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Monocytes are mononuclear phagocytes crucial for tissue repair, pathogen clearance, and immune sur-

veillance. Comprising 2–10% of all human blood peripheral leukocytes, monocytes are precursors to

macrophages and dendritic cells and can be leveraged for diagnostics and treatment of various diseases,

such as cancer and autoimmune conditions. Current methods of monocyte isolation for these appli-

cations, such as plastic adhesion, magnetic-activated antibody-based selection, and counterflow cen-

trifugal elutriation are limited by either low purity and viability or costly equipment and reagents. Here, we

develop and optimize an aptamer-based method for traceless isolation of monocytes from peripheral

blood mononuclear cells at low cost with high purity and yield, and with minimal activation and immuno-

genic risks. We identify and use CD36 as a novel selection marker for monocyte isolation and confirm that

monocytes isolated using our CD36-binding aptamer possess similar phenotypes to monocytes isolated

from anti-CD14 and anti-CD36 antibodies with higher, unperturbed CD14 and CD36 expression.

1. Introduction

Monocytes are mononuclear phagocytic leukocytes that play a
critical role in the innate immune system. As precursors to
macrophages and dendritic cells, monocytes derive from the
bone marrow, circulate in the blood, and migrate to inflam-
mation sites to perform phagocytosis, antigen presentation,
and cytokine production functions.1–3 Due to their circulatory
nature and distinct expression of pattern recognition recep-
tors, monocytes are key players in tissue repair, bacterial and
viral clearance, and immune surveillance. Understanding
monocytes and leveraging their function can lead to thera-
peutics targeting various diseases, for example in monocyte
cell therapy or in monocyte-based drug delivery.4–6

Monocytes and their derived cells, including dendritic cells
and macrophages, have shown great potential as cell therapies
in oncology due to their enhanced homing abilities and
efficient drug delivery properties.4 The first cell therapy
approved by the U.S. Food and Drug Administration (FDA) was
a dendritic cell vaccine for treatment of prostate cancer devel-
oped by Dendreon Pharmaceuticals in 2010.7,8 More recently,

Carisma Therapeutics received FDA clearance for an
Investigational New Drug Application (IND) using a CAR-
macrophage to target solid tumors overexpressing human epi-
dermal growth factor receptor 2 (HER-2).9 This CAR-macro-
phage therapy is reportedly more effective than CAR T cells in
targeting solid tumors, due to more diverse antitumor mecha-
nisms and better infiltration ability.9,10 Additionally, there are
currently over 120 dendritic cell and 11 macrophage cell thera-
pies in clinical trials, targeting diseases from cancer to stroke.7

Monocytes comprise only about 2–10% of all human peri-
pheral blood leukocytes.11 Thus, high purity isolation of viable
monocytes is a challenge for downstream applications. In
addition, monocytes have limited proliferation capacity,12

requiring high yields of isolation for therapeutic use. Isolation
of monocytes from peripheral blood mononuclear cells
(PBMCs) must (1) recover high purity monocytes with minimal
contamination from lymphocytes, granulocytes, and platelets,
and (2) preserve the desired phenotype and function for mono-
cyte differentiation. Existing methods to isolate monocytes
from blood products include plastic adhesion, counterflow
centrifugal elutriation (CCE), magnetic bead-based depletion,
and magnetic bead-based positive selection (Table 1).7,13,14

Plastic adhesion, although simple and cheap to perform,
results in low monocyte yield (<13%) and purity (<50%) due to
high contamination by platelets and lymphocytes.7,13 This
process also potentially induces monocyte activation, nega-
tively affecting macrophage and dendritic cell differentiation.15
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CCE uses centrifugal force and counterflow drag force to separ-
ate monocytes from PBMCs based on size and cell cycle stage.
Although CCE recovers monocytes with high purity (>80%)
and yield (>90%), it currently requires sole source supplies,
expensive equipment, and large volumes of starting
material.16,17 Also, despite the fast separation speed of cell iso-
lation (about 1 h for isolation of 20 × 109 cells), the setup,
decontamination, and assembly of the complex equipment
adds at least 4 h to sample processing.7

Magnetic bead-based depletion and positive selection use
antibody-coupled magnetic beads and magnetic columns to
rapidly enrich monocytes from PBMCs in 1–2 h. Depletion, or
negative selection, employs an antibody cocktail to retain non-
monocytes in the magnetic column and allow untouched
monocytes to flow through the column. Unlabeled monocytes
minimize the risk of activation. Isolation by depletion also
results in reasonable yield (40–61%) and product purity
(60–85%), but with contamination from platelets and
granulocytes.7,13,16,18,19 Positive selection utilizes anti-CD14
antibody-coupled magnetic reagents to retain CD14+ mono-
cytes on the magnetic column while washing out remaining
cells, followed by monocyte recovery via removal of the mag-
netic field. This approach, which is the commonly preferred
method of monocyte isolation, consistently results in the
highest purity (>90%) and yield (>70%) compared to the afore-
mentioned approaches.7,13,16,17,19 However, eluted cells can
still be bound to anti-CD14 magnetic beads, risking cell acti-
vation, immunogenicity, and phenotype changes.7,20

Additionally, magnetic bead-based isolation is expensive,
requiring antibodies and specialized magnetic equipment.

Aptamer-mediated cell selection is a promising alternative
to antibody-conjugated magnetic bead-based positive
selection.21–25 Aptamers are single-stranded nucleic acid mole-
cules that fold into structures that bind to protein, small-mole-
cule, and cell targets with high specificity and affinity similar
to antibodies.26,27 Compared to antibodies, aptamers are less
expensive and faster to synthesize with lower batch-to-batch

variability, easier chemical modification, longer shelf life, and
higher stability among a wider range of pH, ionic conditions,
and temperature.26,28–30 The major advantage of aptamer
ligands over antibody ligands for cell isolation is the reversibil-
ity of binding, which can result in traceless target
selection.21–23 Here, we use a monocyte-binding aptamer and
its complementary reversal strand to successfully isolate label-
free monocytes from PBMCs with high purity and yield.
Aptamer-based, label-free isolation of monocytes mitigates
immunogenicity and activation concerns associated with anti-
body-based positive selection, thereby reducing potential phe-
notype alterations during monocyte differentiation. We first
characterize the binding receptor for our previously discovered
monocyte-binding aptamer as CD36. We then identify and use
CD36 as a novel selection marker for monocyte isolation from
PBMCs via a label-free, aptamer-mediated, cell selection plat-
form. We lastly compare the phenotypes between monocytes
and their derived macrophages isolated from anti-CD14 anti-
body (CD14 Ab), anti-CD36 antibody (CD36 Ab), and aptamer.

2. Materials and methods
2.1 Cell culture and PBMC isolation

THP-1 monocytes (Cat #TIB-202, ATCC) were cultured with
RPMI 1640 medium (Corning) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Life Tech). HEK293T cells
(Cat #CRL-2316, ATCC) were cultured with DMEM medium
(Gibco) supplemented with 10% heat-inactivated FBS. Human
peripheral blood mononuclear cells (PBMCs) were isolated
from Leukocyte Reduction System (LRS) cones (Bloodworks
Northwest) via Ficoll-Paque (GE) density gradient centrifu-
gation.31 PBMCs were cryopreserved in RPMI containing 20%
FBS and 10% DMSO (Sigma) before monocyte isolation pro-
cedures. Isolated monocytes were cultured in RPMI containing
10% FBS and 40 ng mL−1 human macrophage colony-stimulat-
ing factor (M-CSF) (Cat #574804, BioLegend).

Table 1 List of the advantages and disadvantages of current methods used to isolated monocytes from PBMCs

Method Description Advantages Disadvantages

Plastic adhesion Plate cells on a plastic cell culture
surface and detach adherent cells
chemically or mechanically

Cheap; no specialized equipment
needed; simple procedure

Low purity; low yield; high
contamination of lymphocytes; risk of
cell activation

Centrifugation-based
methods

Use centrifugal forces in a
chamber to separate cells based
on size

Good purity; excellent yield Requires expensive, specialized
equipment; long/complex setup
procedure

Magnetic negative
selection with
antibodies

Label contaminant cells with a
cocktail of various antibody-
conjugated magnetic beads and
separate via magnet

Good purity; good yield; traceless/low
risk of cell activation

Requires expensive antibody reagents
and specialized magnetic equipment;
high contamination of lymphocytes
and platelets

Magnetic positive
selection with
antibodies

Label desired cells with antibody-
conjugated magnetic beads and
separate via magnet

Excellent purity; excellent yield Requires expensive antibody reagents
and specialized magnetic equipment;
risk of cell activation; risk of
immunogenicity

Magnetic positive
selection with
aptamers

Label desired cells with aptamer-
conjugated magnetic beads and
separate via magnet

Excellent purity; good yield; aptamers are
>40-fold cheaper than antibodies;
traceless/low risk of cell activation; low
immunogenicity

Requires specialized magnetic
equipment
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2.2 Aptamer target receptor pull-down assay

Membrane protein extraction and aptamer pull-down method
was performed as previously described.32 For each group (control
and CD36Apt), about 100 × 106 human monocytes were washed
three times to remove media proteins and lysed in 3.3 mL of
hypotonic buffer containing 10 mM Tris–HCl, pH 7.5 with
Protease Inhibitor Cocktail (ThermoFisher Scientific) and 1 mM
phenylmethylsulfonyl fluoride (PMSF, ThermoFisher Scientific) at
4 °C for 30 min under gentle rotation. Membrane debris was pel-
leted at 16 000g at 4 °C for 15 min and washed three times with
3.3 mL of hypotonic buffer to eliminate intracellular proteins.
Membrane pellets were washed with 1 mL of Dulbecco’s phos-
phate-buffered saline (DPBS, Corning) with Mg2+ and Ca2+, 5 mM
MgCl2, and 25 mM glucose (Wash Buffer, WB) supplemented
with 1% Triton X-100, protease inhibitors, and 1 mM PMSF
under gentle rotation and sonicated for 5 min in an ice water
bath to extract membrane proteins. Samples were centrifuged
and the supernatant containing the solubilized membrane pro-
teins was stored at −80 °C before use.

Membrane extracts were first pre-cleared by incubation with
100 nM biotinylated nonspecific (NS) aptamer and 0.1 mg
mL−1 tRNA for 30 min at 4 °C. Then, 2 mg of MyOne
Streptavidin C1 Dynabeads (ThermoFisher Scientific) pre-
washed in WB 0.01% Triton X-100 were added to each mem-
brane extract and incubated for 15 min at 4 °C. The solution
was then placed on a magnetic rack to remove any nonspecific
protein binders. The membrane extract supernatants were
added to either a biotin control containing 1.5 mg of
Streptavidin C1 Dynabeads pre-saturated with 50 nmol of
biotin for 15 min at 4 °C or a CD36Apt aptamer fraction con-
taining 100 nM biotinylated CD36Apt aptamer and 0.1 mg
mL−1 salmon sperm DNA. Extracts were incubated with
Dynabeads for 30 min at 4 °C under gentle rotation. Target
proteins were eluted by heating to 37 °C for 10 min in 50 µL of
SDS loading buffer supplemented with beta-mercaptoethanol
(BME), 10 mM EDTA, and 4.5 M urea. Eluted proteins were
submitted for mass spectrometry analysis or denatured at
47 °C for 15 min and run on a 4–20% Tris–Glycine gel in the
Novex XCell SureLock Mini-Cell Electrophoresis System
(ThermoFisher Scientific). The gel was run at 190V for 15 min,
then at 220V for 30–45 min. Gels were rinsed with water and
stained with colloidal blue stain (Invitrogen) according to the
manufacturer’s instructions.

2.3 Flow cytometry binding assays

For antibody binding assays, cells (0.2 × 106) were blocked
using FcR blocking reagent, human (Miltenyi) according to the
manufacturer’s protocol. The following dyes and antibodies
were used to stain cells: Zombie Violet (1 : 500 in 100 µL per
106 cells, Cat #423114, BioLegend), FITC anti-human CD14
(1 : 50, Cat #301804, BioLegend), APC anti-human CD14 (1 : 20,
Cat #301808, BioLegend), PE anti-human CD16 (1 : 40, Cat #12-
0168-4, eBioscience), FITC anti-human CD36 (1 : 20, Cat
#336203, BioLegend), PE anti-human CD36 (1 : 100, Cat
#336205, BioLegend), BV711 anti-human CD163 (1 : 20, Cat

#333629, BioLegend), PE-Cy7 anti-human HLA-DR (1 : 200, Cat
#327017, BioLegend), FITC anti-human CD80 (1 : 20, Cat
#305206, BioLegend), APC anti-human CD86 (1 : 20, Cat
#305411, BioLegend), APC anti-human CD206 (1 : 100, Cat
#321110, BioLegend) and AF647 streptavidin (1 : 500, Cat
#405237, BioLegend). Unstained and single-stained samples
were prepared for compensation controls. Fixed cells were ana-
lyzed on an Attune NxT (Invitrogen) flow cytometer.

For aptamer binding assays, biotinylated and Cy5-labeled
aptamers (nonspecific aptamer sequence, CD36Apt,
CD36Apt.65) were annealed at 95 °C for 5 min and snap-
cooled on wet ice for at least 10 min. Aptamer sequences were
ordered from Integrated DNA Technologies and can be found
in Table S1. Cells were incubated with folded aptamers in WB
further supplemented with 0.1 mg mL−1 salmon sperm DNA
and 0.1 mg mL−1 tRNA (Binding Buffer, BB) at 4 °C for 20 min.
After binding, cells were washed twice with 200 µL of WB with
1% bovine serum albumin (BSA, Miltenyi) and incubated with
secondary AF647 streptavidin stain at 4 °C for 20 min, if
necessary. After secondary staining, cells were washed twice
with 200 µL of WB 1% BSA and fixed with 200 µL of WB 1%
BSA 0.1% paraformaldehyde (PFA, ThermoFisher Scientific).

For aptamer and antibody co-staining assays, cells blocked
with FcR blocking reagent were incubated with both a Cy5-
labeled CD36Apt.65 aptamer (100 nM) and the appropriate
antibody listed above at 4 °C for 20 min. Cells were washed
and fixed as described above.

2.4 Bio-layer interferometry

Bio-layer interferometry (BLI) was completed on a ForteBio Octet
Red96 instrument. Streptavidin biosensors (Sartorius) were
loaded with 50 nM biotinylated CD36Apt.65 aptamer until a
capture threshold of 0.5 nm was reached. After 120 s rinse and
baseline steps in buffer only, sensors were added to a dilution
series of recombinant human CD36-His protein (Acro
Biosystems) ranging from 6.25 to 100 nM in concentration.
Association with protein was monitored for 118 s and dis-
sociation with buffer only was carried out for 134 s. Data was ana-
lyzed using the Octet Data Analysis 9.0 (ForteBio) and binding
parameters were calculated with a global fit on all kinetic curves
generated from the dilution series of protein binding.

2.5 Binding of CD36Apt to plasmid-transfected HEK293T cells

mCherry-CD36-C-10 was a gift from Michael Davidson
(Addgene plasmid #55011). 50 × 103 CD36− HEK293T cells
were grown for 24 h in tissue culture-treated 24-well plates and
then transfected with 0.5 µg of the plasmid and 1.5 µL of
Lipofectamine 3000 Reagent (ThermoFisher Scientific),
according to the manufacturer’s instructions. Cells were exam-
ined 24 h after transfection for mCherry expression, FITC anti-
CD36 antibody binding, and Cy5-labeled CD36Apt binding via
flow cytometry.

2.6 Reversal agent optimization

Reversal agents of 18, 23, and 27 nucleotides (nt) were
designed complementary to the 3′ end of CD36Apt.65. THP1
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cells bound first with 25 nM CD36Apt.65 aptamer and second-
ary AF647 streptavidin labelling, as described above, were incu-
bated with 10-, 50-, and 100-fold excesses (over aptamer
amount) of 100 µL of reversal agent in WB 1% BSA at room
temperature for 10 min. Cells were washed twice with WB 1%
BSA to remove unbound aptamers, fixed, and analyzed with
flow cytometry.

2.7 CD36Apt.65-mediated magnetic isolation

Thawed PBMCs or a mix of cultured THP1 and Jurkat cells
were incubated with various concentrations (6.25, 12.5, and 25
nM) of biotinylated CD36Apt.65 at 4 °C for 15 min under
gentle rotation. Aptamer-labeled cells were washed twice with
10 mL of WB 1% BSA. Anti-biotin MicroBeads (Miltenyi Biotec)
with different volumes (50, 100, 150, and 200 µL) were diluted
to 500 µL and then incubated with aptamer-labeled PBMCs at
4 °C for 15 min under gentle rotation. Cells were washed twice
with 10 mL of WB 1% BSA, resuspended in DPBS 0.5% BSA,
and applied over one LS column (Miltenyi Biotec) on a
QuadroMACS separator (Miltenyi Biotec) according to the manu-
facturer’s protocols. The flowthrough fraction was collected, con-
sisting of initial unbound cells that passed through column and
three 3 mL column washes of DPBS 0.5% BSA 1 mM EDTA. Next,
1 mL of 100-fold excess 23 bp reversal agent was added to the
column in DPBS 0.5% BSA. About 600 µL (column void volume)
of the solution was passed before the column was plugged for
10 min at room temperature. Afterward, the column was washed
with three 3 mL column washes of DPBS 0.5% BSA 5 mM EDTA
in the reversal agent elution (RAE) fraction. Cells remaining on
the column were flushed out with 5 mL DPBS 0.5% BSA 1 mM
EDTA using a plunger. All fractions (flowthrough, RAE, flush)
were counted and analyzed via flow cytometry with Cy5-
CD36Apt.65 (100 nM) and FITC anti-human CD14 or APC anti-
human CD14, PE anti-human CD16, FITC anti-human CD36,
PE-Cy7 anti-human HLA-DR, and BV711 anti-human CD163.
Monocyte isolation with CD14 MicroBeads (Cat #130-050-201,
Miltenyi Biotec) and biotinylated CD36 Ab (Cat #130-099-744,
Miltenyi Biotec) were carried out according to manufacturer’s
instructions.

2.8 Macrophage differentiation and polarization

For differentiation of monocytes into macrophages (monocyte-
derived macrophages, MDMs), 1 × 106 isolated cells were cul-
tured in non-treated 6-well plates in RPMI 1640 with 10% FBS
and 40 ng mL−1 M-CSF for 7 days, with media change every
3–4 days. After MDM differentiation, cells were washed twice
with DPBS and stimulated with 50 ng mL−1 LPS and 10 ng
mL−1 IFN-γ for M1 polarization, 20 ng mL−1 IL-4 for M2 polar-
ization, or left untreated as M0 macrophages. MDMs were
detached with an incubation in 2 mM EDTA in DPBS over ice
for at least 20 min and gentle scraping/pipetting.

2.9 RNA extraction and quantitative PCR

RNA from polarized macrophages were extracted with a RNeasy
Mini Kit (Cat #74104, Qiagen) according to the manufacturer’s
instructions. Briefly, cells were lysed with RLT buffer sup-

plemented with BME and mixed in a 1 : 1 ratio with 70% ethanol.
Samples were then transferred to RNeasy spin columns, centri-
fuged, and washed with RW1 and RPE buffer. Purified RNA was
eluted in nuclease-free H2O and measured by a NanoDrop One
Spectrophotometer (ThermoFisher Scientific).

RNA was reverse transcribed to cDNA using the High-
Capacity cDNA Reverse Transcription Kit with Rnase Inhibitor
(Cat #4374967, Applied Biosystems), according to the manufac-
turer’s protocol. RNA was transcribed in 20 µL reactions.
Quantitative polymerase chain reaction (qPCR) was performed
using the 7300 Real-Time PCR System (Applied Biosystems).
cDNA was diluted 1 : 10 in 25 μL total reactions with PowerUp
SYBR Green Master Mix (Applied Biosystems). Primer
sequences are listed in Table S2. qPCR reactions were incu-
bated at 50 °C for 2 min, 95 °C for 2 min, followed by 40 cycles
of 95 °C for 15 s, 56 °C (primer-specific annealing tempera-
ture) for 15 s, and 72 °C for 1 min.

2.10 Soluble cytokine measurements

After macrophage polarization, 500 µL of cell culture super-
natants were collected and frozen at −20 °C until ready to
analyze via LEGENDplex (BioLegend) for IL-6 and TNFα, using
Detection Antibodies (Cat #741041), Standard (Cat #741042),
IL-6 Capture Beads (Cat #740044), and TNFα Capture Beads
(Cat #740053). Thawed supernatants, diluted 1 : 2 or 1 : 10 in
Assay Buffer, were captured on beads and detected with bioti-
nylated antibodies tagged with streptavidin-PE fluorophore,
according to the manufacturer’s protocol. Captured cytokines
were analyzed by flow cytometry.

2.11 Phagocytosis assay

0.1 × 106 monocytes were plated in 96-well plates and allowed
to adhere for 1 h. 1 or 5 × 106 Escherichia coli bioparticles,
Alexa Fluor™ 488 conjugate (Thermo Fisher) were added to
the cells and spun down for 1 min at 300g. Monocytes were
incubated with the bioparticles at 37 °C for 30 min, washed
with DPBS over ice, and then analyzed on the flow cytometer.

2.12 TLR agonist assay

0.5 × 105 monocytes were plated in 96-well plates and allowed
to adhere in serum-free RPMI for 1 h. Media was replaced with
complete RPMI and cells were allowed to recover for 2 h. TLR
agonists PAM3CSK4 (Invivogen) and S. Enterica 595 LPS (List
Biological Labs) were added at 1 µg mL−1 and 10 ng mL−1,
respectively, and cells were incubated at 37 °C overnight. Cell
culture supernatants were collected and analyzed for IL-6 and
TNF-α concentrations via the bead-based LEGENDplex
(BioLegend) assay, as previously mentioned.

3. Results and discussion
3.1 Characterization of CD36Apt binding and receptor
identification

We previously identified a monocyte-binding aptamer (Mono.
A2) that binds to human monocytes with a dissociation con-
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stant (KD) of 45 (±9.1) nM using cell-SELEX (systematic enrich-
ment of ligands using exponential enrichment).33 Despite the
high specificity of Mono.A2 binding to CD14+ cells in PBMCs,
the aptamer does not bind to recombinant CD14 or CD14-
transfected Jurkat cells.33 Because receptor identification by
pulldown assay requires large numbers of human monocytes,
we used Mono.A2 to isolate monocytes from PBMCs using the
aptamer-mediated cell selection method detailed in the next
section. We then applied a reported aptamer pull-down assay
to identify the target membrane receptors of the
aptamer.32,34,35 In brief, we bound biotin-Mono.A2 to mono-
cyte cell membrane extracts, extracted aptamer-bound mem-
brane proteins with Streptavidin Dynabeads, and analyzed the
recovered proteins via SDS-PAGE and mass spectrometry.
Compared to a control sample isolated with biotin-saturated
streptavidin beads lacking Mono.A2, we observed one protein
band enriched by Mono.A2 at approximately 200 kDa (Fig. S1).
Using mass spectrometry analysis on the aptamer-recovered
proteins compared to the control proteins, we cross-referenced
identified membrane proteins with relevant monocyte surface
markers via the UniProt database and identified CD36 as the
potential binding receptor of the Mono.A2 aptamer, which we
renamed to CD36Apt.

We next validated that CD36Apt indeed binds human CD36
by three methods: (i) co-staining of aptamer with CD36 Ab, (ii)

BLI with aptamer and recombinant human CD36 protein, and
(iii) CD36 knock-in expression in CD36− cells. To first confirm
CD36Apt binding to CD36, we co-stained human monocytes
with CD36Apt and anti-CD36 antibody. We observed a positive,
linear correlation between the aptamer and Ab stains, indicat-
ing that CD36Apt can bind to CD36 on monocytes at the same
time as CD36 Ab (Fig. 1A). Next, we transiently transfected
CD36− HEK293T cells with CD36 from mCherry reporter
plasmid mCherry-CD36-C-10. We first confirmed that CD36Apt
does not bind to parental, non-transfected HEK293T cells
(Fig. S2). Transient CD36 expression resulted in CD36Apt
aptamer binding specific to mCherry+ cells (Fig. 1B). Finally,
we applied BLI to characterize the binding kinetics of CD36Apt
to recombinant human CD36 protein. We immobilized biotin-
CD36Apt onto streptavidin biosensors and monitored binding
to serially diluted human CD36-His protein. CD36Apt bound
the CD36 protein with a KD of 26.3 nM (Fig. 1C).

CD36 is a Class B scavenger receptor consisting of 472
amino acids with an apparent molecular weight of 88 kDa.36,37

CD36 forms homodimers and multimers via thiol bridging
between extracellular cysteine residues, which provides a poss-
ible explanation for the distinct higher molecular weight band
of CD36 in the aptamer pull-down assay gel.38,39 Within
PBMCs, CD36 is uniquely expressed on CD14-expressing
monocytes; however, it is also expressed on various other cells,

Fig. 1 CD36Apt binds to CD36 receptor on monocytes. (A) Flow cytometry plots of monocytes co-stained with anti-CD36 antibody (CD36 Ab) and
monocyte-binding aptamer (CD36Apt). (B) Representative flow cytometry plots of nonspecific aptamer (NS), CD36 Ab, and CD36Apt binding to
CD36− HEK293T cells 24 h after lipofectamine transfection with mCherry-CD36-C-10 plasmid (left) and graph of percentage of mCherry+ HEK293T
cells that were also positive for antibody and aptamer binding (right). Horizontal lines and error bars represent the mean and s.d. of technical tripli-
cate experiments; n = 3; ****P < 0.0001 (one-way ANOVA). (C) Association and dissociation kinetic curves from BLI of various concentrations of
CD36-His protein binding to immobilized biotin-CD36Apt.
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including macrophages, adipocytes, microglia, microvascular
endothelial cells, and platelets.40–43 CD36 contains one large
extracellular domain, two transmembrane domains, and two
short cytosolic regions.37,44 CD36 binds to numerous ligands,
such as thrombospondin, long-chain fatty acids, and patho-
gen-associated molecular patterns, corresponding to diverse
functions in angiogenesis, fatty acid transport and metab-
olism, and the immune response, respectively.45–49 To our
knowledge, only one other CD36-binding aptamer is reported
in the literature, discovered from cell-SELEX with nonalcoholic
fatty liver disease cells.50 However, this aptamer demonstrated
no binding to monocytes or to human recombinant CD36
protein via flow cytometry and BLI, respectively, in our experi-
mental conditions (Fig. S3). Because CD36 undergoes alterna-
tive splicing, one potential explanation is that the aptamers
may bind different CD36 isoforms on different cell types.51

3.2 Optimization of traceless, aptamer-based isolation of
monocytes

Currently, anti-CD14 antibody is used in positive magnetic
selection to isolate highly pure monocytes for downstream
applications. However, the magnetic beads can remain bound
to CD14 on monocytes for days in culture, resulting in
impaired activation and proliferation of monocytes in response
to stimuli.52 We hypothesize that CD36 can be alternatively
used to isolate pure, viable monocytes from PBMCs. Like
CD14, CD36 also differentiates between classical and nonclas-
sical monocyte subsets.53,54 In addition, unlike some other
monocyte markers, such as CD163, CD36 expression is not
affected by anticoagulants or cell processing methods.55

Therefore, we evaluate here the feasibility of using CD36Apt
for monocyte isolation and characterize the isolated cell pro-
ducts compared to anti-CD14 antibody and anti-CD36
antibody.

We first truncated CD36Apt from 88 nucleotides (nt) to 65
nt in the stem region, preserving the NUPACK-predicted
binding loops and creating an 8 nt toehold sequence for fast
strand displacement with the reversal agent (Fig. S4A). We
renamed the 65 nt, truncated CD36Apt “CD36Apt.65”. We con-
firmed binding of CD36Apt.65 to CD36 on THP1 cells
(Fig. S4B) and then designed reversal agents of 18, 23, and 27
nt in length to maximize release of CD36Apt.65-bound cells
(Fig. S4C). To determine the optimal reversal agent length, we
evaluated the ability of the reversal agent to reverse binding of
fluorescently-labeled CD36Apt to THP1 cells. We tested rever-
sal agent concentrations (10- to 100-fold excess of aptamer) at
room temperature for 10 min. With >92% aptamer release at
100-fold excess, the 23 nt reversal agent displaced
CD36Apt.65 most effectively from THP1 cells at all concen-
trations (Fig. S4D). Thus, we selected the 23 nt reversal agent
for further use in our traceless, aptamer-mediated monocyte
isolation platform.

For label-free, aptamer-mediated isolation of monocytes
from PBMCs, we incubated PBMCs with CD36Apt.65 aptamer
immobilized on magnetic Anti-Biotin Microbeads (Miltenyi
Biotec), ran those cells through a magnetic column that cap-

tured aptamer-labeled cells and eliminated undesired subsets
in the flowthrough fraction via washing, and eluted the cap-
tured cells with a 10 min incubation using the complementary
reversal agent in the reversal agent elution fraction (RAE),
which disrupted the secondary structure imperative for cell
binding (Fig. 2A). Any remaining cells were flushed off the
column in the flush fraction. All fractions were analyzed with
flow cytometry staining (Fig. S5).

We optimized the aptamer-mediated cell selection platform
by (1) titrating aptamer concentrations, (2) varying ratios of
magnetic beads to cell number, (3) changing formulations of
column wash buffer, and (4) testing different conditions of
reversal agent incubations. We first evaluated various aptamer
loading conditions on magnetic supports for optimal purity
and cell capture. We incubated the magnetic beads with
CD36Apt.65 aptamer at 6.25, 12.5 and 25 nM, removed
unbound aptamers by washing, and then incubated the
aptamer-coupled beads with PBMCs. We found that the mag-
netic bead pre-incubation with 25 nM of aptamer captured
90% of CD14+ monocytes compared to the 51% and 12% cell
capture using magnetic beads incubated with 12.5 and 6.25
nM of aptamer, respectively. Comella et al. also previously
showed that an increase in antibody concentration led to an
increase in cell magnetophoretic mobility on separation of
natural killer cells from PBMCs using MACS. This increased
cell mobility provided higher cell capture with 40 µL compared
to 1 µL of antibody.56 However, purity values were higher for
the lower concentrations of aptamer (Fig. S6A). We have pre-
viously seen a decrease in purity with higher immobilized
aptamer concentration in a resin-based cell selection system.
Higher aptamer densities could disrupt aptamer folding and
limit steric accessibility of immobilized aptamers for the
cells.57,58 We selected 25 nM of aptamer for the final protocol
due to the success of cell capture with a small expense of
purity. Next, we tested magnetic bead volumes of 50, 100, 150,
and 200 μL per 100 million PBMCs. Although higher bead
volumes were shown to improve magnetic bead labelling and
cell capture,59,60 we observed no difference in purity or yield
with different bead volumes, possibly due to the excess of mag-
netic beads compared to aptamer-bound cells (Fig. S6B). We
selected 50 µL beads per 100 million PBMCs for the final pro-
tocol to maximize purity and yield and minimize cost. We then
tested variations of column wash buffers with 0.5–1% BSA and
1–2 mM EDTA formulated in DPBS solution. There were no sig-
nificant changes in purity or yield between these column wash
buffer formulations (Fig. S6C), so we selected the 0.5% BSA
and 1 mM EDTA formulation as the column wash buffer to
minimize cost.

Finally, we evaluated several methods to increase cell
elution efficiency, including (1) increasing reversal agent incu-
bation time, (2) adding a second reversal agent incubation,
and (3) increasing the reversal agent incubation temperature.
Increasing DNA hybridization time has been shown to improve
binding of DNA complementary strands.61,62 We thus
increased the incubation time for reversal agent-aptamer
binding from 10 min to 20 min but observed only minimal
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improvements in purity and no improvement in yield
(Fig. S6D, left). We also implemented a second reversal agent
incubation to improve the efficiency of reversal agent elution,

but again did not see any notable differences in purity or yield
(Fig. S6D, middle). Next, we hypothesized that increasing the
temperature of reversal agent incubation would increase the

Fig. 2 Traceless isolation of monocytes from PBMCs using aptamer-mediated selection. (A) Scheme demonstrating aptamer-mediated cell selec-
tion, where PBMCs incubated with biotin-aptamer coupled onto anti-biotin magnetic beads that specifically labeled monocytes were applied to an
LS column on a magnet, which removed unlabeled cell in the flowthrough. Aptamer-labeled cells were then incubated with 100-fold excess of the
reversal agent and eluted from the column in the reversal agent elution (RAE) fraction. Remaining cells were flushed out with a column plunger. (B)
Representative flow cytometry plots of CD14 (top) and CD36 (bottom) expression in different cell fractions of CD14 Ab-based (left), CD36 Ab-based
(middle), and CD36Apt.65-based (right) isolations. (C) Flow cytometry analysis of purity and yield of different fractions of Ab and aptamer-based iso-
lations, based on CD14+ (top) and CD36+ (bottom) cell populations. (D) Flow cytometry analysis of CD14 (left) and CD36 (right) MFI of isolated cells.
(E) Flow cytometry analysis of number of phagocytic monocytes based on percent uptake of E. coli particles. Circles, squares, triangles, and dia-
monds correspond to different donors. Horizontal lines and error bars represent the mean and s.d.; n = 5 (C and D), n = 4 (E); P > 0.5, *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001 (paired one-way ANOVA).
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hybridization efficiency and/or disrupt binding of the aptamer
to the cells, thereby releasing more bound cells. Rashid et al.
showed that a slight increase in temperature improved hybrid-
ization efficiency due to a higher kinetic rate of hybridiz-
ation.62 However, we observed a decrease in cell purity and a
slight decrease in cell yield at the higher incubation tempera-
ture (Fig. S6D, right). Increasing the temperature (at tempera-
tures much lower than the melting temperature) would also
decrease the free energy of hybridization,63 potentially decreas-
ing aptamer-reversal agent interactions. It is possible that the
higher temperature caused aptamer-reversal agent reactions to
be unstable, while the aptamer-target cell interactions were
not affected. However, we did not test CD36Apt.65 binding to
monocytes at temperatures higher than 4 °C due to aptamer
internalization concerns.33 Our final isolation conditions were
25 nM of CD36Apt.65 aptamer, 50 µL of Anti-Biotin
Microbeads per 100 million PBMCs, 0.5% BSA and 1 mM
EDTA in the column wash buffer, and one 100-fold excess
reversal agent incubation of 10 min at room temperature.

3.3 Comparison of peripheral blood monocytes by CD14
antibody, CD36 antibody, and CD36 aptamer selection

We compared monocyte isolation from five separate PBMC
donors using our optimized CD36Apt.65 approach, antibody-
based CD14 Microbeads (Miltenyi Biotec), and CD36 Ab
immobilized on Anti-Biotin Microbeads. We confirmed
efficient depletion of CD14+ cells from the flowthrough frac-
tions of all isolation strategies corresponding to high enrich-
ment of CD14+ cells in either the RAE fraction for the aptamer
or flush fractions for the antibodies, confirming that capture
of monocytes from PBMC is comparable between CD36Apt.65
aptamer and antibody-based isolation.

Overall, the combined aptamer RAE and flush fractions
yielded 94.4 (±1.80) % of the CD14+ monocytes from the initial
PBMC population, of which the RAE fraction alone yielded
74.8 (±6.44) %. These numbers are comparable to those
obtained from CD14 Ab and CD36 Ab isolations, which yielded
96.9 (±1.90) % and 92.2 (±7.95) %, respectively (Fig. 2C, top
right). On average, the purity of CD14+ cells in the aptamer
RAE fraction was 89.8 (±4.49) %, indicating low non-specific
binding to other CD14− cells in the PBMC population and low
capture levels of CD36+ CD14− cells. Compared to the purity of
CD14+ cells in the CD14 Ab and CD36 Ab elution fractions,
with 96.3 (±1.28) % and 90.4 (±4.69) %, respectively, the
aptamer RAE purity is similarly very high (Fig. 2C, top left).
The CD14 staining MFI values of the aptamer-isolated RAE
fraction and the CD36 Ab elution fraction were also similar to
that of the monocytes in the initial PBMC population with an
insignificant variation of 4.6 and 10.1%, respectively. However,
the CD14 MFI value of the CD14 Ab-isolated monocytes was
substantially lower than the initial PBMC population, with a
decrease of about 20.4% (Fig. 2D, left), likely due to the
CD14 microbeads blocking binding of the CD14 antibody used
for staining. The compromised anti-CD14 antibody binding
after positive antibody-based selection highlights the advan-
tage of traceless isolation, which leaves the receptor

untouched, minimizing any activation or phenotypic skew for
downstream applications. Because bound CD14 Ab reduces
monocyte responsiveness to LPS stimulation, with decreased
cytokine production and increased phagocytic capacity,52,64,65

these results also support the use of CD36 as an alternative
marker for monocyte isolation, which leaves CD14 unper-
turbed. In addition, proliferation of positively sorted CD14+

monocytes can be impaired compared to negatively selected
monocytes.52 CD14+ cells in the aptamer-isolated flush frac-
tion were also very pure (94.6 ± 0.85%) and exhibited slightly
higher CD14 and CD36 MFI values compared to the antibody
flush fractions. The higher CD14 and CD36 MFI values on
cells that remained in the column is consistent with the high
expression of both markers on classical monocytes.53 The
higher CD36 expression likely made aptamer displacement
more difficult via reversal agent elution.

The combined aptamer RAE and flush fractions yielded
94.2 (±2.16) % of the CD36+ cells from the initial PBMC popu-
lations, with the RAE fraction alone yielding 75.4 (±5.97) %.
Once again, yields from aptamer-based selection are compar-
able to the yields obtained from CD14 Ab and CD36 Ab selec-
tion of 90.1 (±4.09) % and 69.24 (±5.30) %, respectively
(Fig. 2C, bottom right). The purity of CD36+ cells in the
aptamer RAE fraction was 97.5 (±1.09) % which was very
similar to the purity of the CD14 Ab elution fraction, which
was 97.0 (±0.89) %. Interestingly, these CD36+ purity values
were much higher than the CD36+ purity from CD36 Ab iso-
lation, which was only 64.8 (±12.1) % (Fig. 2C, bottom left).
Given the high depletion of CD36+ cells in the flowthrough of
CD36 Ab-based isolation and the low purity of CD36+ cells in
the elution fraction, we hypothesize that the CD36 Ab might
not have been specific to or had a lower affinity for CD36+ cells
in the PBMC population. Alternatively, although the CD36 Ab
used to isolate cells (clone AC106) was different from that used
for staining (clone 5–271), these separate clones could have
competed against each other for binding, thereby reducing the
apparent CD36+ population and the CD36 MFI values com-
pared to the CD14 Ab-based and aptamer-based isolations
(Fig. 2D, right).

We also analyzed the isolated monocytes from all three
strategies for CD163 expression, HLA-DR expression, and for
monocyte subset populations. While reduced expression of
M2 marker CD163 has been observed for monocytes isolated
from positive and negative selection compared to initial
PBMCs,13 we did not see any change in CD163 expression in
the elution fractions from the three different isolation
methods (Fig. S7A). We did observe a decrease of CD163
expression in the CD36Apt.65 flush fraction, potentially due to
some TLR activation during processing, leading to ectodomain
shedding of CD163.13,66 However, we observed no difference in
CD163 expression levels between the aptamer RAE elution frac-
tion and native PBMCs. We also observed no significant differ-
ence in HLA-DR expression between any of the isolation strat-
egies (Fig. S7B). We analyzed the isolated monocytes for the
three different monocyte subsets. Monocytes are categorized
into three subsets: classical (CD14++, CD16−), intermediate
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(CD14+, CD16+), and non-classical (CD14+, CD16++). About
80–95% of circulating monocytes are classical monocytes,
which exhibit high phagocytic capacity and rapidly migrate to
infection sites.67,68 The remaining 5–20% of circulating mono-
cytes are intermediate or non-classical monocytes, which play
a role in antigen presentation, T cell stimulation, and inflam-
matory responses.67,68 Likewise, isolation methods did not
impact the distribution of monocyte subsets, as the classical,
intermediate, and non-classical populations of all isolated
monocytes were similar to the initial PBMC distribution
(Fig. S7C). Although we expected a decrease in non-classical
populations of isolated monocytes compared to native mono-
cytes, non-classical monocytes still express low levels of CD14
and CD36,67 which could bind weakly to the affinity reagents.

We next evaluated the function of monocytes isolated from
all three strategies via phagocytosis potential and response to
toll-like receptor (TLR) agonists. CD14 is a critical pattern reco-
gnition receptor for lipopolysaccharide (LPS), a component of
Gram-negative bacterial cell walls. The interaction of CD14
with multiple TLRs, such as TLR2, 4, and 6, greatly contributes
to clearance of bacterial infections.65 CD36 is a scavenger
receptor but also functions as a pattern recognition receptor
that mediates phagocytosis of bacterial pathogens.48 Given the
similar purities of CD14 and CD36 in isolated monocytes using
CD14 Ab and CD36Apt.65, it is possible that the presence of mag-
netic beads attached to the surface of CD14 Ab-isolated mono-
cytes could block LPS binding to CD14, interfering with phagocy-
tosis of LPS-containing Gram-negative bacteria. The aptamer-iso-
lated monocytes lack any bulky beads or receptor blocking,
enabling proper binding of CD14 to LPS for bacterial clearance.
To examine the phagocytic potential of the isolated monocytes,
we incubated adhered monocytes with Alexa Fluor 488-labeled,
heat-killed E. coli for 30 min, washed to remove free bacteria,
then analyzed the cells by flow cytometry. We discovered a higher
percentage of E. coli phagocytosis in the aptamer-isolated mono-
cytes at 54.3 (±15.4) % compared to the CD14 Ab-isolated mono-
cytes at 40.9 (±16.7) % (Fig. 2E). CD36 Ab-isolated monocytes also
show higher phagocytosis than CD14 Ab-isolated monocytes,
although not statistically significant, further supporting the recep-
tor blocking hypothesis.

To analyze the inflammatory responses of the isolated
monocytes, we treated them with agonists for the pattern reco-
gnition receptors TLR2 and TLR4. TLR2 binds to a variety of
pathogenic di- or triacylated lipopeptides found in bacterial
cell walls, forms heterodimers with other TLRs, such as TLR1,
TLR6, and TLR10, and triggers the MyD88-dependent NF-κB
signaling pathway for cytokine production.69–72 TLR2 also
interacts with co-receptors CD14 and CD36 for modulation of
inflammatory responses.73,74 TLR4 primarily binds to Gram-
negative bacterial LPS via the MD-2 accessory protein, also acti-
vating MyD88 and NF-κB for the production of pro-inflamma-
tory cytokines.75,76 CD14 plays a large role in transporting LPS
to the TLR4/MD-2 complex, facilitating TLR4 activation and its
subsequent signaling.77–79 CD36 has been shown to participate
in bacterial clearance via cooperation with TLR4, but not via a
direct interaction or complex with TLR4.48,80,81 Therefore, we

examined the pro-inflammatory cytokine responses of isolated
monocytes to the TLR2 agonist PAM3CSK4 and the TLR4
agonist LPS and measured secretion of pro-inflammatory cyto-
kines TNFα and IL-6. Collectively, there were no significant
differences in cytokine production for IL-6 or TNFα in
response to these TLR agonists between monocytes of
different isolation methods (Fig. S8).

The CD36Apt.65 aptamer-mediated cell selection of mono-
cytes from PBMCs was highly robust among three different
donors, with high yield and purity isolations for both CD14+

and CD36+ cells. This approach eluted label-free monocytes
with similar functional capacities to monocytes isolated with
the standard anti-CD14 antibody bead-based approach, but
with minimal concerns for activation or immunogenic effects
in downstream manufacturing processes. This completely syn-
thetic system also circumvents the need for complex and costly
antibody production and shows potential for serial selection of
multiple, different cell types in a single isolation apparatus.21

3.4 Phenotypic comparison of monocyte-derived
macrophages from monocytes isolated via CD14 antibody,
CD36 antibody, and CD36Apt.65

To evaluate the potential of using CD36Apt.65 as a selection
agent in the production of macrophage cell therapies, we further
characterized macrophages differentiated from monocytes iso-
lated by CD14 Ab, CD36 Ab, and CD36Apt.65. Monocytes differen-
tiate into macrophage subtypes depending on varying stimuli in
different tissues. M1 macrophages exhibit a pro-inflammatory
phenotype, contributing largely to antimicrobial and anti-tumor
response via immune cell activation, ROS generation, and
phagocytosis.82,83 Thus, reprogramming macrophages to the M1
phenotype is an attractive therapy for cancer suppression.84–86

M2 macrophages display an anti-inflammatory phenotype, inte-
gral to tissue repair, angiogenesis, and tumor metastasis.84,87 It is
important to note that macrophage polarization is characterized
by high plasticity; macrophage subsets can adapt to changes in
the environment.88,89

Here, we differentiated monocytes isolated by different
methods for 7 days in M-CSF and polarized the macrophages to
M0 (M-CSF), M1 (IFN-γ and LPS), and M2 (IL-4) for 48 h. We then
analyzed these macrophages for (1) surface marker expression of
M1 markers CD80 and CD86 and M2 markers CD36 and CD206
via flow cytometry staining, (2) gene expression levels of IL-6,
TNFα, and CD206 via qPCR analysis, and (3) soluble cytokine
measurements of IL-6 and TNFα cytokines.

We first analyzed the capacity of monocyte-derived macro-
phages (MDMs) to polarize to M0, M1, and M2 subtypes in
response to external stimuli (M-CSF, IFN-γ and LPS, and IL4,
respectively) via membrane expression of M1 markers CD80
and CD86 and M2 markers CD36 and CD206. Despite different
isolation strategies, all M1 MDMs exhibited elevated mem-
brane expression of CD80 and CD86, as expected. Likewise,
isolation strategy also did not influence M2 MDM expression
levels of CD36 and CD206, which were both increased, as
expected (Fig. 3A). Nielsen et al. also showed negligible differ-
ences between monocytes isolated from positive and negative
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selection in CD80 and CD206 membrane expression levels, in
agreement with our results.13 Both aptamer-based selection
and negative selection result in unlabeled monocytes, making
this comparison practical. Next, we evaluated MDM pheno-

types by gene expression of pro-inflammatory M1 genes IL-6
and TNFα, and M2 gene CD206. The isolation method did not
affect the genetic profile of M1 MDMs, as all M1 MDMs
showed the expected increase in IL6 and TNFα mRNA

Fig. 3 Characterization of monocyte-derived macrophages (MDMs) generated from CD14 Ab, CD36 Ab, and CD36Apt.65 aptamer-isolated cells. (A)
Flow cytometry surface marker expression levels of CD14, CD80, CD86, CD36, and CD206 from M0, M1, and M2 MDMs from the three different iso-
lation strategies. (B) Gene expression profiles of IL-6, TNFα, and CD206 in M0, M1, and M2 MDMs from the three different isolation strategies normal-
ized to household gene GAPDH. Relative expression levels were adjusted over CD14-isolated M0 MDMs. (C) Soluble cytokine production of IL-6 and
TNFα from M0, M1, and M2 MDMs from the three different isolation strategies. Cytokine release as measured using the LEGENDplex assay from
BioLegend. Circles, squares, and triangles correspond to different donors, of which experiments were performed in technical triplicates. Horizontal
lines/bars and error bars represent the mean and s.d.; n = 3; P > 0.5 (two-way ANOVA).
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expression levels. All M2 MDMs also showed similar elevated
levels of CD206 mRNA expression (Fig. 3B), similar to pre-
viously reported results.13 Finally, we collected cell culture
supernatants 48 h after polarization to measure the cytokine
release profiles of pro-inflammatory cytokines IL-6 and TNFα.
Regardless of isolation method, all M1 MDMs secreted similar
elevated levels of both pro-inflammatory cytokines (Fig. 3C).
Interestingly, Nielsen et al. demonstrated higher levels of pro-
inflammatory cytokine secretion in monocytes isolated via
positive selection compared to those isolated via negative
selection.13 This could be due to the lower purity of negative
selection and increased contamination with CD14− leukocytes.

In summary, all three isolation methods (CD14 Ab, CD36
Ab, and CD36Apt.65 aptamer) resulted in MDMs that (1) polar-
ized appropriately in response to M1 and M2 stimuli based on
surface marker and gene expression profiles and (2) demon-
strated appropriate functional activity, based on cytokine
secretion levels.

4. Conclusions

Here, we present a novel CD36 aptamer-mediated magnetic bead
cell selection strategy to isolate monocytes from PBMCs with high
purity and yield. We robustly achieved high purity (89.8%) and
yield (74.8%) for several PBMC donors using this platform. With
a complementary reversal agent that elutes untouched mono-
cytes, we observed higher preservation of CD14 and CD36
expression in monocytes from aptamer-mediated isolation com-
pared to those from CD14 and CD36 antibody-mediated isolation,
respectively. This will likely reduce monocyte activation risks for
applications in monocyte-derived therapies. Monocytes isolated
by our CD36 aptamer approach showed higher phagocytic poten-
tial than those isolated from CD14 Ab, suggesting better immune
function via unlabeled monocytes. Monocytes from the three
different isolation techniques did not exhibit any difference in
TLR agonist inflammatory responses. Macrophages derived from
isolated monocytes from the antibody and aptamer strategies did
not exhibit any significant differences in M1 or M2 polarization,
thus suggesting proper phenotypic and functional properties.

Aptamers for cell isolation prove to be an attractive alternative
due to reduced cost of cell separations, decreased immunogeni-
city and cell activation risk, and traceless, reversal agent elution.
Reversal agent elution can also allow for multiple, sequential cell
selections within the same column, thus increasing efficiency of
cell separation and reducing cost and labor.
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