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Abstract
Conventional cell separation against multiple markers typically requires the attachment of
antibody tags, typically fluorescent or magnetic, to selected cell types in a heterogeneous
suspension. This work describes how such separation can be accomplished in a series of
microfluidic systems without the need for such tags. Two capture stages containing antibody-
functionalized alginate hydrogels are utilized for the isolation of CD34+ and Flk1+ cells from
untreated, whole human blood, respectively. The capture-release capability of these degradable
coatings is harnessed by a mixing chamber and a simple valving system such that the suspension
emerging from the first capture stage is prepared for the second capture stage for further
enrichment. With this configuration we demonstrate the isolation of CD34+/Flk1+ endothelial
progenitor cells from blood enabled by the depletion of CD34+/Flk1-hematopoietic stem cells
population. This ability to achieve isolation of cells against multiple markers in an untagged
separation method is of particular significance in applications involving cell implantation-based
therapeutics including tissue engineering, and molecular analysis.

Introduction
The isolation of particular cell types from heterogeneous suspensions such as blood or
digested tissue is an essential first step in many clinically-relevant protocols. Examples
include cell-based diagnostics, molecular analysis of cells via proteomics and genomics, and
tissue engineering and cell-based therapeutics. For example, the ability to isolate endothelial
progenitor cells (EPCs) from whole blood is desired for vascular tissue engineering and cell-
based therapeutic applications.1–3 EPCs are typically isolated from blood using a multi-cycle
method of centrifugation and plating,1 which is a highly time-intensive process spanning
days or weeks. Alternatively, these and other cells can be isolated at very high purity using
the well-established techniques of fluorescence- and magnet-activated cell sorting (FACS
and MACS, respectively). FACS and MACS are currently the gold standard methods for cell
isolation. However, techniques require the attachment of antibody tags in the form of
fluorescent dyes or magnetic beads, respectively, to one or more cell types in the sample.
Such pre-processing tagging requires additional time and may be undesirable for cell-based
therapeutic applications as well as in downstream molecular analysis. The approach of
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adhesion-based microfluidic cell separation, which has seen significant progress in the last
decade, aims to overcome this limitation via the use of a variety of immobilized capture
molecules4–9 and methods to release captured cells, including deformable cell capture
monoliths5,10–12 A key challenge in this mode of separation is the ability to isolate target
cells that do not have one unique surface marker that distinguishes them from the non-target
cells in the sample. For instance progenitor cell markers expressed by EPCs such as CD34
are also expressed by other cell types present in blood, such as hematopoietic stem
cells.13, 14 Furthermore, endothelial markers expressed by EPCs, such as Flk1 (also known
as VEGFR-2 and KDR), are also expressed by mature endothelial cells.15, 16

We recently described how alginate hydrogels co-functionalized with capture antibodies and
poly(ethylene glycol) (PEG) are capable of accomplishing high purity capture of CD34+
cells from whole, untreated blood in microfluidic devices followed by efficient release.10

The release capability of these hydrogels arises from the ability to remove the divalent
cations that physically-crosslink the alginate molecules to form the hydrogel using a
chelator. The significance of the present work lies in the demonstration of the ability to
separatecells expressing two different surface antigens, CD34 and Flk1. The scale-up from
single to dual marker-based separation using the functionalized alginate hydrogels is not a
trivial extension due to the need to achieve chelator based release in the first separation
device without compromising the hydrogel coating in the second separation device and the
need to neutralize the chelator molecules after cell release in the first separation stage. We
term the approach described herein as “tag-free” as opposed to “label-free” because both
stages of capture still require the identification of a capture molecule to bind to a known cell
surface receptor.

Experimental Section
The configuration of microfluidic devices for the dual marker separation described above is
shown in Fig. 1. Here, a sample is injected via a syringe pump into the first alginate-based
capture stage (“Marker 1 isolation”/stage (i) in Fig. 1). This stage is connected to stage (ii),
which is a diverter valve chip.17 In its “closed” configuration, this valve lets the waste from
stage (i) pass through to a collection tube. After all of the waste has gone through, the waste
stream is closed using a clip.17 Next a solution of ethylene diamine tetraacetic acid (EDTA)
is injected into stage (i) to release captured cells while simultaneously a 100 mM calcium
chloride solution in [2-(N-morpholino)ethanesulfonic acid] (MES) buffer is injected into
stage (ii). The purpose of the calcium chloride is to neutralize the EDTA in the cell
suspension emerging from stage (i). To ensure mixing of the calcium chloride solution with
this cell suspension, the combined output (which is in laminar flow) is sent into a mixing
chamber (stage (iii)) containing herringbone features.18 The mixed solution then enters stage
(iv) where the cells expressing receptors for the second capture molecule are captured. The
final step in the separation process is the injection of an EDTA solution into the stage (i)
inlet, which releases the captured cells from stage (ii). This solution is collected in a tube
containing an excess of culture medium in order to minimize any deleterious effect of the
EDTA on the cells.

All of the chips shown in Fig. 1 were fabricated using standard poly(dimethylsiloxane)
(PDMS)-based soft lithography.19 Each of the capture devices is a post-array fabricated as
described previously.10 Herringbone devices were fabricated with a single inlet and three
outlets with an overall channel height of approximately 55 μm and herringbone features of
approximately 20 μm in height (details in Supporting Information).

Two sets of dual-marker separation experiments were carried out. Preliminary experiments
were carried out with ovine EPCs isolated as described by Kaushal et al.1 Cell suspensions
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were prepared by removing cells from a culture flask with trypsin and diluting to a
concentration of 100,000 cells per mL in serum-free EBM-2 medium (Lonza). For
experiments, 100 μL volumes of these suspensions were injected into the devices at a flow
rate of 5 μL/min. The results of these experiments are shown in Supporting Information.

The second set of experiments was performed with untreated whole human blood. Blood
samples were drawn from healthy volunteers in heparin-coated Vacutainer collection tubes
under a protocol approved by the Northeastern University Institutional Review Board. The
blood samples were injected at a flow rate of 5 μL/min for 60 min.

Following the injection of homogeneous EPC suspensions or whole blood into the capture
chip functionalized with anti-CD34, the clip on the valve device (stage (ii) in Fig. 1) was
moved to send all effluent from stage (i) into the herringbone chip and the alginate coating
within stage (i) was dissolved by introduction of the chelating agent, EDTA, at 10 μL/min
for 10 min. The flow of EDTA into stage (i) was accompanied by the injection of calcium
chloride solution into the second inlet of the valve chip at 5 μL/min. The EDTA and calcium
chloride solution were then mixed in stage (iii). In order to maintain the same flow rate in
the second capture device (stage (iv)), the flow exiting the herringbone mixer was divided
into three streams and passed through three post array devices containing alginate
conjugated with anti-Flk. Cells were released from stage (iv) by introduction of EDTA
through the entire system at a flow rate of 30 μL/min (10 μL/min per stage (iv) device) for
10 min.

Characterization of the cells output from the multistage sequence was performed by
conjugation of the recovered cells with anti-CD31-PE, anti-Flk1-APC, and anti-CD45-FITC
(eBioscience) and enumeration using a Beckman Coulter Quanta SC flow cytometer. The
viability of cells emerging from the second capture stage was measured using a calcein/
ethidium bromide live/dead staining kit (Invitrogen). For evaluation of capture after the anti-
CD34-functionalized device, separate experiments were carried out with both sample types
with only one capture device in addition to the multistage experiments.

Results and Discussion
The output cell content from the single and dual capture configurations for cell capture from
whole blood are shown in Figs. 2 and 3. The CD34 receptor was targeted for the first stage
of cell isolation based on the high expression level of this marker by the target population of
EPCs.10, 20 However, within the CD34+ population are CD31+ EPCs21 and CD45+ HSCs.22

The EPC content (CD31+/Flk1+) of the CD34 capture stage output is 37 ± 2% and the HSC
content is 21 ± 1% (tabulated composition data in Supporting Information). This suspension
is processed by the valve chip and the herringbone mixer before flowing into the Flk1
capture stage. The objective of this second capture stage is to enrich the Flk1+ subset of
cells from the CD34+ fraction emerging from the first capture stage. In the suspension
recovered from the Flk1 capture stage, which has an overall viability of approximately 75%,
a major reduction in the number of CD45+ cells is readily apparent (Figs. 2 and 3; contour
plot in Supporting Information, Fig. S.3). The EPC content of the Flk1 capture stage output
is approximately 41 ± 4%. The output from this second capture stage also contains non-
endothelial CD31+ cells (22 ± 11%), as evidenced by the greater number of CD31+ cells
relative to the number of Flk1+ cells. Flk1 is expressed by EPCs as well as by more mature
circulating endothelial cells and both of these populations are CD31+ in addition to being
CD34+.

It is known that CD31 is expressed by some subsets of leukocytes which are Flk1−.23, 24

CD31 is also expressed by HSCs,25 which are also Flk1− and hence the total content of the
CD31+/Flk1− leukocytes is 19 ± 11%.
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The relatively large content of CD31+ leukocytes in the Flk1 capture stage output is
surprising given their lack of expression of Flk1 as shown in Fig. 3. While the antibody-
functionalized alginate hydrogel coating in the Flk1 capture stage is quite successful in
suppressing the adhesion of CD45+ HSCs, the data indicate that is susceptible to the
adhesion of these CD31+ and Flk− leukocytes. For tissue engineering applications,
recovered cells will typically be placed in culture for expansion prior to seeding on
scaffolds; in this situation these leukocytes can be easily removed via a medium change
because they are non-adherent.

Lastly, 35 ± 9 % of the Flk1 capture stage output consists of red blood cells (RBCs). The
presence of RBCs in this instance is attributable to physical trapping of these cells within the
pillar arrays as opposed to extracellular matrix or surface receptor-mediated binding to
device surfaces. As with the CD31+/Flk1− leukocytes described above, these cells are non-
adherent and can be removed when the recovered cells are placed in culture. Alternatively,
mixing the recovered cell suspension with a lysis buffer is another means of eliminating
these cells.

As shown in the Supporting Information, when the CD31+/Flk1− leukocytes and RBCs are
excluded, the remaining cells consist of 92 ± 11% EPCs and 8 ± 1% HSCs. These values
describe the composition of the adhered cells when the output of the Flk1 capture stage is
placed in culture.

The overall yield of the capture devices (defined as total cells released versus total cells
injected) utilized for CD34 was approximately 60%. This value, which provides a measure
of the binding capacity of the hydrogel coating, is consistent between the two sample types
examined, namely homogeneous ovine EPC suspensions (Supporting Information) and
whole blood. The overall yield of the second capture stage, by contrast, was higher,
approximately 75%. This higher value is likely due to lower concentrations of cells entering
the second capture stage relative to the starting sample that enters the first capture stage. In
general, these levels of overall yield and efficiency of selective capture can be improved by
optimizing the pillar array configurations to provide a greater likelihood of capture and by
minimizing areas of non-homogeneous coating with the hydrogels. Still, the current work
demonstrates reasonable levels of EPC recovery from the 300 μL volumes of the whole
blood samples.

The throughput of the two-stage system can be significantly increased by simply adding
devices in parallel. Due to the low cost and simplicity of the overall configuration of
devices, such parallel operation is relatively straightforward. For example, a parallel
configuration of ten 2-stage arrangements set up with two ten-port syringe pumps could
process a total volume of 3 mL of whole blood per hour. The significance of the separation
platform described herein is the ability to carry out an affinity separation of cells against two
different surface markers from a complex sample without any tagging of target cells a priori.
The entire sequence of marker 1-based capture, release, mixing, and marker 2-based capture
is accomplished simply by flowing a sequence of solutions in the following order (a)
sample, (b) rinse solution (MES buffer), (c) EDTA solution which is mixed with calcium
chloride solution in the mixing device and carries the recovered cells to the second capture
stage, and finally (d) an EDTA solution to recover cells from the second capture stage and
carry them into a container with excess culture medium to suppress any deleterious effects
of the EDTA on the recovered cells. With the exception of the calcium chloride solution
injected into the valve chip, all solutions are injected into the first capture chip, making the
entire protocol easy to execute and automate.
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Conclusions
Microfluidic devices containing alginate hydrogels functionalized with antibodies can be
employed for sequential enrichment of a target cell population against two surface markers.
Such enrichment can be accomplished by a serial array of microfluidic devices for capture
and intermediate stage devices to neutralize the chelator utilized to release cells from the
first stage. The strength of the method lies in the relative simplicity of the layout and the
reasonable levels of cell recovery from a complex sample.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence of devices for adhesion-based microfluidic separation of cells against multiple
surface markers. Following capture and release from device (i), cells expressing CD34 enter
device (ii) where a calcium chloride solution is co-injected to neutralize the EDTA present
in the cell suspension. Device (iii) mixes the calcium chloride solution and cell suspension.
Device (iv) captures cells against the second marker, Flk1, which are eluted out by EDTA
solution introduced at the inlet to device (i).
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Figure 2.
Flow cytometry dot plots representing cells released from (a) the first stage and (b) the
second stage. The y-axis represents CD45 expression and the x-axis CD31 expression. Blue
dots represent red blood cells, red dots represent CD31+ and CD45+ positive cells
(hematopoietic stem cells), green dots represent CD31+ and CD45− cells (EPCs).
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Figure 3.
Performance of the multistage capture-release device system in dual-marker separation of
EPCs from whole, untreated human blood. The target cells for these experiments were
EPCs, which are CD34+ and Flk1+. The first capture stage is designed to selectively capture
CD34+ cells. The second stage is designed to further enrich this population and remove
CD34+ hematopoietic stem cells. The sample volume for each experiment was 300 μL of
whole blood and numbers of cells in this figure are reported without any normalization. Cell
counts were determined via flow cytometry. Error bars represent standard deviations based
on 3 replicates.
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