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Cell separation is a critical process in biological and biomedical research, and in clinical therapy. The
gold standard of cell separation techniques are fluorescence-activated cell sorting (FACS) and magnetic-
activated cell sorting (MACS). Despite this, there are still some limitations with FACS and MACS such as
low recovery and purity, and affecting the cell physiology and viability. Herein, we report a universal cell
separation approach based on reversible binding between N3'-ethyl biotin and streptavidin, which allows
for fast capturing of target cells from cell mixture, and fast and complete releasing cells from magnetic
beads under mild, physiological conditions. This universal method for detaching cells from magnetic beads

provides an efficient cell separation technique based on MACS to give high recovery, high purity, and high

\Viability of cells. )
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Short Commentary

Cell separation is a powerful tool enabling the isolation of cellular subpopulations for biological
research and clinical applications [1-5]. Many cell separation techniques are currently commercially avai-
lable, which are predominantly based on three methodologies: adherence, density, and cell surface marker.
Some new techniques based on microfluidic devices and cellular properties are being developed [6,7]. The
gold standard for cell separation is fluorescence-activated cell sorting (FACS) and magnetic-activated cell
sorting (MACS) [8-11]. These techniques have been extensively used in many applications ranging from
in vitro diagnostics to cell-based therapeutics [12-18]. FACS is capable of processing millions of cells and
isolating multiple, high purity subpopulations. However, the limitations of this technology are the time-
consuming, high cost, and low recovery, especially in the separation of rare cells [19,20]. MACS is designed
for high-throughput separation of specific target cells from complex mixtures based on immuno-magnetic

labels [11,21]. These MACS techniques have been classified based on the size of magnetic particles, such as
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MACS® (20-100 nm, Miltenyi Biotec); IMAG® (100-500 nm, BD Biosciences); Dynal® (1-5 pm, Thermo-
Fisher Scientific). The MACS® technique usually doesn’t require the bead removal step after positive cell
separation, due to the small size (~50 nm) and biodegradability of magnetic particles [22]. But, a strong
external magnetic filed must be applied to capture the small size of magnetic particles. In some particular
applications such as cell sequential sorting based on more than one surface marker (MultiSort strategy),
the prior removal of the beads used in the first sorting step is required for next-step selection [23,24]. Using
microbeads such as Dynabeads (1-5 um) for cell separation allows for being easily “pulled out” from cell
suspension with a simple magnetic separator such as an MPC separator [25,26]. However, in many cases,
the removal of larger superparamagnetic particles from the cell surface is necessary for down-stream ap-

plications [11].

To detach magnetic beads from the cell surface, several approaches have been developed [11]. For
example, chymopapain has been used to selectively cleave the CD34 molecule from human hematopoietic
cells to detach magnetic beads coated with anti-CD34 antibody [27]. But, this method is only useful for
CD34+ cell separation. For general applicability, trypsin has been used for proteolytic detachment [28].
However, trypsin digestion is non-specific, and thus affects the surface antigen expression of isolated cells.
Two methods based on the competition approach have been commercialized. One is called the “DETACHa-
BEAD” system [29], in which a polyclonal antibody is used to compete with the binding of primary antibody
on magnetic beads; The other is called Bartex Isolex system [30], in which a synthetic peptide is used to
compete with the binding of the anti-CD34 antibody. A DNA linker between primary antibody and magnetic
beads was also used to detach cells from magnetic beads using low-ionic-strength buffer or DNase [31,32].
Overall, all the detach methods have disadvantages in low recovery or requirement of long incubation time,

thus affecting the cell physiology and viability [33,34].

Developing a new universal method with fast and complete detachment will be valuable for cell se-
paration applications. In the past, we synthesized a library of new biotin analogs, in which some key H-bon-
ding interactions between biotin and streptavidin were blocked or perturbed to reduce the binding affinity
[35,36]. We have identified some biotin analogs that show optimal reversible interaction with streptavidin,
which allows (1) fast and complete binding and (2) fast and complete release, under mild, physiological
conditions. As shown in Figure 1, one of our new biotin analogs, named N3'-ethyl biotin (kD ~0.8 nM), has
fast on-rate (kon ~1.5 x 10° M-1S-1), and also fast off-rate (koff ~5.8 x 102 S-1) in the presence of 1 mM bis-
biotin competing reagent. Instead, biotin is almost irreversible under the same condition. These reversible
interactions between N3'-ethyl biotin and streptavidin provide a unique method for reversible immobili-
zation of N3"-ethyl biotinylated antibody on magnetic streptavidin beads for cell separation applications.
Here we report a universal cell separation approach based on reversible binding between N3'-ethyl biotin

and streptavidin.

To assess the effectiveness of cell separation using the streptavidin-N3’-ethyl biotin system, the N3'-
ethyl biotin was initially labeled with mouse anti-human CDx monoclonal antibodies (mAb). In addition,
the mAbs were conjugated with AlexaFluor 488 to allow for flow cytometry analysis. The evaluation of cell

separation was performed using a cell model system of human peripheral T lymphocytes (CD3+, CD4+, and
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Figure 1: a) Association and dissociation curves between biotin or N3’-ethyl biotin and
streptavidin on the ForteBio system. Each association curve was generated by incubating
biotin or N3'-ethyl biotin sensor tip with streptavidin. The dissociation curve was gene-
rated by incubating the biotin-streptavidin or N3'-ethyl biotin-streptavidin complex at 1
mM bis-biotin in the PBS buffer. b) Chemical structures of N3'-ethyl biotin and bis-biotin.
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CD8+ cells). The human peripheral blood mononuclear cells (PBMCs) were prepared by NH4Cl lysis from
human peripheral blood obtained from healthy volunteers following company guidelines. Initially, PBMCs
(3 x 107 cells) were separately incubated with mouse anti-human CDx (CD3, CD4, and CD8) mAb-N3'-ethyl
biotin conjugate for 10 minutes on ice for 10 min. Then, streptavidin M280 Dynabeads (ThermoFisher
Scientific) were added and incubated under rolling and tilting for 10 minutes at room temperature. The cell
mixture was then placed on a magnet for 1 minute, and the supernatant was aspirated. The cells containing
magnetic beads were washed, and then the cells were detached from the magnetic beads by incubating
with 1 mM bis-biotin for 5 minutes. The number and viability of isolated cells were measured using Coun-
tess® automated cell counter. The purity and depletion efficiency was evaluated using flow cytometry. The
results are summarized in Figure 2 and Table 1. By demonstrating the feasibility of cell separation based
on three different cell surface markers, a simple workflow has been established, consisting of two-step
incubations, one-step wash, and one-step detachment, as shown in Figure 2a. The entire cell separation
process can be carried out in less than 30 min to achieve high recovery (>80%), high purity (>92%), and
high viability (>92%). By using streptavidin M280 Dynalbeads, each target cell was captured by multiple
magnetic beads (Figure 2b), and can be easily separated by a simple magnet (Figure 2b) to achieve high
depletion efficiency (98-100%, Figure 2c). The N3'-ethyl biotinylated mAb was rapidly and fully released
from the streptavidin magnetic beads using 1 mM bis-biotin under physiological conditions, resulting in
high recovery, high purity, and high viability of cells (Figure 2c).
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Figure 2: a) Illustration of cell separation workflow; b) Cell imaging at different sepa-
ration stages. Scale bar, 10 um; c) Flow histograms of cells based on three different cell
surface markers (CD3, CD4, and CD8) at pre-isolation, after depletion, and after release,
respectively.

/

The method as described above using primary antibody with streptavidin M280 Dynabeads requires
the labeling of each primary antibody (anti-CD3 mAb, anti-CD4 mAb, and anti-CD8 mAb) with N3'-ethyl
biotin molecule. The process of antibody labeling can be time-consuming if the cell separation involves
various cell surface makers such as CD1 to CD200. To explore a more general and cost-effective method, a
secondary antibody such as goat anti-mouse (GAM) IgG was labeled with N3'-ethyl biotin. Then, the N3'-
ethyl biotin-GAM IgG conjugate was immobilized onto streptavidin M280 Dynabeads. The same procedure
as above was followed for cell separations except for the use of a secondary antibody to label N3'-ethyl
biotin. Briefly, PBMCs (3 x 107 cells) were incubated with unlabelled mouse anti-human CDx (CD3, CD4,
and CD8) mAbs on ice for 10 minutes. Streptavidin M280 Dynabeads coated with GAM IgG-N3'-ethyl biotin
conjugate was added and incubated under rolling and tilting for 10 minutes at room temperature. After
washing to remove unbound reagents, the magnetic beads were detached from cells by incubating with
1 mM bis-biotin for 5 minutes to recover target cells free of beads. The results are shown in Table 1. By
conjugating a secondary antibody such as GAM IgG with N3'-ethyl biotin, it eliminates multiple conjugation
processes on primary antibodies such as mouse anti-human CDx mAb labeling. This method provides a
more cost-effective and universal approach. As demonstrated in Table 1, the recovery and purity of isolated
cells using the secondary antibody approach are better than those using the primary antibody approach.

This could be due to the higher affinity of the excess amount of secondary antibody-coated streptavidin
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CTable 1: Recovery, purity, and viability of isolated cells. )

Method Cell type Recovery!! Purity™ Viability®
Primary Ab CD3 87 + 6% 96 + 2% 96 + 2%
Primary Ab CD4 84 +8% 92+ 2% 92 +3%
Primary Ab CD8 72+ 5% 93+3% 93+ 2%
Secondary Ab CD3 92 +4% 96 + 2% 97 + 2%
Secondary Ab CD4 88+ 6% 97 + 2% 94 + 2%
Secondary Ab CD8 82+5% 96 + 2% 95+ 3%

[a] Each recovery and viability are reported the mean of independent triplicate experiments based on Countess® measurement.
[b] Each purity is reported the mean of independent triplicate experiments based on flow cytometry measurement. Error bars
represent the standard deviation of independent triplicate experiments.
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Figure 3: Flow histograms of cells based on dual cell surface markers (CD3 and CD4) at
pre-isolation, after depletion, and after release. The population of lymphocytes, mono-
cytes, and granulocytes is shown on top. The subpopulation of lymphocytes based on CD3
and CD4 cell surface markers is shown at the bottom.

magnetic beads to capture primary antibody-labeled targeted cells, and it tolerates more extensive wash to
achieve high purity. In summary, both approaches provide a simple workflow and a universal detachment

method for cell separation applications.

An important application in cell separation is to isolate cell subpopulations based on dual cell sur-
face markers. Miltenyi Biotec has developed a MultiSort strategy, which involves first incubating a cell mix-
ture with MultiSort MicroBeads to capture cells of interest based on the first cell surface marker, and then
enzymatically cleaving the MultiSort MicroBeads. The isolated cells are then incubated with MACS® Micro-
Beads to capture the cell subset based on the second cell surface marker. Another method of cell separation
based on dual cell surface markers involves using two different sizes of immunomagnetic beads (MACS®
MicroBeads and M280 Dynabeads), which eliminates the need for detaching MACS® MicroBeads used in
the first selection step [37]. However, both strategies require a two-step sequential selection. To develop a
more straightforward workflow of cell separation based on dual cell surface markers, we proposed a new

approach using biotin and biotin analog with different binding affinity. To test the hypothesis, we chose a
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cell model system of human peripheral T lymphocytes based on dual cell surface markers (CD3 and CD4).
The anti-CD4 mAb was labeled with biotin molecule and AlexaFluor 647 (Labeling AlexaFluor dye is for
flow cytometry analysis purposes); and anti-CD3 mAb was labeled with N3'-ethyl biotin and AlexaFluor
488. PBMCs (3 x 107 cells) were incubated with anti-CD4 mAb-biotin conjugate and anti-CD3 mAb-N3'-
ethyl biotin conjugate simultaneously on ice for 10 minutes. Then, streptavidin M280 Dynabeads were
added and incubated for 10 minutes at room temperature. After the washing step to remove unbound cells,
the magnetically labeled cells were selectively released by incubating with 1 mM bis-biotin for 5 minutes
to yield beads-free CD3+CD4- cells. As shown in Figure 3, after incubation with biotinylated anti-CD4 mAb
and N3'-ethyl biotinylated anti-CD3 mAb, the cells either CD3+ or CD4+ have been captured by streptavidin
M280 Dynabeads with depletion efficiency (~100%). After incubating with 1 mM bis-biotin, CD3+CD4-
cells were selectively detached from magnetic beads with 80 * 5% recovery, 92 + 3% purity and 95 * 2%
viability, and CD4+ cells remain bound to magnetic beads. These results show that the N3'-ethyl biotin
can be selectively detached from streptavidin without interfering with biotin-streptavidin interactions by
controlling the release conditions. This strategy provides a simple one-step cell selection method based on

dual cell surface markers.
Conclusion

In summary, a universal approach to cell separation has been developed using the reversible N3'-
ethyl biotin-streptavidin system. The reversible binding of N3'-ethyl biotin to streptavidin allows for the
efficient binding of target cells to streptavidin beads and the complete detachment of cells from streptavi-
din beads under physiological conditions. To the best of our knowledge, the N3'-ethyl biotin-streptavidin
system represents the best universal method for gentle capture and release. This system provides a new

type of cell separation platform that holds promise for clinical diagnostics and cell-based therapy.
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