test and downstream analysis. (a) CCK-8 viability assay: HT29 cells were seeded as 100, 200, and 400 cells per scaffold and followed for
15 days. *** p-value < 0.0005 (b) The proliferation/expansion of the HT29 cells on a ‘100 cell seeding’ scaffold was confirmed by immunochemistry and confocal
microscopy on day 15. The cells were stained for cytokeratin (magenta) and their nuclei (blue). Scalebar, 40 μm. (c) Flow cytometry on HT29 cells, detached from the
scaffolds, were gated according to their SSC-H x FSC-H, and (d) cells within this gate were stained for EpCAM using biotin anti-EpCAM and streptavidin AF488 for
detection. Western blot (e), on cell lysates from cells grown on the scaffolds were analyzed for EpCAM, using biotin anti-EpCAM and streptavidin AF488 for detection.
A band around 40 kDa was observed corresponding to the apparent size of EpCAM. Additional bands deriving from the streptavidin AF488 only were also observed. (f)
Beta actin was also detected in Western blot using rabbit anti-actin and anti-rabbit cy3. An apparent band for beta actin around 45 kDa was observed. (g) The rt-qPCR
analysis of GAPDH and PGK1 in two randomly chosen filter samples after filtration and culture, standard deviations are shown with error bars. PGK1, phospho-
glycerate kinase 1; GAPDH, human glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 4. Capture efficiency and on-site culture. (a) Different flow rates were used to assess the impact of the flow on the capture. The measurements were performed
in triplicates, * p-value < 0.05, ** p-value < 0.005. Thereafter, 200 HT29 cells were spiked into 1 mL blood and 4 mL blood, respectively. (b) An image of a captured
HT29 cell (red, prestained with CellTracker Red CMPTX dye) after filtration, corresponding to day 1. The cancer cell is surrounded by white blood cells (green, stained
with CD45). The nuclei are shown in blue. (c) Additionally, 200 HT29 cells were spiked into 4 mL blood, filtrated and also cultured for 21 days. A stitched image of the
entire filter is shown here, where clusters of cancer cells are shown in red, stained for pan-cytokeratin. One of the clusters is seen at a higher magnification in (d). (e) A
stitched image of the filter after filtration of 20 HT29 cells spike-in-sample and 2 weeks on-site culture. (f) A higher magnification image of one cluster in (e). The
white blood cells were stained for CD45 (green), the cancer cells for cytokeratin (magenta), and their nuclei were visualized by Hoechst (blue).
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performed filtrations, 20 HT29 colon cancer cells were spiked into 4 mL
whole blood, and the nucleated cells were filtered. In all three filtrations,
clusters of cancer cells emerged after 3 weeks of culture (Fig. 4e–f, and
Supplementary Fig. s4). Again, the clusters displayed a considerably high
size variation in which the average cancer cluster area of the three ex-
periments was 6.4 � 104 μm2, and the standard error of the mean was
4.9 � 104 μm2. In addition, one of the ‘20 spike’ samples was stained
positive for CD68, indicating that the surrounding cells were likely to be
macrophages (Supplementary Fig. s4d). Analysis of this filter by confocal
microscopy further indicated that some of the macrophages infiltrated
the tumor clusters (Supplementary Animation 1). Finally, it was observed
7

that cells were growing in several layers to a thickness similar to that of
the filter, which is approximately 50 μm (Fig. 5 and Supplementary
Animation 2).

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2020.100052

4. Discussions

With the increasing amount of available targeted cancer
therapies and with the often seen dynamically changing drug resistance,
there is a clinical need for tools that enable tailoring of targeted cancer

https://doi.org/10.1016/j.mtbio.2020.100052
https://doi.org/10.1016/j.mtbio.2020.100052


Fig. 5. Three-dimensional growth. Upper left, a cancer cluster stained for cytokeratin (magenta) and DNA (blue). Upper right, showing the green channel for CD45
staining only. Bottom left, all channels. Bottom right, a color-coded depth analysis of the cancer cluster, where point 0 (blue) refers to the closest focal point. Scale
bar, 50 μm.
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therapy programs [25]. CTCs might play an essential role as biological
sources for creating relevant tumor models holding the subsets of cells
that cause disease relapse, dissemination, and drug resistance [26,27].
Although the use of the conventional solution electrospinning technique
for developing CTC capture microfluidic devices has previously been
demonstrated [14,15], this is, to our knowledge, the first study to
demonstrate the use of the MEW technique for tailoring a filter that en-
ables both capture and in situ culture of cancer cells in a background of
blood. Conjugating antibodies to the filter can be performed within
3–4 hours without any cumbersome steps, offering the possibility to
readily target several CTC relevant markers, such as surface vimentin,
CD133, N-cadherin, and epidermal growth factor receptor (EGFR). These
markers are valuable for capturing CTCs with little or no EpCAM
expression [28].

Furthermore, the filter can in principal be applied for any rare cell
type in the blood that can be distinguished from its surroundings through
surface marker recognition, for example circulating fibrocytes [29] and
CD133 positive progenitor cells [30]. Isolating and culturing fibrocytes
on the filter might enable and generalize the access to fibrocytes, which
are involved in fibrotic disorders such as pulmonary fibrosis and asthma
[31].

The MEW filter can be straightforwardly implemented in cell culture
and subsequently be analyzed by Western blotting, flow cytometry, and
rt-qPCR. In addition, the filter is transparent and is thus ideal for mi-
croscopy-based analysis. PCL- scaffolds [32,33] are well established to be
compatible with additional down-stream applications, such as analysis of
nucleic acid composition and down-stream drug screening, which will be
initiated in our further studies.
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Co-culture might facilitate the expansion of some CTC clusters as
demonstrated by Zhang et al. [7]. Motivated by this work, it was tested in
a preliminary study whether the expansion of cancer cells on the filter
can be sped up by co-culturing with fibroblasts. In this preliminary study,
NIH3T3 fibroblasts were cultured on tissue culture plastic, and filters
seeded with 200 HT29 cells were placed on top of the fibroblasts. After 7
days of culture, the filters were infiltrated by both types of cells (Fig. s5).
Although these preliminary data are inconclusive, they indicate that the
cancer cells grow differently in co-culture compared with monoculture,
which can be seen by the difference in mean area values of the cancer
islets. The observed differences might be explained by spatial competi-
tion between the cells, in which the fast growing fibroblasts possibly
force the HT29 cancer cells to grow in a different manner compared with
the monoculture, simply because of limited space. In addition, paracrine
signaling between cancer cells and fibroblast most likely affect the
growth of both cell types [34]. No significant difference in total area
coverage was observed between the monoculture and co-culture
(Table s2).

We have demonstrated that cancer cells at clinical relevant con-
centrations can be isolated from a background of billions of blood
cells and in 2 weeks be grown in situ to sizes that are visible to the naked
eye. The ability of single dispersed cancer cells to form colonies has
been demonstrated previously. Meng et al. demonstrates that CD133, a
molecule proposed to mark cells with stemness, does not suffice to
select those cells with the capacity of forming colonies. They do how-
ever suggest that the colony formation feature connects to properties of
cancer stem cells [35]. In the work by Held et al., it is shown that the
colony forming cells of melanomas can form tumors in mice from single
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cells, which are more resistant to chemotherapy [36]. In both studies,
the mechanisms by which single cells can form colonies are largely
undescribed, but it is suggested to be related to the stemness of the
cancer cells.

Intriguingly, some blood cells could apparently attach to the filter and
survive, as seen in Fig. 4f. Immunocytochemistry against CD68 (Sup-
plementary Fig. s4d and Animation s1) suggests that these cells most
likely are macrophages. It is well-known that some blood cells facilitate
both dissemination and growth of cancer [37,38]. Even though the
mechanisms remain elusive, it has furthermore been suggested that the
interaction between white blood cells and CTCs might facilitate the CTC
cluster formation in vitro [8,39]. It has been proposed that co-isolated
monocytes can differentiate into tumor-associated macrophages
(TAMs) by paracrine manipulation enforced by the cancer cells [34].
TAMs are identified to express cytokines and chemokines that can sup-
press the immune system and promote tumor progression. Therefore, we
can only speculate that patient-derived macrophages, captured alongside
with CTCs, might facilitate the cancer growth on the filter. However,
there is a risk that the background of blood cells might mask the conju-
gated antibodies and hereby decrease the capture efficiency. Conse-
quently, future work could include efforts to decrease the capture of
blood cells by improving the homogeneity of filter pore size. Importantly,
future steps of this work should include thorough validation on patient
blood to test the clinical applicability of the filter. In such a study, it will
be of key importance to analyze the CTC tumor bodies for well-known
markers of colorectal cancer. This includes phenotyping the CTC tu-
mors by immunochemistry against markers such as EpCAM, cytokeratin,
MUC1, and EGFR, but more specifically, targeted genotyping of the BRAF
and KRAS genes should be performed [40]. Finally, these characteriza-
tions should be compared with the molecular characteristics of circu-
lating tumor DNA and archival tumor tissue of the same patient.

Timely treatment is crucial for cancer patients. Our work has there-
fore focused on establishing a fast expansion of CTCs for clinical relevant
down-stream analysis and treatment screening. This is in line with recent
work by Khoo et al. [41,42] and Zhang et al. [7], in which platforms have
been built to assist the development of point of care treatments of indi-
vidual patients.

5. Conclusions

In conclusion, we have developed a scaffold to potentially capture
and culture CTCs on site, where cancer cell clusters form within 2 weeks.
To our knowledge, this is the first time that captured cancer cells are able
to be cultured on site on a MEW scaffold. A key element of our capture
and culture device is that the CTCs are dispersed on the filter as single
cells or clusters of few cells from where they expand to big cancer clus-
ters. Consequently, each of the expanded clusters might represent one or
a few clones of the tumor, hereby facilitating the identification of
important clonal subsets of the cancer. These cluster subsets of patient
CTCs might hold valuable information such as drug resistance and DNA
mutations and will thus bring the clinicians closer toward personalized
medicine management.
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