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Abstract

Objective: Efficient enrichment of CD14-expressing cell fractions is important for down-
stream applications such as in vitro differentiation and molecular analyses. However, se-
lecting an optimal magnetic separation method can be challenging, particularly when both
cell yield and enrichment efficiency must be considered. To address this challenge, we com-
pared two magnetic separation platforms, MACS™ and MojoSort™, that use anti-CD14 an-
tibody-conjugated beads for positive selection, focusing on cell recovery and CD14 mRNA
enrichment.

Materials and Methods: Peripheral blood mononuclear cells (PBMCs) were isolated from
eight healthy pediatric donors using Ficoll gradient centrifugation. The performance of two
immunomagnetic cell isolation methods utilizing antibody-conjugated magnetic particles,
differing in separation format (column-based vs. column-free) was evaluated based on viable
cell recovery and relative CD14 gene expression levels measured by RT-qPCR across input
and output fractions, including PBMCs, CD14-enriched fractions, and flow-through fractions.
Results: Column-based method demonstrated higher cell recovery and yielded fractions
with significantly greater CD14 mRNA expression compared to column-free system. Both
systems produced fractions with increased CD14 transcript levels relative to input PBMCs and
corresponding flow-through fractions. Cells derived from both methods exhibited compara-
ble expression of macrophage-associated genes following in vitro differentiation.

Conclusion: Under the tested conditions, Column-based separation system provided high-
er cell recovery and stronger enrichment of CD14 mRNA expression than the column-free
system. These findings highlight differences in enrichment efficiency at the transcript level,
while both systems generated cell fractions suitable for downstream molecular and func-
tional applications.
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Introduction

Magnetic cell sorting is a rapid and reliable technique
commonly used to isolate specific cell types from blood
or tissue samples. Anti-CD14 magnetic beads are com-
monly employed in positive selection strategies, as CD14
is predominantly expressed in monocyte-lineage cells,
including monocytes, macrophages, and certain den-
dritic cell subsets (1-5).

The choice of cell separation strategy can influence not
only cell recovery but also downstream cellular behav-
ior, including differentiation potential. Accordingly,
obtaining viable and sufficiently enriched cell fractions
is critical for applications such as in vitro differentiation
and molecular analyses. However, achieving efficient
enrichment can be particularly challenging in pediatric
settings, where limited blood volume and low peripheral
blood mononuclear cell (PBMC) counts often restrict the
number of cells available for downstream applications.
These limitations may result in insufficient recovery of
CD14-expressing cell fractions for use in cell culture or
nucleic acid—based analyses.

In addition, monocyte-lineage cells are relatively sensi-
tive to handling, and the multi-step procedures required
for PBMC isolation and subsequent magnetic separation
can introduce variability in both yield and enrichment
efficiency.

Several magnetic-bead-based cell separation systems
are currently available, including column-based system,
(MACS™; Miltenyi Biotec, Bergisch Gladbach, Germany)
and column-free system (MojoSort™; BioLegend, San
Diego, CA, USA). Among these, magnetic-activated cell
column-based sorting system (MACS™) is one of the
most widely used systems and relies on direct magnetic
labeling with antibody-conjugated microbeads. In this
system, labeled cells are retained within a magnetic col-
umn, while unlabeled cells are removed, followed by elu-
tion of the retained fraction (2,6).

In contrast, the column-free system (MojoSort™) sys-
tem uses indirect magnetic labeling of cells prior to
separation in a magnetic field, first with the primary
antibody, then with magnetic streptavidin nanobeads
(7-9). Although both approaches have been reported
to be effective, differences in labeling strategy and
workflow may influence cell recovery and enrichment
efficiency.

Comparison of Two Commercially Available Magnetic Cell Separation Systems

In the present study, we compared two magnetic bead-
based separation systems, focusing on post-separation
cell viability and the enrichment of CD14 mRNA expres-
sion. Separation performance was assessed by measur-
ing viable cell yield through cell counting and relative
CD14 transcript levels across input and output fractions
using reverse transcription quantitative polymerase
chain reaction (RT-gPCR).

In addition, the functional potential of the enriched
fractions was assessed through in vitro macrophage dif-
ferentiation assays. Overall, this study aimed to provide
a practical and reproducible framework for optimizing
magnetic separation workflows, particularly in settings
where sample availability is limited, and evaluation is pri-
marily based on transcript-level analyses.

Materials and Methods

Sample Collection

Peripheral blood samples were obtained from healthy
pediatric donors (n=8) in accordance with an approved
institutional ethics committee protocol and following
informed consent from parents or legal guardians. All
donors were clinically evaluated prior to inclusion, had no
history of rheumatic or inflammatory diseases, and were
not receiving any medication at the time of sampling.

In addition, inflammatory markers, including C-reactive
protein (CRP) and erythrocyte sedimentation rate (ESR),
were within normal reference ranges, confirming the
absence of active systemic inflammation. Blood samples
were collected into ethylenediaminetetraacetic acid
(EDTA)-coated tubes (16 x 100 mm) under sterile con-
ditions and processed on the same day to preserve cell
integrity.

Peripheral blood samples were collected from each
donor into two 8 mL EDTA tubes. For the EDTA compar-
ison experiments, blood from one tube was divided into
three equal portions, with approximately 2.5 mL allo-
cated to each experimental condition. For the magnetic
separation experiments, PBMCs isolated from the other
8 mL blood sample were divided into two equal fractions
and subjected to MojoSort™ and MACS™ separation pro-
tocols, respectively.

All experimental procedures were conducted in accor-
dance with relevant guidelines and regulations.
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Demographic and clinical characteristics of the donors,
including age, sex, body mass index (BMI), CRP, and ESR
values, are provided in Table S1.

Isolation of Peripheral Blood Mononuclear
Cells

Equal volumes of peripheral blood were mixed with Dul-
becco's phosphate-buffered saline without calcium and
magnesium, or with DPBS supplemented with 1-2 mM
EDTA (0.5 M stock solution, pH 8.0, RNase-free; Thermo
Scientific™, Waltham, MA, USA) in 15- or 50- mL Falcon
tubes. The blood-DPBS mixture was layered onto the
Ficoll-Paque™ Plus (density 1.077 g/mL; GE Healthcare,
Chicago, IL, USA) by placing the pipette tip against the
inner wall of the tube.

The samples were centrifuged at 400 x g for 40 min-
utes, with the brake off, at 18-20°C. The buffy coat layer,
containing PBMCs, was drawn between the plasma and
Ficoll-Paque layers and washed twice with three vol-
umes of DPBS (with or without EDTA) by centrifugation
at 450 x g for 10 minutes.

Cell counting was performed using a hemocytometer
using 0.4% Gibco™ Trypan Blue Solution (Thermo Fisher
Scientific, Waltham, MA, USA). All procedures involving
cells were conducted in a biosafety level 2 (BSL-2) cell
culture hood.

Technical challenges encountered during the exper-
imental workflow, along with corresponding trou-
bleshooting strategies, are summarized in Table S2.
Peripheral blood mononuclear cells isolated from each
donor were divided into equal fractions (5 x 10 input
cells per condition) and subjected to two magnetic sep-
aration systems in parallel, allowing paired comparison
within the same donor. Additionally, PBMCs isolated
using DPBS without EDTA were subsequently used for
magnetic sorting experiments.

Magnetic Cell Separation Using Miltenyi
Biotec MACS™

Peripheral blood mononuclear cells from each sample
were first passed through a 40-pym cell strainer (Corn-
ing, Corning, NY, USA) to obtain a single-cell suspension
prior to magnetic labeling. Following cell counting,
1 x 107 PBMCs were divided into two aliquots, with
5 x 106 input cells allocated to each separation
method, and centrifuged at 300 x g for 5 - 10 minutes
at 4°C.
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The supernatant was completely aspirated, and 80 pL
ice-cold MACS buffer (prepared with 0.5% bovine serum
albumin [BSA], 2 mM EDTA, and DPBS without Ca** and
Mg*+, and filtered using the Stericup® Quick Release
Vacuum Filtration System; MilliporeSigma, Burlington,
MA, USA) was added to the cell pellet. The suspen-
sion was then transferred into a 5-mL polypropylene
round-bottom tube (Corning, Corning, NY, USA).

To minimize non-specific antibody binding, Human
TruStain FcX™ Fc Receptor Blocking Solution (BioLeg-
end, San Diego, CA, USA; cat. no. 422301) was added to
the cell suspension. After 10 min of incubation at room
temperature, 20 yL MACS™ CD14 MicroBeads (Miltenyi
Biotec, Bergisch Gladbach, Germany; cat. no. 130-050-
201) was added, and the mixture was incubated for 15
minutes on ice with shaking.

The volume was then adjusted to 3 mL with MACS buffer,
and the cells were gently mixed and centrifuged at 300 x
g for 5 minutes at 4°C. LS columns (Miltenyi Biotec; cat.
no. 130-042-401) were rinsed with 3 mL MACS buffer,
and the cell pellet was resuspended in 500 pL of MACS
buffer.

The cell suspension was applied onto the column placed
in a MidiMACS™ Separator (Miltenyi Biotec; cat. no. 130-
042-302), and the flow-through containing unlabeled
cells was collected. After all the cell mixture left the
reservoir, the column was washed twice with 3 mL MACS
buffer.

The column was then removed from the magnetic field,
and the retained CD14-positive cells were immediately
flushed out with 5 mL MACS buffer by forcefully pushing
the plunger. Both fractions were spun at 300 x g for 10
minutes at 4°C.

Cell counting was performed using trypan blue solution,
and the cells were separated for either nucleic acid iso-
lation or in vitro macrophage differentiation.

Magnetic Cell Separation Using BioLegend
MojoSort™

In parallel with the MACS™ protocol, 5 x 106 PBMCs were
transferred into a 15-mL Falcon tube and centrifuged at
300 x g for 5-10 minutes at 4°C. The supernatant was
completely aspirated, and 100 pL ice-cold MACS buffer
was added to the cell pellet. The suspension was then
transferred into a 5-mL polypropylene round-bottom tube.
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To reduce non-specific antibody binding, 5 pL of Human
TruStain FcX™ Fc Receptor Blocking Solution (BioLeg-
end, San Diego, CA, USA; cat. no. 422301) was added,
and the cells were incubated at room temperature for
10 minutes.

Subsequently, 10 yL of MojoSort™ Biotin Anti-Human
CD14 Antibody (BioLegend; cat. no. 480048) was added,
and the cells were incubated for 15 minutes. This was
followed by the addition of 10 pL of MojoSort™ Strepta-
vidin Nanobeads (BioLegend), with an additional 15 min-
utes of incubation on ice with shaking.

The total volume was then adjusted to 4 mL with MACS
buffer, and the cells were centrifuged at 300 x g for 5
minutes at 4°C. The pellet was resuspended in 2.5 mL of
MACS buffer, and the tube was placed in the MojoSort™
Magnet (BioLegend; cat. no. 480019) for 5 minutes at
room temperature.

Without removing the tube from the magnetic separator,
the supernatant containing the unlabeled cells (remain-
ing in the middle of the tube) was carefully decanted
into a clean tube. The magnetic separation step was
repeated twice to improve purity.

After the final separation, the tube was removed from
the magnet, and the collected putative monocyte-en-
riched fraction was resuspended in 3 mL MACS buffer.
Both fractions were centrifuged at 300 x g for 10 min-
utes at 4°C, then counted using trypan blue solution.

The resulting cells were subsequently used for nucleic
acid isolation or in vitro macrophage differentiation
assays. Non-target fractions obtained from both meth-
ods were used as labeling controls.

Specifically, the number of PBMCs processed was stan-
dardized to 5 x 106 cells for each method, and bead
volumes were applied according to the manufacturer’s
recommended ratios for this input cell number.

Assessment of Cell Viability and Separation
Yield

For each donor, isolated PBMCs were split into two equal
fractions and processed in parallel using the MACS™
and MojoSort™ separation kits. Peripheral blood mono-
nuclear cells, magnetically selected fractions, and the
corresponding flow-through cells were counted using
trypan blue exclusion.

Comparison of Two Commercially Available Magnetic Cell Separation Systems

Cell viability and separation yield were calculated as
follows:

Post-sort cell viability (%) = (Number of viable cells
after sorting / Total number of recovered cells after
sorting) x 100

Separation yield (%) = (Number of cells obtained in
the magnetically selected CD14-enriched fraction
after sorting / Input PBMCs) x 100

RNA Extraction and Quantitative PCR

Total RNA was extracted from equal numbers of cells
derived from PBMCs, magnetically selected fractions,
and corresponding flow-through cells using the Pure-
Link™ RNA Mini Kit (Invitrogen™, Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
instructions.

RNA concentration and purity were assessed spectro-
photometrically using the NanoDrop™ One Microvolume
Ultraviolet-Visible (UV-Vis) Spectrophotometer (Thermo
Scientific™, Thermo Fisher Scientific, Waltham, MA, USA).

Complementary DNA (cDNA) was synthesized from equal
input amounts of total RNA (200 ng) using the OneScript
Plus cDNA Synthesis Kit (Applied Biological Materials
Inc., Richmond, BC, Canada) following the manufactur-
er’s protocol.

RT-gPCR was performed using BlasTag™ 2X qPCR Mas-
terMix (Applied Biological Materials Inc., Richmond, BC,
Canada) on a LightCycler® 480 Real-Time PCR System
(Roche Diagnostics, Basel, Switzerland). Each reaction
was performed in technical replicates using gene-spe-
cific primers (Table S3) and standardized amounts of
cDNA.

Relative gene expression levels were calculated using
the 2-ACt method, after normalization to an internal
housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (10).

In Vitro Macrophage Differentiation

Cells from the magnetically selected fraction were
seeded at a density of 3 x 104 cells/cm2in 12-well tissue
culture-treated plates containing RPMI-1640 medium
(Gibco™, Thermo Fisher Scientific, Waltham, MA, USA;
cat. no. 21875034) supplemented with 2 mM GlutaMAX™
(Gibco™, Thermo Fisher Scientific, Waltham, MA, USA),
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10% heat-inactivated standardized commercial new-
born calf serum (NBCS; Gibco™, Thermo Fisher Scien-
tific, Waltham, MA, USA), 1% NEAA (Life Technologies),
1% sodium pyruvate (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA), and 500 U/mL of penicillin-strepto-
mycin (Gibco™, Thermo Fisher Scientific, Waltham, MA,
USA).

To induce macrophage differentiation, the cul-
ture medium was further supplemented with 25 ng/
mL recombinant human granulocyte-macrophage
colony-stimulating factor (GM-CSF; R&D Systems,
Minneapolis, MN, USA; cat. no. 215-GM-010) and
50 ng/mL macrophage colony-stimulating factor
(M-CSF; R&D Systems, Minneapolis, MN, USA; cat. no.
216-MCC-010).

Cells were maintained under standard culture conditions
(37°C, 5% CO,) for 7 days, with partial medium replace-
ment performed at regular intervals. At the end of the
differentiation period, adherent macrophages were
gently washed and either collected or directly used for
downstream functional and molecular analyses.

Cell morphology was routinely examined using an
inverted light microscope (Axio Vert.Al, ZEISS, Oberko-
chen, Germany).

Statistical Analysis
Statistical analysis was performed using IBM SPSS
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Statistics for Windows, version 29.0 (IBM Corp., Armonk,
NY, USA). Data were shown as mean + standard deviation
(SD).

For comparisons between the two isolation methods,
paired statistical tests were performed, as measure-
ments obtained from the same eight donors constitute
dependent (matched) quantitative data. All comparisons
were conducted using paired samples derived from the
same donor to eliminate inter-individual variability.

Normality of the paired differences was assessed using
the Shapiro-Wilk test. When data were normally distrib-
uted, group comparisons were conducted using a paired
t-test; otherwise, the Wilcoxon signed-rank test was
applied.

A p-value <0.05 was considered statistically significant.

Results

Optimizing the Working Conditions of PBMC
Isolation

In this protocol comparison and optimization study, we
first evaluated several critical parameters that can be
decisive for efficient PBMC isolation. One key parame-
ter examined was working temperature. Although stan-
dard protocols recommend maintaining all consumables
used for PBMC isolation at room temperature (18-22°C),

Table 1. Comparison of PBMC yields obtained using DPBS supplemented with varying EDTA concentrations. The initial blood volume was
standardized to 2.5 mL for each condition. PBMC yields are presented as cells/mL of blood.

Sambles Count of PBMC DPBS Count of PBMC DPBS Count of PBMC DPBS
P w/out EDTA / PS-PBMC yield w/ 1 mM EDTA / PS-PBMC yield w/ 2 mM EDTA / PS-PBMC yield
1 3.5x 108/ 3.8x 108/ 4.1x 106/
1.40 x 106 cells/mL 1.52 x 106 cells/mL 1.64 x 106 cells/mL
. 3.45 x 10%/ 3.95x 10%/ 3.75x 10%/
1.38 x 10° cells/mL 1.58 x 106 cells/mL 1.450x 10° cells/mL
44 3.8x 108/ 3.75x 108/ 3.65 x 108/
1.52 x 106 cells/mL 1.50 x 106 cells/mL 1.46 x 106 cells/mL
us 3.25x 10%/ 4.05x 100/ 3.95x 10%/
1.30 x 10 cells/mL 1.62 x 106 cells/mL 1.58 x 10 cells/mL
46 3.4x 108/ 3.95 x 108/ 3.9x 108/
1.36 x 10° cells/mL 1.58 x 10 cells/mL 1.56 x 10° cells/mL
48 3.65 x 10%/ 3.90 x 10%/ 3.95x 10%/
1.46 x 10° cells/mL 1.56 x 106 cells/mL 1.58 x 10 cells/mL
Mean + SD 3.51x10%+0.2 x 106/ 3.9x10%£0.11 x 106/ 3.88 x 10% £ 0.16 x 10% /
= 1.40 x 10% + 0.08 x 10° cells/mL 1.56 x 10 + 0.05 x 10° cells/mL 1.55 x 10% + 0.06 x 10° cells/mL

PS: Post-sorting, SD: Standard deviation.

Buyuker A et al.
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Table 2. Post-isolation viable cell counts, viability, and separation yield of magnetically selected and corresponding flow-through frac-
tions obtained using different cell separation systems. Input cell numbers were standardized to 5 x 106 PBMCs for each method. Output cell
counts were calculated as the sum of cells recovered in the magnetically selected fraction and the corresponding flow-through fraction.

Viable cell counts | Viable cell counts

in flow-through in magnetically fetaloutngtell ik,

Recovery yield

Samples

. . n viability (9 9
fraction selected fraction® g ablility (%) (%)
#1 42x10° 45x10° 4.65 x 108 93.00 9.68
#2 3.9 x 108 4.1x 10° 431 x 108 86.20 9.51
#3 4x10° 3.9x10° 4.39 x 108 87.80 8.88
#4 4.2 x 10° 435 x 10° 4.64 x 106 92.70 9.38
Column- 5 5 6
based #5 43 x 10 4.15x 10 472 10 94.30 8.80
system 6 5 6
#6 3.1 x 10 3.8x 10 3.48 x 10 69.60 10.92
#7 3.5x 10° 3.7x 10° 3.87 x 106 77.40 9.56
#8 4x10° 43x10° 4.44 x 108 88.70 9.68
3.90 x 106 £ 41x10°+ 431x 106+
Mean + SD 041 x 106 3% 105 0.43 x 105 86.21 + 8.58 9.55 + 0.62
#1 4.10 x 106 3.50 x 10° 4.45 x 108 89.00 7.87
#2 4.00 x 106 3.25x 10° 433 x 108 86.50 7.51
#3 3.85 x 10° 2.95 x 10° 4.15 x 108 82.90 7.11
#4 4.25x 106 3.15x 10° 457 x 108 91.30 6.89
Column- 5 5 6
free #5 3.95 x 10 3.30x 10 428 x 10 85.60 7.71
system 6 5 6
#6 3.55 x 10 2.70x 10 3.82x 10 76.40 7.07
H7 3.90 x 10° 3.10 x 10° 4.21 x 108 84.20 7.36
#8 4.15 x 106 2.95 x 10° 4.45 x 108 88.90 6.63
3.97 x 10% + 3.11x10° + 428x 100+
Mean + SD .22 x 105 .25 % 105 093 x 105 85.6 + 4.62 7.27+0.40
p-value N.S. 3.278E-06 NS NS 7.94797E-07

"The selected fraction refers to the magnetically retained cell population obtained after separation, while the flow-through fraction represents the

unbound cells. Enrichment was evaluated based on cell recovery and downstream molecular analyses and does not represent phenotypic purity or cellular

composition.

Statistical comparisons were performed between the separation systems (Column-based system vs. column-free system).
FT: Flow-through, Sel: Selected fraction. NS: Non-significant. PS: Post-separation. SD: Standard deviation.

lower temperatures are often preferred to preserve cell
viability during long isolation periods.

When cold DPBS was used, and centrifugation was per-
formed at 4°C, the resulting buffy coat appeared clumpy
(Eigure S1a) and was difficult to dissociate into a sin-
gle-cell suspension, although it was more readily visible
and easier to collect (Eigure S1b). In contrast, samples
processed at room temperature consistently yielded
homogeneous single-cell suspensions, facilitating accu-
rate PBMC quantification and efficient downstream sep-
aration and differentiation. Therefore, we continued our

experiments, including PBMC handling, at room tem-
perature to ensure consistency across all processing
steps.

Furthermore, previous studies have reported enhanced
PBMC yield when DPBS is supplemented with EDTA
(11,12). To evaluate this effect, each blood sample was
divided into three equal aliquots: (i) DPBS alone, (ii)
DPBS supplemented with 1 mM EDTA, and (iii) DPBS
supplemented with 2 mM EDTA. Peripheral blood mono-
nuclear cell yield was quantified at the end of isolation
(n=6 per group).
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Supplementation with EDTA concentration significantly
increased PBMC yield compared with DPBS alone. Spe-
cifically, PBMC counts and yields were 3.51 x 106 + 0.2 x
10 cells / 1.40 x 106 + 0.8 x 10 cells/mL for the DPBS
without EDTA group, 3.9 x 106 + 1.1 x 10° cells / 1.56
x 10 + 0.44 x 10 cells/mL for DPBS with 1 mM EDTA
group, and 3.88 x 106 + 1.6 x 10° cells / 1.55 x 106
+ 0.64 x 10° cells/mL for DPBS with 2 mM EDTA group
(Figure Sic, Table 1).

A statistically significant increase was observed only
between the DPBS-alone group and the EDTA-supple-
mented groups (p=0.0015 and p=0.0044, respectively;
Table 1). The higher EDTA concentration also increased
PBMC counts; however, this difference was not statisti-
cally significant (p=0.8376; Table 1).

Comparison of Two Magnetic Bead-Based
Cell Separation Platforms

We evaluated two magnetic bead—based cell separation
platforms, by comparing standard outcome parame-
ters, including post-separation cell viability and recov-
ery yield. In addition, relative enrichment efficiency
was assessed by downstream analysis of CD14 mRNA
expression. All samples were processed using identical
starting material (5 x 106 PBMCs per separation; n=8
per group).

Overall cell viability, calculated as the percentage of
viable output cells relative to the input, was compara-
ble between the two systems (column-based system:
86.21% + 8.58; column-free system: 85.60% + 4.62; p >
0.05; Table 2). The number of recovered cells in the mag-
netically selected fraction was significantly higher with
column-based system (4.1 x 10° + 0.3 x 10°) compared
with column-free system (3.11 x 10° + 0.25 x 10°), indi-
cating a statistically significant increase in recovered

Figure 1. Schematic workflow of magnetic bead-based cell
separation and assessment of CD14 mRNA expression by reverse
transcription quantitative polymerase chain reaction (RT-gPCR).

Relative enrichment of CD14 mRNA in magnetically selected fractions and
corresponding flow-through fractions after separation using the column-
based and column-free magnetic cell sorting systems. Results were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). RT-
gPCR reactions were performed in duplicate, and eight biological samples
were analyzed. The graph was generated using Simplistats (https://
simplistats.com). Cycle threshold (Ct) values for unbound flow-through cells
were 35 or higher. p values were 6.234 x 1076 for column-based vs column-
free system, 9.695 x 1077 for peripheral blood mononuclear cells (PBMCs) vs
column-based system, and 0.417 for PBMCs vs column-free system.

NS: Nonsignificant.

Buyuker A et al. 51
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cell numbers with the column-based system (p<0.001,
Table 2).

Accordingly, paired analyses demonstrated that
recovery efficiency was significantly higher following
column-based system (9.55 + 0.62%) compared to col-
umn-free system (7.27% + 0.40) (p<0.001, Table 2).

To further characterize the isolated fractions at the
molecular level, CD14 gene expression was analyzed by
quantitative RT-PCR (Figure 1). Following normalization
to GAPDH, CD14 mRNA expression showed a 2.74 + 2.11-
fold increase in PBMCs, an 11.46 + 5.83-fold increase in
column-based system-selected fractions, and a 3.39 *
2.64-fold increase in column-free system-selected frac-
tions (Figure 1).

Cells obtained using the column-based system exhibited
significantly higher CD14 mRNA expression compared to
PBMCs and to fractions obtained using the column-free
platform (p<0.001; Figure 1).

At the individual donor level, CD14 mRNA levels were
consistently higher in fractions obtained using the col-
umn-based system than in those obtained using the col-
umn-free system, based on GAPDH-normalized values
(2-ACt; Figure 2a). Paired statistical analysis (n=8) con-
firmed this observation, demonstrating a significant dif-
ference between the two separation methods (p=0.0105;
Figure 2b), independent of donor variability.

Microscopic observations during trypan blue-based cell
counting revealed differences in cellular composition
between the two systems. Column-based system-de-
rived fractions appeared more uniform, whereas Col-
umn-free system-derived fractions contained a higher
proportion of additional cellular elements, including
platelets (Figure S1d, Figure Sle). These observa-
tions, however, were qualitative and not quantitatively
assessed.

To evaluate functional potential, magnetically selected
fractions were subjected to in vitro differentiation for 7
days. Cells derived from both platforms exhibited mor-
phology consistent with macrophage-like cells (Figure
3a, Figure 3b).

Expression of the macrophage-associated markers
CD68 and colony-stimulating factor 1 receptor (CSF1R)
was assessed by RT-gPCR. No statistically significant

Comparison of Two Commercially Available Magnetic Cell Separation Systems

differences were observed between the two groups
(p>0.05; Figure 3c, Figure 3d). CD68 mRNA expression
increased by 6.51 + 1.8-fold in column-free system-de-
rived cells and by 6.4 + 0.97-fold in column-based
system-derived cells relative to their respective undif-
ferentiated counterparts (Figure 3c). Similarly, CSFIR
mRNA expression increased by 17.08 + 9.77-fold and
19.82 + 6.3-fold in column-free and column-based sys-
tem-derived cells, respectively (Figure 3d).

Discussion

This study aimed to comparatively evaluate the perfor-
mance of two commercially available magnetic bead-
based cell separation platforms, under standardized
experimental conditions. The comparison focused on cell
recovery, viability, and enrichment efficiency as assessed
by CD14 mRNA expression. Although CD14 is commonly
associated with monocyte-lineage cells, it is important
to note that the present study evaluates enrichment at
the transcript level rather than at the phenotypic level.

MACS™, as one of the earliest and most widely adopted
magnetic separation technologies, has been extensively
used in previous studies (2,6,13). In the present work,
both MACS™ and MojoSort™ systems were evaluated in
parallel using identical starting material and processed
by the same operator to minimize technical variability
and ensure an unbiased comparison. In addition, we
present practical optimization strategies for PBMC iso-
lation and magnetic separation that may improve cell
recovery and viability, particularly in settings with limited
sample availability (Table S2).

Pre-analytical variables were found to play a critical role
in downstream outcomes. The use of EDTA-containing
blood collection tubes is recommended for RNA-based
applications, as heparin may inhibit reverse transcriptase
and DNA polymerase activity (14,15). However, EDTA may
not be suitable for all cell types and applications (16),
and its use should be considered in the context of the
intended downstream analysis. Consistent with previous
reports, the inclusion of EDTA in washing buffers reduced
cell aggregation and improved recovery (12). Although
Efthymiou et al. (12) reported no significant difference
in PBMC counts between washing buffer with or without
EDTA, flow cytometry analysis revealed higher frequen-
cies of CD4* and CD8* T cells in the EDTA-supplemented
group. In our experiments, phosphate-buffered saline
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Figure 2. Paired comparison of CD14 expression between two isolation methods.

(A) Relative CD14 mRNA expression levels (2°ACt) of the samples. ACt values  represents an individual donor (n=8), and paired samples are connected by
of CD14 were normalized to GAPDH. (B) Paired comparison of CDI4 mRNA  lines. Statistical analysis was performed using the Wilcoxon signed-rank test
expression levels (2°ACt) between the two isolation methods. Each point  (p=0.0105).

Figure 3. Comparison of macrophage differentiation efficiency in CD14 mRNA-enriched cells isolated using two methods.

Representative inverted microscope images of macrophage (M®) cultures  and p=0.902, respectively). Results were normalized to GAPDH. RT-qPCR
differentiated from (A) MojoSort™-sorted and (B) Column-based platform—  reactions were performed in duplicate, and n=8 biological samples were
sorted CD14-mRNA enriched cell fractions. Scale bar: 100 um. Differential ~ analyzed. Differences between conditions were analyzed using a paired
(C) CD68 and (D) CSFIR mRNA expression levels of macrophages (p=0.576  Student’s t-test.
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(PBS) supplemented with EDTA increased PBMC yield by
approximately 12%, which is particularly relevant when
working with limited blood volumes (Table 1, Figure S1).
Furthermore, timely processing of fresh blood samples
and careful execution of density gradient centrifugation
were essential for maintaining PBMC integrity and mini-
mizing cell loss (17).

Magnetic separation workflows also require careful han-
dling to ensure reproducibility. Preventing cell aggre-
gation, optimizing column loading (for column-based
system), and applying controlled washing steps were
critical factors influencing recovery efficiency (1,2,7-9).
The inclusion of BSA in separation buffers contributed to
improved cell stability and reduced nonspecific binding,
consistent with its known protective and blocking prop-
erties (18,19).

Post-separation viability is a key determinant of down-
stream usability. In the present study, both platforms
demonstrated comparable viability (approximately
86%), with no statistically significant difference between
systems. Although magnetic separation is generally
associated with lower cell loss than fluorescence-ac-
tivated cell sorting, some cell loss is expected due to
mechanical handling and processing steps. Maintaining
high viability after PBMC isolation and magnetic separa-
tion is critical for downstream applications, as mechan-
ical stress and dead cells can promote nonspecific
microbead binding. Although magnetic sorting is asso-
ciated with approximately 10% cell loss (compared with
approximately 70% for FACS) (20), our platforms showed
similar overall losses with comparable post-sorting via-
bility. Notably, although both systems showed similar
overall recovery profiles, Column-based system yielded
a significantly higher cell count in the magnetically
selected fraction.

At the molecular level, CD14 mRNA expression assessed
by RT-qPCR was used as an indirect indicator of enrich-
ment efficiency in this study. Importantly, studies eval-
uating magnetic separation methods often report
outcomes in terms of cell purity and phenotypic iden-
tity. However, when characterization is based solely on
gene expression analysis, such as RT-qPCR, the results
reflect transcript-level enrichment rather than direct
evidence of protein expression or cellular composition.
Therefore, careful interpretation of enrichment data
is required, particularly in the absence of protein-level
validation methods such as flow cytometry. In our study,
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column-based system achieved significantly higher CD14
mRNA-enriched cell yield, which aligns more closely with
the expected ~10% monocyte fraction in peripheral
blood (21). Importantly, these results reflect relative
enrichment of CD14 mRNA expression rather than direct
quantification of CD14 protein-positive cells. Therefore,
interpretations regarding cell identity should be made
with caution. The consistency of increased CD14 mRNA
expression across all donors suggests that the observed
differences are method-dependent rather than driven by
inter-individual variability.

Functional assessment demonstrated that cells derived
from both separation methods could undergo in vitro dif-
ferentiation into macrophage-like cells, as evidenced by
morphology and increased expression of macrophage-as-
sociated genes, including CD68 and CSF1R (Figure 3). No
significant differences were observed between the two
systems for these differentiation-associated markers,
suggesting that both platforms generate cell fractions
suitable for downstream functional applications. These
findings are consistent with previous reports indicating
that magnetic separation methods do not adversely
affect subsequent differentiation capacity (21).

Qualitative microscopic observations revealed differ-
ences in cellular composition between fractions obtained
with the two systems, with column-based system-derived
fractions appearing more uniform, whereas column-free
system-derived fractions contained additional cellu-
lar elements, such as platelets (Figure S1). However,
these observations were not quantitatively assessed and
should be interpreted cautiously, as no phenotypic vali-
dation was performed.

Both positive selection-based magnetic separation sys-
tems present inherent advantages and limitations. The
column-based system employs a direct labeling strategy
and column-based separation, which may contribute to
higher retention efficiency of labeled cells. In contrast,
the column-free system relies on indirect labeling and
column-free separation, which may result in partial loss
of labeled cells during handling steps. Moreover, neg-
atively selected CD14-positive monocytes have been
reported to be highly contaminated with platelets (3),
whereas positive selection may be time-consuming (2). In
our experimental setting, column-based system demon-
strated higher recovery and stronger enrichment of CD14
mRNA expression, along with a shorter processing time.
However, factors such as cost, required equipment, and
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workflow preferences may influence the choice of sys-
tem in different laboratory settings.

A key limitation of this study is the absence of pro-
tein-level validation of the isolated cell fractions. CD14
expression was assessed exclusively at the mRNA level
using RT-gPCR, and no flow cytometric or immunophe-
notypic analysis was performed. Consequently, the pro-
portion of CD14 protein-positive cells within the isolated
fractions and the precise cellular composition remain
undetermined. The results should therefore be inter-
preted as measures of relative enrichment rather than
phenotypic purity or definitive identification of mono-
cytes. Future studies incorporating multiparametric flow
cytometry and additional lineage markers will be neces-
sary to confirm cellular identity and quantify population
composition.

Despite the relatively small sample size, the use of a paired
donor-matched design strengthened the statistical power
and reduced the impact of inter-individual variability. All
samples were processed in parallel under identical condi-
tions, supporting the robustness and reproducibility of the
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