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Abstract

Isolation and analysis of circulating rare cells is a promising approach for early detection of cancer
and other diseases and for prenatal diagnosis. Isolation of rare cells is usually difficult due to

their heterogeneity as well as their low abundance in peripheral blood. We previously reported

a two-stage ensemble-decision aliquot ranking platform (S-eDAR) for isolating circulating tumor
cells from whole blood with high throughput, high recovery rate (>90%), and good purity (>70%),
allowing detection of low surface antigen-expressing cancer cells linked to metastasis. However,
due to the scarcity of these cells, large sample volumes and large quantities of antibodies were
required to isolate sufficient cells for downstream analysis. Here, we drastically increased the
number of nucleated cells analyzed by first concentrating peripheral blood mononuclear cells
(PBMCs) from whole blood by density gradient centrifugation. The S-eDAR platform was capable
of isolating rare cells from concentrated PBMCs (108/mL, equivalent to processing ~20 mL of
whole blood in the 1 mL sample volume used by our instrument) at a high recovery rate (>85%).
We then applied the S-eDAR platform for isolating rare fetal nucleated red blood cells (fFNRBCs)
from concentrated PBMCs spiked with umbilical cord blood cells and confirmed fNRBC recovery
by immunostaining and fluorescence in situ hybridization, demonstrating the potential of the S-
eDAR system for isolating rare fetal cells from maternal PBMCs to improve noninvasive prenatal
diagnosis.
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Circulating rare cells are attractive for use in prognosis of cancer and viral infections

and in prenatal diagnosis. (1) However, detection and isolation of circulating rare cells is
difficult due to their scarcity (2-5) and heterogeneity in expression of surface markers. (6,7)
Approaches for isolating rare cells fall into two categories: label-free methods and affinity
or antibody-based methods. (8) Label-free isolation methods exploit differences in cell size,
(9-11) density, (12) deformability, (13) and dielectric properties. (14-16) Because some
rare cells such as some circulating tumor cells (CTCs) are larger than white blood cells
(WBCs), they can be isolated by filtration. (17,18) However, the overlap in the sizes of rare
cells and WBCs (19) can yield low cell purity following filtration. Label-free approaches to
cell isolation also suffer from low recovery, clogging of filters, complicated integration of
external force fields, and loss of cell viability, limiting their utility. (20)

Antibody-based methods can be employed to isolate rare cells based on expression of
surface marker proteins. Three common antibody-based approaches that have been used are
(1) immunomagnetic isolation, in which rare cells are captured by antibodies immobilized to
magnetic beads that are separated by a magnetic field; (21,22) (2) microfluidics approaches,
(22) in which rare cells are captured by antibodies immobilized on a microfluidic chip;
(23,24) and (3) fluorescence-activated methods in which rare cells are incubated with
fluorophore-labeled antibodies and the cells are detected and sorted based on sensitive
laser-induced fluorescence. (25,26)

Fetal cells in maternal blood during pregnancy are potentially useful for noninvasive
prenatal diagnosis because they contain the whole fetal genome, uncontaminated with
maternal DNA. (27) Fetal cell types present in maternal blood during pregnancy include
myeloid fetal progenitor cells, fetal lymphocytes, syncytiotrophoblasts, fNRBCs, and
circulating extravillous trophoblasts (CTBs). (28—-30) Fetal lymphocytes and myeloid fetal
progenitor cells are poor candidates for prenatal diagnosis because they persist in maternal
blood for years after pregnancies, causing contamination from previous pregnancies. (31)
Syncytiotrophoblasts, large, multinucleated placental epithelial cells that shed into the
maternal circulation during the first trimester, are poor targets for prenatal diagnosis because
they become trapped in lung capillaries and are removed from circulation. (32) CTBs

are a promising target for early fetal diagnosis because their short lifespan precludes
contamination from previous pregnancies; however, they are extremely rare and methods

to enrich them lacked consistency and repeatability. Furthermore, confined placental
mosaicism is an obstacle to interpret the results obtained by analyzing CTBs. The fNRBCs
are a promising cell type for noninvasive prenatal testing with a short lifespan (25-35 day
half-life in adult circulation), preventing contamination from previous pregnancies. fNRBCs
are abundant in fetal blood early in gestation, (33,34) but they are rare in maternal peripheral
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blood with a reported occurrence ranging from 3 to 26 cells per mL. (35-37) They have been
successfully enriched from maternal blood by MACS, (38) FACS, (39) and microfluidics
techniques. (40)

We previously developed an ensemble-decision aliquot ranking (eDAR) platform to isolate
CTCs from whole blood, which showed a higher sensitivity than the FDA-approved
CellSearch platform. (41) The eDAR platform includes an optical detection system,

a microfluidic active cell sorting scheme, and an on-chip filter for cell enumeration.
Fluorescently labeled cells in whole blood samples can be tracked in multiple color channels
and enumerated from avalanche photodiode (APD) detection traces. (42) Upon detection,
CTCs are diverted to a channel that leads to an on-chip filter, where they can be fixed,
permeabilized, and labeled with confirmation antibodies prior to enumeration, or diverted
to a collection well or tube for downstream analysis. A high CTC recovery rate (>90%)
was achieved with the eDAR platform. The eDAR platform was further improved to allow
sequential sorting (S-eDAR) by using a two-stage sorting technique, which increased the
CTC purity from 1% to 70%. (25)

Here, we increased the number of nucleated cells analyzed with S-eDAR by first
concentrating PBMCs from whole blood by density gradient centrifugation. We then used
S-eDAR to isolate rare cells from concentrated PBMCs to characterize its performance in
terms of rare cell recovery rate and signal-to-noise ratio (SNR). We also developed a process
to analyze cells isolated by S-eDAR with fluorescence /n situ hybridization (FISH). We then
applied the S-eDAR platform for isolating fNRBCs from concentrated adult female PBMCs
spiked with umbilical cord blood cells to demonstrate the potential of S-eDAR for isolating
rare fetal cells from maternal blood for noninvasive prenatal diagnosis.

Experimental Section

Cell Culture

MCEF-7 cells (ATCC, Manassas, VA) were used as rare cell surrogates and were spiked into
concentrated PBMC samples. MCF-7 cells were cultured at 37 °C and 5% CO, in EMEM
media (ATCC) supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO).

Reagents and Materials

Whole blood samples from healthy donors were obtained from PlasmalLab International
(Everett, WA). Umbilical cord blood samples from women delivering male fetuses were
obtained from UW Medicine following regulations of the University of Washington
Institutional Review Board. All patients provided informed consent, and the research was
approved by the University of Washington Ethics Committee. All blood specimens were
collected in anti-coagulant tubes and processed within 6 h.

DAPI (1 mg/mL) was purchased from Thermo Fisher Scientific (Waltham, MA). Antibodies
used included phycoerythrin (PE)-anti-human EpCAM (BioLegend, Inc., San Diego, CA),
Alexa Fluor 488 anti-human CD45 (BioLegend), PE-anti-human CD71 (Thermo Fisher
Scientific, Waltham, MA), and APC-fetal hemoglobin monoclonal antibody (HbF; Thermo

Anal Chem. Author manuscript; available in PMC 2023 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 4

Fisher Scientific). Isoton Il buffer (Beckman Coulter, Brea, CA) was used as a sheath flow
for eDAR chips. A solution of 1% bovine serum albumin (BSA; Sigma-Aldrich)/0.05%
Tween 20 (Sigma-Aldrich) in Isoton Il buffer was used to pretreat glass-bottom multi-well
plates (Cellvis, Mountain View, CA) and polytetrafluoroethylene tubing (SAI Infusion
Technologies, Lake Villa, IL). Isoton Il buffer with 0.1% BSA was used for labeling cells.
Ficoll-Paque PLUS (Sigma-Aldrich) was used as the density gradient centrifugation medium
for isolation of PBMCs. SRY FISH probes were purchased from Cytocell (Tarrytown, NY).

Microfluidic Chips

Silicon masters were created by using standard photolithographic techniques described
previously. (43) SU-8 2050 photoresist (MicroChem, Westborough, MA) was used for spin
coating. To fabricate microfluidic chips, polydimethylsiloxane (PDMS) with a 1:10 ratio
of precursor to polymer base was cured and sealed to a glass substrate immediately after
exposure to O, plasma for 30 s. If not used immediately, chips were covered and stored for
up to one month until use.

Isolating PBMCs from Healthy Donor Blood by Density Gradient Centrifugation

A 2 mL sample of whole blood was diluted with an equal volume of phosphate-buffered
saline (PBS) and was carefully layered onto 3 mL of Ficoll-Paque PLUS. The sample

was centrifuged at 400¢g for 30 min at RT, and the upper layer was removed, leaving the
lymphocyte layer undisturbed at the interface. The lymphocyte layer was transferred to a
clean centrifuge tube and was washed twice with PBS. Mononuclear cells from cord blood
were isolated by the same procedure.

Cell Recovery Measurements

MCF-7 cells (1 x 108/mL) were labeled with PE-anti-EpCAM antibody at 0.5 pg/mL for
0.5 h. Cells were washed, counted with a hemocytometer, and serially diluted. A total of
50-500 cells were spiked into whole blood or into PBMCs at PBMC densities ranging
from 2 x 108/mL to 1 x 108/mL. To establish stable sorting at two junctions before

running cell samples, Isoton Il buffer mixed with green food dye (COV Extract Company,
Rockford, OH) was run on a sequential sorting chip at 30 uL/min, and stable sorting
profiles were established by adjusting the sheath flow pressure with bright-field microscopy.
After stable sorting events were observed, APD traces were recorded for the remaining
samples containing PBMCs. When collecting sorted cells in a multi-well plate, fresh tubing
treated with 1% BSA/0.05% Tween 20 was attached to the collection outlet and run into a
pretreated well. To enumerate collected cells, the plate was spun at 450g for 10 min and
PE-anti-EpCAM-positive cells were counted with an inverted fluorescence microscope and
a 20x 0.75 NA objective (Nikon, Tokyo, Japan). The cell recovery rate was calculated as
the number of counted MCF-7 cells divided by the number of MCF-7 cells spiked into the
sample.

On-Chip and Single-Cell FISH

Female PBMCs were analyzed by S-eDAR with filters for on-chip FISH. Once female
PBMCs were loaded into an eDAR chip, sorting events were triggered by switching two
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solenoids controlling sorting events at two sorting junctions, and sorted cells remained in the
filters. Captured cells were fixed with 3:1 methanol:acetic acid solution for 10 min and were
washed twice with 2x saline sodium citrate (SSC) buffer. The cells were then dehydrated

in a series of 70%, 85%, and 100% ethanol solutions in water. A 10 uL volume of probe
mixture was infused into the filters containing fixed, sorted cells. The sample and probe
were denatured simultaneously by heating the chip on a hotplate at 75 °C for 2 min. The
chip was then placed in a humid, opaque container at 37 °C overnight. The cells were
washed with 0.4x SSC at 72 °C for 2 min, then with 2x SSC buffer, and 0.05% Tween-20 at
room temperature for 30 s. DAPI antifade (10 pL) was infused into filters for 10 min to stain
cell nuclei, and cells were imaged by fluorescence microscopy.

We also used single-cell off-chip FISH for analysis because of the difficulty of on-chip FISH
due to bubble formation and high background. Male PBMCs were isolated by S-eDAR as
above, and their identities were confirmed by single-cell off-chip FISH to demonstrate a
typical workflow. Here, sorted cells were collected in a multi-well plate and a single cell
was picked up with a micromanipulator and placed onto a photo-etched coverslip with grids.
The coverslip was dried and immersed in fixation buffer (3:1 methanol:acetic acid) for 1 h
without agitation before FISH analysis.

Identification on fNRBCs by Immunostaining and FISH

fNRBCs from cord blood were selected as a model for verifying the enrichment
performance of the S-eDAR because of their low abundance in umbilical cord blood.
Mononuclear cells were isolated from cord blood by density gradient centrifugation, labeled
with PE-anti-CD71 antibody, and enriched by S-eDAR as described above. fNRBCs were
alternatively isolated using the MiSelect R with the SelectChip Retrieval (MiCareo Inc.,
Taiwan). The collected cells were immunostained to confirm their identity as fNRBCs.
Collected cells were fixed with 2% paraformaldehyde for 15 min, centrifuged, and washed
twice. The cells were then permeabilized with 0.2% saponin and stained with Alexa Fluor
488 anti-CD45 antibody (10 ug/mL) for identification of WBCs and with APC anti-HbF
antibody (5 pug/mL) for identification of fNRBCs. DAPI (1 pg/mL) was used to stain

cell nuclei. Cells were then washed, resuspended in Isoton Il buffer, and transferred to a
glass-bottom multi-well plate for imaging. For single-cell FISH analysis, fNRBCs (CD71+,
HbF+, CD45-, and DAPI+) were picked up with a micromanipulator and placed onto a
photo-etched coverslip. The coverslip was dried and immersed in KCI solution (0.075 M,
Sigma-Aldrich) for 30 min, and then single-cell FISH was performed as described above,
and it exhibited one red dot indicating the SRY gene on the Y chromosome, and one cyan
dot indicating the X chromosome.

Isolating fNRBCs from Concentrated Adult Female PBMCs

fNRBCs from cord blood were first confirmed as positive controls, and then mononuclear
cells from cord blood were mixed with PBMCs from healthy female donors, which were
used as a mimic for fNRBCs in maternal PBMCs. The samples were labeled with PE-
anti-CD71 antibody and were sorted by S-eDAR. Collected fNRBCs were identified by
immunostaining and FISH analysis.
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Results and Discussion

Workflow for Isolation and Confirmation of Rare Cells

The workflow for rare cell isolation by S-eDAR and characterization by immunostaining and
FISH is shown in Figure 1. PBMCs were isolated from whole blood by density gradient
centrifugation (Figure 1a), labeled with PE-tagged antibodies, and loaded onto an S-eDAR
chip for sorting. The identity of the sorted cells was confirmed by immunostaining and by
FISH (Figure 1b), an especially useful technique for noninvasive prenatal diagnosis.

S-eDAR Performance on PBMCs and SNR

MCEF-7 cells prelabeled with PE-anti-EpCAM antibody were spiked into concentrated
PBMC:s at different PBMC densities and cell sorting was performed using the S-eDAR
system. Whole APD traces were recorded at two detection lines (Figure 2a,b). The SNRs at
the first and second detection lines were 64.0 and 87.2, respectively, for a sample with 2.5

x 107 PBMCs/mL; 37.0 and 51.7 for 5.0 x 107 PBMCs/mL; and 34.7 and 58.1 for 1.0 x

108 PBMCs/mL (Figure 2c). As the PBMC density increased, SNR decreased but was still
larger than 20, which was sufficiently sensitive for detection of MCF-7 cells, (39) allowing a
recovery rate of over 85% even at the highest PBMC density (Table S1).

We also tested an alternate method in which unlabeled rather than prelabeled MCF-7 cells
were spiked into PBMCs at 2.5 x 10/ PBMCs/mL, and the sample was then labeled with
PE-anti-EpCAM antibody. With this method, the recovery rate was 87% and SNRs at the
first and second detection lines were 38.7 and 55.4, respectively (Figure 2c). These SNRs
were lower than when spiking prelabeled MCF-7 cells into 2.5 x 10’ PBMCs/mL, likely due
to free dyes in solution causing higher background.

On-Chip Filters and FISH Analysis

FISH analysis was performed to confirm the identity of the male fNRBCs following
isolation from concentrated PBMC samples by S-eDAR. As a model system, spike-in
MCEF-7 cells were used as the rare cells in initial experiments. On-chip filters with a 5

um slit size were used first since such filters retain all sorted cells (Figure 3a). MCF-7 cells
emitting strong PE signals stayed in filters and could be easily counted and showed a high
recovery rate (Figure 3b,c).

PBMCs from healthy male and female donors were also used as model cells to develop

the FISH analysis protocol. The sex chromosomes of these PBMCs were labeled with an
SRY FISH probe after these cells were isolated by S-eDAR. Female PBMCs exhibited two
fluorescent dots for the two X chromosomes, and male PBMCs showed one fluorescent
dot. On-chip FISH was performed on female PBMCs following S-eDAR. With manually
triggered “positive events”, a small number of female PBMCs were sorted into filters where
they were washed, fixed, dehydrated, denatured, and incubated overnight with SRY probes.
One enriched cell is shown in a bright-field image in Figure 3d and in a fluorescence image
in Figure 3e, showing the FISH results with two cyan dots indicating two X chromosomes.
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Although on-chip filters allow a higher recovery rate, on-chip FISH posed several problems.
First, micro-slits retained FISH probes, causing false-positive signals around cells. Second,
bubbles entered the channels and caused high resistance, inhibiting subsequent infusion of
buffer or reagents. Since we previously showed that off-chip collection with a multi-well
plate can also achieve a high recovery rate (>85%), we used a micromanipulator to pick up
single cells from a multi-well plate (Figure 4a) and place them on a coverslip (Figure 4b) for
single-cell FISH. Figure 4

Single-cell FISH images showed one red dot indicating the SRY gene on the Y chromosome
and one cyan dot indicating the DXZ1 gene on the X chromosome (Figure 4c). To analyze
the overall FISH success rate, five slides containing 261 total cells were tested. The success
rate ranged from 64 to 80% for each slide (average, 71.6%) (Table S2). By adjusting the
denaturation temperature to 78 °C, the overall success rate was improved to 85.7% (Table
S3).

Isolation of fNRBCs from Adult Female PBMCs

We next applied S-eDAR to isolating male fNRBCs (from spike-in cord blood cells) from
maternal PBMCs. As a positive control, we first isolated fNRBCs from cord blood by
first labeling cord blood with PE-anti-CD71 antibody and then sorting by S-eDAR and
immunostained with APC anti-HbF and Alexa Fluro 488 anti-CD45 antibodies (Figure
5a). SRY FISH probes were used to confirm the sorted fNRBCs. The fNRBCs (CD71%,
HbF*, CD45™, and DAPI*) were characterized by single-cell FISH and exhibited one red
dot indicating the SRY gene on the Y chromosome and one cyan dot indicating the X
chromosome.

Mononuclear cells from cord blood were then mixed with PBMCs from healthy adult female
donors, which were used as a mimic for maternal PBMCs. The samples were labeled with
PE-anti-CD71 antibody, enriched by S-eDAR, and immunostained. Immunostained fNRBCs
were confirmed by FISH (Figure 5b). The positive SRY signal confirmed that fNRBCs were
of fetal origin since adult female cells have no SRY gene.

Conclusions

100 x 10% PBMCs/mL at a recovery rate of over 85% and a high SNR, similar to the
performance of S-eDAR when using whole blood samples. However, by using concentrated
PBMCs obtained by density gradient centrifugation rather than whole blood, the required
sample volume was reduced and the antibody cost was reduced 20-fold. More importantly,
this method enables a dramatic increase in the number of nucleated cells analyzed:
processing 1 mL of PBMCs at the demonstrated 108/mL is equivalent to screening at least
20 mL of whole blood since PBMCs yielded between 2 x 10 and 5 x 106 cells with

density gradient separation from 1 mL whole blood, counted by using a hemocytometer.
Rare cells isolated by S-eDAR remained viable for downstream analysis by immunostaining
and FISH. Isolated cells were collected either in an on-chip filter or in a multi-well plate
from which individual cells were picked up with a micromanipulator for single-cell FISH.
We also applied S-eDAR to sorting rare fNRBCs from cord blood and from cord blood cells
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spiked into concentrated adult female PBMCs, demonstrating the potential of S-eDAR for
isolating rare fetal cells from maternal blood for noninvasive prenatal diagnosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Workflow for isolation and confirmation of rare cells. (a) Diluted whole blood (red) was

layered onto Ficoll-Paque PLUS (gray). After density gradient centrifugation, the thin
middle layer (green) containing mononuclear cells between the plasma layer (yellow) and
the Ficoll-Paque PLUS layer (light blue) was removed and washed twice and then loaded
onto an S-eDAR chip. Labeled target cells were sorted twice at two sorting junctions,
accompanied by background cells. (b) The identities of the sorted cells were confirmed by
immunostaining and FISH analysis. Once a target cell was confirmed by immunostaining,
the cell was picked up by a micromanipulator and transferred onto a slide for FISH analysis.
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Figure2.
S-eDAR recovery rate and SNR. (a) Schematic showing how S-eDAR works. Labeled target

cells are sorted at the two detection lines before collection. (b) Labeled MCF-7 cells were
spiked into a suspension of PBMCs at 2.5 x 10’ PBMCs/mL and then loaded onto an
S-eDAR chip. APD traces at two detection lines and the overlay of two-channel traces

were recorded. The inset in the overlay image shows that, after a signal from a labeled

cell was recorded at the first detection line (purple), a signal from the same labeled cell is
subsequently detected at the second detection line (green). (c) The mean SNR was calculated
for traces from experiments with different PBMC densities (2.5 x 107, 5.0 x 10, and 1.0

x 108 PBMCs/mL). Since these three experiments used labeled MCF-7 cells spiked into
PBMCs, they are referred to as “L_S”. Experiments in which unlabeled MCF-7 cells were
spiked into PBMCs at 2.5 x 10’ PBMCs/mL and then labeled are referred to as “S_L”.
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Figure 3.
On-chip filters and FISH analysis. (a) Prelabeled MCF-7 cells were recovered by S-eDAR

and remained in on-chip filters for enumeration by fluorescence microscopy. Overlay of
fluorescence and bright-field images. (b) Corresponding fluorescence image. Scale bar, 20
pum. (c) Female PBMC retained in an on-chip filter for reaction with SRY FISH probe. (d)
Corresponding fluorescence image showing the cell nucleus labeled by DAPI (blue) and two
X chromosomes visible as two small cyan dots on opposite sides of the nucleus. Scale bar,
10 um.
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Figure 4.
Single-cell FISH analysis. A single cell (inset) was picked up with a micromanipulator (a)

and placed onto a coverslip with grids (b) for single-cell FISH analysis (c). Scale bars, 100
pum in (a) and (b) and 10 um in (c).
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Figure5.

fNRBC isolation from maternal PBMCs. (a) fNRBCs from cord blood were labeled with
PE-anti-CD71 antibody and sorted by S-eDAR. Enriched fNRBCs were identified by
immunostaining with APC-anti-HbF and Alexa Fluor 488 anti-CD45 antibodies and with
DAPI. fNRBCs were DAPI*, CD71", HbF*, and CD45™, and white blood cells were DAPI™,
CD717, HbF~, and CD45*. One fNRBC is circled in white. In FISH analysis, male fNRBCs
exhibited one red dot (arrow) indicating the SRY gene on the Y chromosome and one cyan
dot (arrow) indicating the X chromosome. (b) Mononuclear cells from cord blood were
mixed with PBMCs from healthy adult female donors. fNRBCs were enriched by S-eDAR
and identified by immunostaining and FISH analysis. Scale bars, 10 um.
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