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Isolation and analysis of circulating tumor cells (CTCs) from blood samples present exciting opportunities for
basic cancer research and personalized treatment of the disease. While microchip-based negative CTC en-
richment offers both sensitive microfluidic cell screening and unbiased selection, conventional microchips
are inherently limited by their capacity to deplete a large number of normal blood cells. In this paper, we use
3D printing to create a monolithic device that combines immunoaffinity-based microfluidic cell capture and
a commercial membrane filter for negative enrichment of CTCs directly from whole blood. In our device,
stacked layers of chemically-functionalized microfluidic channels capture millions of white blood cells (WBCs)
in parallel without getting saturated and the leuko-depleted blood is post-filtered with a 3 um-pore size
membrane filter to eliminate anucleated blood cells. This hybrid negative enrichment approach facilitated di-
rect extraction of viable CTCs off the chip on a membrane filter for downstream analysis. Immunofluores-
cence imaging of enriched cells showed ~90% tumor cell recovery rate from simulated samples spiked with

Received 17th June 2019,
Accepted 6th September 2019

DOI: 10.1039/c91c00575g
prostate, breast or ovarian cancer cells. We also demonstrated the feasibility of our approach for pro-
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Introduction

Reliable isolation and analysis of circulating tumor cells
(CTCs) from blood samples of cancer patients present an op-
portunity not only for clinical management of the disease”
but also for understanding the biology of the metastatic pro-
cess at the cellular and molecular level.* On the other hand,
the rarity of tumor cells in the blood and intra- and inter-
patient tumor heterogeneity make identification of tumor
cells a challenging process.*’” Various laboratory techniques,
including size-based separation,®® density gradient centrifu-
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cessing clinical samples by isolating prostate cancer CTCs directly from a 10 mL whole blood sample.

gation,'® scanning cytometry,"* and magnetophoretic separa-
tion,">"* have been applied to differentiate CTCs from hema-
tological cells based on the contrast in their physical and
chemical properties. In fact, the U.S. Food and Drug Adminis-
tration (FDA) approved the clinical use of CellSearch®, which
employs immunomagnetic labeling of CTCs against the epi-
thelial cell adhesion molecule (EpCAM), an epithelial marker
that is not expressed by normal blood cells."* While these
batch processes typically utilize existing laboratory instrumen-
tation and involve commonplace sample preparation proto-
cols, they may not be ideally suited for the detection of CTCs
because of the fact that they inherently rely on stochastic pro-
cesses for CTC detection and use multi-step protocols, which
reduces the sensitivity required to detect rare CTCs."”
Microfluidic CTC isolation techniques offer distinct advan-
tages over batch processes as they can be engineered to deter-
ministically screen a blood sample in a controlled microenvi-
ronment with higher sensitivity and specificity.’® In addition,
the ability of microfluidic platforms to utilize various modalities
for cell discrimination allows biophysical’**  or
biochemical®* ™ isolation strategies, some of which do not have
macroscale analogs. Among these strategies, immunoaffinity-
based discrimination of CTCs***'™° is the most common
and arguably the most relevant in terms of clinical assess-
ment of tumor cells. Microfluidic platforms are routinely
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used to isolate EpCAM-positive CTCs either through function-
alized  surfaces’®*' or through immunomagnetic
labeling.**™** While the combination of the sensitivity of
microfluidics with the specificity of antigen-antibody interac-
tion is highly effective, antigen-dependent capture of CTCs
leads to a biased population and fails to accommodate
heterogeneity among tumor cells and dynamic cell expression
due to epithelial to mesenchymal transition.*>*

Negative enrichment techniques directly target white
blood cells (WBCs) through their well-characterized mem-
brane antigens (e.g., CD45) and selectively depletes them off
blood to enrich CTCs.*”~>* In this process, WBCs are typically
immunolabeled with antibody-functionalized magnetic beads
and pulled away from the sample in the downstream under a
magnetic field gradient.>*>**”>° The other approach is to
capture WBCs out of the sample through immunoaffinity in
a device functionalized with antibodies against WBC
markers.”>> While it potentially offers label-free negative en-
richment of WBCs, this approach suffers from several techno-
logical hurdles. First, label-free microfluidic devices for leu-
kocyte depletion are currently not practical for processing
clinical samples because the limited surface area of a typical
antibody-functionalized microfluidic device is quickly satu-
rated by captured leukocytes. Second, sample preparation
such as pre-lysing of the red blood cells (RBCs) is typically re-
quired to remove the RBCs from the collected blood sample,
but this process drastically increase the sample volume
through dilution and is also prone to losing valuable tumor
cells during sample manipulation.”
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In this paper, we address the aforementioned shortcomings
of immunoaffinity-based negative enrichment of CTCs with a
microfluidic chip by employing additive manufacturing®**” to
create a 3D microfluidic device that provides sufficient active
surface area to deplete WBCs directly from clinically relevant
volumes of whole blood. To eliminate the need for a sample
preparation step for lysing RBCs, the device is integrated with
a membrane micropore filter in the downstream of the
immunodepletion stage. The membrane filter is used to retain
all nucleated cells (tumor cells and potential WBCs that
eluded immunocapture) in the immunodepleted sample and
dispose of RBCs and platelets (Fig. 1a). We also demonstrate
the clinical feasibility of our device by isolating prostate cancer
CTCs directly from a 10 mL of patient's blood sample.

Experimental methods
Device design

Our microfluidic device is composed of two sections: a multi-
layered immunoaffinity-based leukocyte capture section and
a filtration section (Fig. 1b). The device was designed with an
overall dimension of 100 mm X 20.5 mm x 19.2 mm. The
immunoaffinity capture section is composed of 4-32 stacked
microfluidic layers, each with a footprint of a 20 mm x 67
mm. Microfluidic layers are designed to be 175 pm high and
are arrayed in the vertical direction with a 475 um-pitch. In-
side the microfluidic layers, 200 pm-diameter microposts (1)
increase the cell capture surface area (2) maximize the fre-
quency of interactions between WBCs and the functionalized
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Fig. 1 The design of the 3D-printed microfluidic device. (a) A schematic showing the tumor cell enrichment process in the device. Whole blood is
introduced to the device. WBCs are captured in the multi-layered immunocapture channels. A membrane filter retains all nucleated cells (including
the residual WBCs) and eliminates anucleated blood cells. (b) A photo of the 3D-printed device showing the microfluidic channels with 32 stacked
microfluidic layers and the filter holder (right). The membrane filter can be accessed by removing the threaded cap (left). (c) A scanning electron
micrograph of the cross-section of the device showing 200 um-diameter microposts within the microfluidic layers. (d) Arrayed micropillars, within
each layer, are shifted by 10 um from row-to-row to maximize cell-micropost interactions.
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surface and (3) provide structural support between the
stacked microfluidic layers to ensure the device integrity
(Fig. 1c). Microposts are separated from each other by 200
pm and are shifted by 10 pm in each row to ensure interac-
tion with WBCs that may follow different streamlines in lami-
nar flow (Fig. 1d). The filtration section of the device serves
as a holder for a commercially available track-etched mem-
brane filter with 3 um-diameter pores and has a compartment
with a threaded cap to facilitate straightforward installation
and removal of the membrane filter (Fig. 1b). The integration
of a commercial membrane filter into our device provides sev-
eral advantages: first, potential cell loss due to sample han-
dling during filtration is eliminated. Second, using commer-
cially available membrane filters allows us to attain desired
pore sizes that are well below a typical 3D printer resolution.
Third, the removable membrane filter allows downstream
analysis with a microscope or micromanipulation following
the enrichment and on-chip staining of the tumor cells. Our
device has two inlets, a sample inlet and a buffer inlet, which
bypasses the immunodepletion section and is dedicated for
washing the membrane filter. Through a network of 3D bifur-
cating microfluidic channels, the sample is first uniformly
distributed into microfluidic layers for immunocapture and
then recollected to pass onto the membrane filter. The fil-
trate (ie., red blood cells, platelets and serum) along with
wash buffer is then discharged from the waste outlet.

Device fabrication and assembly

A computer drawing of the microfluidic device was created
using SolidWorks (SolidWorks Corp., Waltham, MA) in
stereolithography (STL) file format. To reduce the file size,
microposts were specifically drawn with hexagonal cross-
section with the rationale that they would regardless be
printed in a circular form due to the limited printer resolu-
tion. The finished STL file was transferred to a ProJet 3510
HD 3D printer (3D Systems, Rock Hill, SC) and the device
was printed in VisiJet® M3-X plastic material (3D Systems,
Rock Hill, SC) (Fig. 1b). The VisiJet® M3-X was chosen due to
its favorable physical properties among other printable mate-
rials available from the vendor. Specifically, the VisiJet® M3-
X has relatively low opacity and high rigidity (Young's Modu-
lus = 2.168 GPa). Furthermore, the heat distortion tempera-
ture of the VisiJet® M3-X is 88 °C, which is well above the 65
°C melting temperature of the sacrificial wax support mate-
rial (VisiJet® S300). In addition, the cost of the VisiJet® M3-X
(~$5.7 per in’) is comparable to polydimethylsiloxane
(PDMS) (~$4.6 per in*) commonly used to build microfluidic
devices with soft lithography. After the device was printed,
the wax support material was etched by submerging the de-
vice in 65 °C mineral oil (Durvet, Blue Springs, MO) within a
50 mL conical tube and centrifuging at 500 x g for an hour.
During the centrifugation, the oil temperature was kept at 65
°C via an external heat gun supplying hot air into the centri-
fuge. The process continued at room temperature with
cleaning the microchannels by centrifuging the device in
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soapy water (P&G, Cincinnati, OH) and DI water, each for 40
minutes, to remove the residual mineral oil. The dewaxed
channels were examined with a scanning electron microscope
(SEM) to determine the printed feature size (Fig. 1c and d).
The observed surface roughness in our device is due to the
specific 3D printing technique (Inkjet 3D Printing) employed
by the printer.® Smoother surfaces could be obtained with a
stereolithography-based 3D printer,”* which was not readily
available for our use (Fig. S17).

In this work, the size of our device was limited by the size
of the centrifugation tube for dewaxing. While we used a
proof of principle device with 32 stacked microfluidic layers
for our experiments, the printing and dewaxing process we
developed could easily be scaled to print devices with higher
complexity (Fig. S27).

Surface functionalization and characterization

To specifically capture WBCs, we functionalized the printed
microfluidic channels through a modified version of the
functionalization protocol developed by Stott et al.>" Specifi-
cally, the microfluidic channels were first treated with
3-mercaptopropyl-trimethoxysilane (MPTMS) (Gelest,
Morrisville, PA) mixed with 200 proof ethanol (Thermo Fisher
Scientific, Waltham, MA) at 4% v/v ratio. Following 1 h incu-
bation at room temperature, channels were washed with eth-
anol. Next, a stock solution of N-y-maleimidobutyryloxy
succinimide ester (GMBS) (Pierce Biotechnology, Rockford,
IL) in dimethyl sulfoxide (DMSO) (Pierce Biotechnology,
Rockford, IL) was prepared at a final concentration of 100 mg
mL ™. The device was incubated with 0.28% v/v of GMBS
stock solution in ethanol for 30 minutes at room tempera-
ture. Residual GMBS was then removed with an ethanol flush
and the device was rinsed with phosphate buffered saline
(PBS) (Corning Inc., Corning, NY). Next, a 10 ug mL ™" solu-
tion of NeutrAvidin (Pierce Biotechnology, Rockford, IL) in
PBS was introduced into the device. Following 1 h incuba-
tion, the protocol was completed by washing the functional-
ized device with PBS (Fig. 2a).

To characterize the surface chemistry following the
functionalization process, we used X-ray photoelectron
spectroscopy (XPS) and fluorescence microscopy. We first ver-
ified the attachment of MPTMS molecules with XPS by mea-
suring the amount of sulfur, which is part of the MPTMS
molecule. The presence of the sulfur peak from the scan of
the coated sample, while no peak could be observed for the
uncoated sample, verified the successful coating of the
MPTMS on the 3D-printed material (Fig. 2b). To validate the
GMBS attachment to the MPTMS, sole use of XPS was not as
effective because the GMBS and VisiJet® M3-X material both
contained nitrogen, oxygen, and carbon. Therefore, we used
fluorophore-conjugated reagents to investigate the GMBS
coating and the subsequent functionalization steps. In this
process, a section of the 3D-printed material was first selec-
tively coated with MPTMS and GMBS and then FITC-
conjugated NeutrAvidin (Thermo Fisher Scientific, Waltham,

Lab Chip, 2019, 19, 3427-3437 | 3429
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Fig. 2 Surface functionalization of the 3D-printed material and characterization. (a) A schematic showing the (top right) surface functionalization
and (lower right) WBC labeling chemistries. (b) Results from the XPS scan of sulfur on the surface of Visidet® M3-X material before and after the
coating of MPTMS. The peak confirms the successful coating. Fluorescence microscope images of (c) NeutrAvidin (FITC) and (d) biotin (Atto 610)
on chemically modified Visidet® M3-X material. Differential fluorescence between the functionalized surface and the exterior control surface con-

firms the specific surface modification.

MA) was applied to the entire surface and washed thoroughly
with PBS. Fluorescence signal differentially observed at the
MPTMS-coated section compared to the bare sample demon-
strated the specific attachment of GMBS to the surface-
bound MPTMS (Fig. 2c). Following a similar process, we also
verified specific binding of the Atto 610-conjugated biotin
(Sigma-Aldrich, Saint Louis, MO) to the NeutrAvidin on the
3D-printed surface (Fig. 2d).

Characterization of the immunocapture of white blood cells

To investigate immunodepletion in our device, we used both
CD45+ cell lines and whole blood samples. For cell line ex-
periments, CD45+ Jurkat Clone E61 (ATCC® TIB152™) cells
were cultured according to the instructions provided by the
manufacturer. Cells were incubated in an RPMI 1640 me-
dium (Corning, Corning, NY) mixed with 10% fetal bovine se-
rum (FBS) (Corning, Corning, NY) at 37 °C in a 5% CO, am-
bient. A seeding density >1 x 10° cells per mL was used in
subcultures to ensure optimum growth rate. When cells
reach 80% confluency, they were stained with CellTracker™
Orange CMRA dye (Molecular Probes, Eugene, OR) according
to the protocol provided by the company and resuspended in
PBS to reach a final concentration of 7 x 10° cells per mL, to
mimic the WBC concentration in blood.

3430 | Lab Chip, 2019, 19, 3427-3437

For the device characterization, blood was withdrawn from
consenting healthy donors according to the protocol ap-
proved by the Georgia Institute of Technology Central Institu-
tional Review Board. For the patient blood sample, the blood
was collected after consenting the patient according to the
protocol approved by the Emory University Institutional Re-
view Board. All experiments with blood samples were ap-
proved and performed in compliance with the institutional
guidelines of the Georgia Institute of Technology Central In-
stitutional Review Board. All blood samples were collected in
tubes with ethylenediaminetetraacetic acid (EDTA). Following
a complete blood count (CBC), blood samples were incubated
with 500 fg per WBC of biotinylated mouse anti-human CD45
antibodies (SouthernBiotech, Birmingham, AL) for 20 mi-
nutes on a rocker to label the WBCs with biotin (Fig. 2a).

The immunocapture efficiency of the chip was calculated
by comparing the concentration of target cells in the sample
and in the product with a fluorescence microscope. For
whole blood samples, Turk's blood diluent (Azer Scientific,
Morgantown, PA) was mixed with the product at 10:1 v/v ra-
tio to both lyse the RBCs and stain the nuclei of WBCs for ac-
curate quantification. The number of cells in the product
were counted on a Nageotte Chamber (Hausser Scientific,
Horsham, PA) using a fluorescence microscope (Nikon
Eclipse Ti-E).

This journal is © The Royal Society of Chemistry 2019
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Measurement of the tumor cell enrichment

To investigate the tumor cell enrichment with our device, we
prepared simulated samples by spiking cultured tumor cells
into whole blood. Ovarian cancer cell line HeyA8, human
breast cancer cell line MDA-MB-231 (ATCC® HTB-26™) and
prostate cancer cell line LNCaP (ATCC® CRL-1740T™) were
cultured according to the manufacturer-provided protocols.
HeyA8 and LNCaP cells were grown in RPMI 1640, while
Dulbecco's modified Eagle's medium (DMEM) (Corning,
Corning, NY) was used to culture MDA-MB-231 cells. All cul-
tures were supplemented with 10% FBS and incubated in 5%
CO, atmosphere at 37 °C. Cells were subcultured every 2-4
days depending on the confluency levels. Prior to spiking,
cultured cells were stained with CellTracker™ Orange dye to
facilitate optical detection in the final product. Tumor cells
were spiked (at a concentration of 3 x 10°-4 x 10°/mL) into
blood withdrawn from healthy donors according to the IRB-
approved protocol. Prepared blood samples were stored in
EDTA tubes until they were processed through the device
within 4 h of phlebotomy.

To calculate the tumor cell enrichment factor, we com-
pared the tumor-cell-to-WBC concentration ratio of the sam-
ple and the product. To count WBCs and tumor cells in the
product, filter-retained cells were immunostained following
the blood processing and washing steps. In addition to the
nuclear stain with Hoescht 33 342 (Thermo Fisher Scientific,
Waltham, MA), FITC-conjugated NeutrAvidin was used to la-
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bel the WBCs that were prelabeled with biotin. After staining,
the filter was carefully removed from the filter holder com-
partment of the device, transferred onto a glass slide and
cells are counted with a fluorescent microscope. The viability
of tumor cells was determined using 0.4% trypan blue
(Thermo Fisher Scientific, Waltham, MA) and live/dead cell
assay (ab115347) (Abcam, Cambridge, UK) according to the
manufacturer-suggested protocol.

Results and discussion
Optimization of surface functionalization with cell lines

To test the immunocapture in our device, we initially used
Jurkat cells with known CD45 expression as a model system.
This allowed us to determine the target cell capture efficiency
in the absence of steric effects due to RBCs. We tested two
different strategies for the cell capture. In the first scheme,
we functionalized the device surface with the anti-CD45 anti-
body (10 pg mL™) and captured the cells through antibody-
antigen interaction. In the second scheme, we labeled Jurkat
cells with biotinylated anti-CD45 antibody (500 fg per Jurkat
cell) and captured the cells on NeutrAvidin-coated channels
via stronger avidin-biotin interaction. To compare the two
strategies, we processed matched samples at controlled flow
rates (0.125-2.5 mL h™" per layer) and calculated the capture
efficiency by counting the fluorescently labeled cells in the
product versus the input (Fig. 3a). Overall, tagged Jurkat cells
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Fig. 3 Optimization of the surface functionalization using CD45+ Jurkat cells. (a) Procedure used to test Jurkat cell immunocapture.
Fluorescently-labeled Jurkat cells were driven through the functionalized 3D-printed device at a controlled flow rate using a syringe pump. A fluo-
rescence microscope image showing CellTracker™ Orange -labeled Jurkat cells captured in the device. The image was taken on an analytical ver-
sion of the device, whose walls were thinned down to reduce device opacity. (b) Jurkat cell depletion rate as a function of the sample flow rate for
labeled (red curve) and non-labeled (blue curve) Jurkat cells. Representative fluorescence images of the non-captured cells collected in the prod-
uct for (c) a low sample flow rate (~125 uL h™* per layer) and (d) a high sample flow rate (~2.5 mL h™* per layer). (e) Measured MDA-MB-231 tumor
cell viability before and after processing through the 3D-printed microfluidic device.
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were found to be captured with higher efficiency (Fig. 3b). In
both functionalization strategies, >99% of the Jurkat cells
were captured at a low sample flow rate (125 uL h™ per layer)
and virtually no cells could be observed in the product (Fig. 3c).
In contrast, a large concentration of non-captured Jurkat cells
was observed in the product processed at a high sample flow
rate (2.5 mL h™ per layer) (Fig. 3d). Furthermore, even though
~90% of Jurkat cells could be captured for both strategies at
sample flow rates below 1 mL h™ per layer, the capture effi-
ciency for labeled Jurkat cells was significantly higher for the
faster sample flow rate (2.5 mL h™* per layer) (Fig. 3b).

Based on results from experiments with Jurkat cells, biotin-
labeling of target cells was chosen as the functionalization strat-
egy for blood samples. Besides providing higher immuno-
capture efficiency, biotin-labeling of target cells is also more
practical as it reduces the antibody consumption considering
the large device surface that needs to be coated otherwise.

To ensure against potential cytotoxicity of our device on tu-
mor cells, we tested tumor cell viability after they were processed
on our device. Using the live/dead assay we observed no notable
difference on the viability of MDA-MB-231 tumor cells before
and after processing with the 3D-printed device (Fig. 3e).

Immunodepletion of leukocytes from whole blood

We processed whole blood samples collected from
consenting healthy donors to characterize immunodepletion
performance under different operating conditions (Fig. 4a).
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In these experiments, 200 pL blood/layer were processed and
WBCs were captured by targeting their CD45 antigen, which
is expressed by virtually all WBCs at varying levels. In agree-
ment with the previous studies,”* we found WBC capture rate
from whole blood to be lower than Jurkat cells due to steric
effects by other blood cells. While RBCs can be lysed to im-
prove WBC capture rate, we chose to optimize our device for
processing whole blood samples with the goal of minimizing
upstream sample manipulation that may introduce cell loss.

To optimize the functionalization process, we first mea-
sured the WBC capture efficiency at different antibody con-
centrations for labeling WBCs. We found that increasing the
biotinylated anti-CD45 antibody concentration improved the
cell capture efficiency only up to a certain point. Higher bio-
tinylated anti-CD45 antibody concentration led to free biotin
competing with WBCs for NerutrAvidin binding sites on the
device and resulted in lower WBC capture efficiency (Fig. 4b).
The optimal concentration of biotinylated anti-CD45 antibody
per WBC was found to be 500 fg per WBC, which was used
for the subsequent experiments.

Next, we characterized the device performance under dif-
ferent flow rates to optimize the device operating conditions.
As expected, the WBC immunocapture efficiency decreased
with higher sample flow rate (Fig. 4c). Differently, we can pri-
oritize the capture rate over the throughput in this typical
trade-off, as our scalable approach allows the sacrifice in the
flow speed to be compensated by parallel running micro-
fluidic layers to achieve a desired sample processing rate.
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Immunodepletion of leukocytes from whole blood. (a) A photo of the analytical device equipped with 16 (4 x 4) smaller versions of the full

device for testing the WBC immunocapture efficiency with whole blood samples. WBC immunocapture rate was measured under different
operating conditions by comparing the WBC concentration between the inlets and outlets. Measured whole blood WBC immunocapture rates as a
function of (b) the biotinylated anti-CD45 antibody concentration used per WBC, (c) the sample flow rate, (d) the microfluidic channel length and

(e) the processed whole blood volume per microfluidic layer.
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Fig. 5 Removal of RBCs and platelets from whole blood with a membrane filter. (a) Images of a 3 um-pore membrane filter operated under differ-
ent buffer pressures to recover spiked cancer cells from whole blood. (left) When the filter was operated at 50 mbar, a cake layer was formed due
to RBC accumulation. (right) At 120 mbar, RBCs squeezed through pores more efficiently and no cake layer could be observed. (b) Fluorescence
microscope images of nucleated cells retained on the filter. The MDA-MB-231 breast cancer cells were pre-stained with CellTracker™ Orange and
the WBCs were labeled with FITC-conjugated anti-CD45 antibody. (c) Measured retention rates for both spiked MDA-MB-231 breast cancer cells
and the WBCs under different vacuum pressures. (d) Measured MDA-MB-231 tumor cell viability rate before and after processing through the
membrane filter under 120 mbar. (e) Measured cell size distribution of the WBCs in the sample and the filtrate at 120 mbar vacuum pressure show-
ing that no WBCs larger than 8 um were able to pass through the membrane filter.

Also considering an excessively low flow speed will lead to
non-specific cell attachment and cell sedimentation, we
chose 0.5 mL h™ per layer, where ~83% of the WBCs were
captured, as the optimum flow rate.

We also explored different channel geometries to increase
the WBC capture rate from whole blood. Because our feature
size was already at the limit of the 3D printer, we extended
the channel length through 3D serpentine geometries. We
found that by doubling the channel length from 6 cm to 12
cm, the depletion rate for WBCs increased from ~83% to
~92% (Fig. 4d). Further increases in the channel length to 24
cm and 48 cm produced tapering WBC depletion rates of
~95% and ~96%, respectively and demonstrated a limit for
depletion rate enhancement that can be achieved by channel
length increases alone.

To investigate the effect of surface saturation on the de-
vice performance, we measured cell capture efficiency as a
function of processed sample volume. Our device was
designed such that immunocaptured WBCs from 550 pL of
whole blood per layer will occupy ~10% of the total active
surface area. In agreement with our calculations, we observed
that at low sample volumes (200-400 uL per layer), the WBC
depletion rate remained at ~85%, while there was a notice-
able decrease in the WBC depletion rate for processing larger
sample volumes (800 and 1600 pL per layer) (Fig. 4e). These
results showed the importance of providing a substantial cap-

This journal is © The Royal Society of Chemistry 2019

ture surface area for the efficient depletion of a large number
of WBCs in a blood sample and effectively validated our en-
richment approach.

Removal of RBCs and platelets from whole blood

To remove the remaining blood cells following the depletion
of WBCs, we used filtration. Considering the significant size
contrast between nucleated and anucleated cells in the blood,
we chose a filter with a 3 pm-pore diameter to ensure against
tumor cell loss. Furthermore, filtration-based CTC enrich-
ment technologies typically use larger pore size (5-10 pm) fil-
ters with high CTC recovery rates (>90%), and therefore, we
thought a 3 pum membrane filter should minimize potential
CTC loss in post-filtration.”” > Through spiked cell experi-
ments, we characterized a commercial 3 pm-pore membrane
filter (Whatman plc, Maidstone, United Kingdom) separately
from our 3D-printed device. In our experiments, we
processed 200 pL aliquots of whole blood samples each
spiked with ~4 x 10° fluorescently labeled MDA-MB-231
breast cancer cells per milliliter of blood under different fil-
tration pressures. Filtration pressure was set by pneumati-
cally introducing a diluting buffer (PBS) into the filter holder,
while the blood was concurrently driven by a syringe pump at
a flow rate of 2 mL h™". Under low buffer pressure (<50
mbar), the filter got clogged due to RBCs not being cleared

Lab Chip, 2019, 19, 3427-3437 | 3433
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efficiently and eventually forming a cake layer on the filter
(Fig. 5a). In contrast, we achieved a clog-free operation at
buffer pressures of 50 mbar and higher with no visible caking
of RBCs on the filter.

To optimize the filter operating conditions for maximizing
tumor cell enrichment, we measured retention rates for both
tumor cells and WBCs. For retention rate measurements,
WBCs on the filter were immunostained with a color differ-
ent than pre-labeled tumor cells and counts for both cells
were compared with the original counts at the inlet (Fig. 5b).
Among different buffer pressures tested, 120 mbar was deter-
mined to deliver optimum results such that virtually all tu-
mor cells, as well as ~81% of WBCs, were retained on the fil-
ter (Fig. 5¢). At 50 mbar, partial caking on the filter led to a
pressure build-up and tumor cell loss. At the high end, pres-
sures >120 mbar did not change the tumor cell retention rate
notably but resulted in a lower WBC retention rate indicating
a higher stress on retained cells. The viability of the tumor
cells, retained on the filter under 120 mbar, was measured
using live/dead assay and no notable effect was observed
(Fig. 5d). Moreover, an analysis of the WBC cell size in the fil-
trate collected at 120 mbar showed that cells with >8 pm di-
ameter are not likely to squeeze through the pores (Fig. 5e).
Compared to WBCs ranging in size from 5 to 15 um in the
blood sample, WBCs passing through the 3 pm-pore size fil-
ter ranged between 5 to 8 pm. In addition, virtually all
(~96%) of 8 um diameter WBCs and half (~52%) of 7 um di-
ameter WBCs were retained on the filter. Therefore, we con-
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: WBC Marker

/
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Cancer Cells
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\

Prostate Cancer CTC
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View Article Online

Lab on a Chip

cluded the size range of cells that could pass through the 3
pm-pore membrane filter overlaps with the reported CTC size
range only for very small CTCs.*>*>®" Having said that, we
believe post-filtration cell loss can further be reduced by
employing a smaller pore size and through further optimiza-
tion of the processing conditions.

Circulating tumor cell enrichment from patient blood in the
monolithic device

Combining the immunoaffinity based WBC depletion and
post-filtration processes that were separately characterized,
we tested a 3D-printed microfluidic device with an embedded
micropore filter. In assembling the final device, previously
characterized 3 pm-pore size commercial filter was placed in
the dedicated filter holder printed as part of the microfluidic
device and sealed with an O-ring to prevent leakage. The de-
vice was operated under previously identified optimal condi-
tions. Specifically, the blood sample was premixed with 500
fg per WBC biotinylated anti-CD45 antibody, driven at a flow
rate of 0.5 mL h™" per layer using a syringe pump and with a
blood volume of ~300 ul per layer and PBS was supplied
from the dedicated buffer inlet of the 3D-printed device and
driven under 120 mbar vacuum by an electronic pressure reg-
ulator. Because the buffer line bypassed the immunocapture
chambers within the device and directly drained onto the
membrane filter, it did not interfere with the WBC depletion
process (Fig. 6a). Moreover, driving the blood sample via

Recovery Rate (%)
¢

MDA-MB-231

100 um

CD45 + CD66b Nuclear Marker

20 um 20 um

Fig. 6 Tumor cell enrichment from whole blood using the full device. (a) A photo of the full 3D-printed device. The device is filled with red- and
blue-colored dyes to visualize dedicated sample and buffer paths within the device, respectively. (b) Fluorescence microscope images of the nu-
cleated cells retained on the membrane filter. Hoechst 33342 dye was used to stain the cell nucleus. (c) Measured recovery rates for ovarian
(HeyA8), breast (MDA-MB-231) and prostate (LNCaP) cancer cells spiked into whole blood samples. (d) Fluorescence microscope images of the

prostate cancer CTC retained on the membrane filter.
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syringe pump served two purposes: first, the sample flow rate,
which is crucial for the immunocapture, could be kept constant
independent of pressure fluctuations in the filtration section.
Second, any potential backflow from the pneumatically driven
filtration section into the immunocapture was eliminated.

We first processed simulated blood samples spiked with
fluorescently labeled tumor cells to characterize the perfor-
mance of our system. To calculate enrichment factors, the
product (i.e., cells retained on the filter) was post-stained for
WBC and nuclear markers and imaged using fluorescence
microscopy (Fig. 6b). To demonstrate the antigen-agnostic
enrichment of tumor cells from whole blood, we used cancer
cell lines of different cancers, namely breast (MDA-MB-231),
prostate (LNCaP) and ovarian (HeyA8) cancers. For all cancer
cell types tested, we achieved a ~90% tumor cell recovery rate
(Fig. 6¢). The cell loss was found to be due to non-specific ad-
hesion and/or retention of tumor cells in the immunocapture
channels from control experiments (Fig. S31) and can poten-
tially be lowered with optimized blocking protocols and by
using different 3D printing techniques and materials.

To demonstrate the feasibility of employing our device for
clinical samples, we designed a device for large-volume blood
samples and processed a sample collected from a consenting
prostate cancer patient according to an IRB-approved proto-
col. For the clinical sample, we printed a device with 32
immunodepletion layers, each in the form of serpentine
channels with an effective path length of ~40 cm (Fig. 6a).
Based on the previously measured 96% leukodepletion and
~80% membrane retention rates, we estimated ~60% of
pores on the 13 mm-diameter membrane filter to be eventu-
ally clogged with a WBC while processing a 10 mL blood sam-
ple with a WBC concentration of 5 million cells per mL. Fol-
lowing the processing of 10 mL of patient whole blood
sample on our device, the cells on the filter were first fixed
with 4% paraformaldehyde (PFA) (Electron Microscopy Sci-
ences, Hatfield, PA), permeabilized with 1% Nonidet-P40
(Thermo Fisher Scientific, Waltham, MA), and post-stained
on the filter with their respective markers. Cytokeratin 8/18
(Invitrogen, Carlsbad, CA) and prostate specific antigen Kalli-
krein 3 (PSA/KLK3) (Cell Signaling, Danvers, MA) were used
to label the prostate tumor cells with Alexa Fluor 488
(Invitrogen, Carlsbad, CA) while anti-CD45 (BD Biosciences,
San Jose, CA) and anti-CD66b (Biolegend, San Diego, CA)
were used to label the WBCs with Alexa Fluor 594. The nuclei
of both prostate tumor cells and WBCs were stained with
DAPI (Invitrogen, Carlsbad, CA). The recovered prostate tu-
mor cells were identified on the filter with fluorescence
microscopy (Fig. 6d).

Conclusions

Depletion of WBCs from blood allows antigen-agnostic and
unbiased enrichment of tumor cells. We have developed a
monolithic 3D microfluidic device combining immuno-
depletion and post-filtration for negative enrichment of CTCs
directly from whole blood. Taking advantage of the design

This journal is © The Royal Society of Chemistry 2019
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flexibility afforded by the 3D printing, we created stacked
microfluidic layers with an immunocapture surface, large
enough to accommodate millions of WBCs from clinically rel-
evant volumes of blood. Post-filtration of leuko-depleted
blood within the same device allowed us to retain all nucle-
ated cells, including residual WBCs on a detachable mem-
brane filter, which enabled effortless removal of viable tumor
cells off the chip for downstream assays. With the demon-
strated feasibility in processing clinical samples, we envision
that finer microscale features that will be enabled by ongoing
advances in additive manufacturing® will further improve
the performance and ultimately allow our scalable technique
to be used for label-free negative depletion of CTCs from
whole blood in clinical settings.
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