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Abstract
A split-and-recombine lamination mixer for µ-immunomagnetic cell sorting system has been developed for extracting
stem cells from peripheral blood. Cell suspension is mixed with antibody-coated magnetic beads, and target cells
are labeled with antigen-antibody reaction. In this report, the mixer performance is evaluated quantitatively by
using human umbilical vein endothelial cells (HUVEC). The number of magnetic beads attached to the target cell is
evaluated in two different arrangements of the mixer units.
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1 INTRODUCTION

Stem cells, or an upstream of all the differentiated cells
are expected to play a key role in regenerative medicine,
which purposes the regeneration of damaged tissues or
organs. Stem cells have pluripotency and almost infinite
lifetime, and can differentiate into various kinds of cells.
Even the congenital failure or damaged tissues that can-
not be self-regenerating are expected to be regenerated
by culturing the extracted stem cells from human body,
and transplanting them into the affected part. Stem cells
have such immense possibilities in medical applications,
but the extraction is not a straightfoward process because
of its rarity [1]. Therefore, the development of simple
but robust cell sorting systems to extract stem cells with
high efficiency is needed for the spread of regenerative
medicine.

Mesenchymal stem cells [2] also have pluripotency and
can differentiate into cells of mesodermal origin, such as
bone, muscle, or myocardium. Mesenchymal stem cells
are contained not only in bone marrow or umbilical cord
blood but in peripheral blood, However the number den-
sity is very low, say only 1/108 of all the blood cells.
Besides, it is difficult to distinguish mesenchymal stem
cells from the other mononuclear blood cells, because of
little difference in density and diameter.

Antigen-antibody reaction is one of the common tech-
niques to separate stem cells from other cells. The antigen
specifically expressed on the stem cells are labeled with
antibody on magnetic beads or fluorescent samples, and
the labeled cells are separated by applying an external
magnetic or electric field.

We are developing a micro immunomagnetic cell sorting
system to extract mesenchymal stem cells from periph-

eral blood with high efficiency [3]-[6] (Fig. 1). The sys-
tem consists of a micro mixer and a micro magnetic sep-
arator. The cell mixture is first mixed with antibody-
coated magnetic beads in the mixer. The stem cells are
combined and labeled with magnetic beads through the
antigen-antibody reaction. The labeled cells are continu-
ously separated from other cells by applying a magnetic
field in the separator. Rapid processing can be accom-
plished by continuous labeling and separation in a single
device.

Tan et al. [4] proposed a split-and-recombine type of lam-
ination micro mixer to effectively mix fluids containing
cells and magnetic beads in a low-Reynolds-number flow
(Fig. 2a). The mixer has a series of mixer units with
three-dimensional configuration. The mixing is enhanced
with a process similar to baker’s transformation. The flow
horizontally splits into two streams, and are bended four
times, before those streams are combined and stacked ver-
tically. With a series of mixer units, the fluids are mul-
tifolded and finally fully-mixed. One advantage of the
present mixer over conventional split-and-recombine mix-

Figure 1: Schematic diagram of µ-IMCS.
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ers is that the multifolded layers of fluids are rotated by
180◦, and become upside-down in every mixer to suppress
the sedimentation of cells and magnetic beads.

The final goal of the present study is to evaluate in detail
the mixer performance under several cell/flow conditions.
In this report, the number of magnetic beads attached to
the target cell is evaluated and compared in two different
arrangements of the lamination mixer units.

2 ARRANGEMENTS OF LAMINATION
MICRO MIXER

The split-and-recombine lamination micro mixer with two
different arrangements are fabricated and evaluated. Fig-
ure 2 shows the unidirectional rotation arrangement, which
is identical to that of the mixer proposed by Tan et al.
[4] (Fig. 2b). The rotational direction of fluid is the same
for all the mixer units. Figure 2c shows a mixer configu-
ration with alternate rotation arrangement, in which the
same mixer units and these with mirror symmetry con-
figuration are connected alternately

Numerical simulation by Chaktranond [5] revealed that
the alternate rotation arrangement archieves better mix-
ing performance than the unidirectional one (Fig. 3). In
the unidirectional rotation mixer, an unmixed area re-
mains after the 9th mixer unit, and it corresponds to the
Kolmogorov-Arnold-Moser(KAM) tube. The KAM tube
can be broken in the alternate rotation mixer, because the
periodicity of flow is disturbed. As a result, the unmixed
area disappears in the alternate rotation arrangement.

Figure 4 shows a prototype micro mixer device. The de-
vice consists of 9 mixer units and an observation cham-
ber. The flow channel cross section is 200 × 200 µm2.
The fluids containing cells and magnetic beads are respec-
tively introduced in two inlets and mixed in the mixer. A
buffer fluid is introduced at the upstream of the observa-
tion chamer. It passes through the chamber and drains
into the outlet. The chamber volume is designed to be
3 µ`, with the size of about 4 mm × 4 mm × 200 µm,
containing more than 100 cells to be observed under the
experimental condition mentioned below. The present
three-dimensional configuration is microfabricated with
three PDMS layers of 200 µm thickness and a thin glass
cover. A 170 µm-thick glass cover is employed to ob-
serve clearly the cells sinking onto the glass cover through
oil-immersion objective lens. All the PDMS layers and
the glass cover are treated with oxygen plasma, and are
aligned and bonded together[7].

3 EVALUATION

Human umbilical vein endothelial cells (HUVEC) are cho-
sen as the model cell. HUVEC cells are conjugated with
biotin-labeled anti CD31 antibody. Streptavidin-coated

Dynabeads MyOne beads 1 µm in diameter are employed
as the magnetic beads. The number density of HUVEC is
106/m`, and that of the magnetic beads is 108/m`. In the
present study, the number of magnetic beads counted by
taking microscopic images of HUVEC. Thus the number
density of magnetic beads in this experiment is diluted to
1/10 of that in the experiments by Tan et al. [4].

Fluids containing cells and magnetic beads are introduced
into the mixer inlets at a flow rate of 5.9 µ`/min. The
buffer fluid is introduced at a flow rate of 11.8 µ`/min.

Figure 2: Schematic diagram of the lamination micro
mixer. (a) Mixer unit, (b) Unidirectional rotation mixer),
(c) Alternate rotation mixer.
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After flowing the fluids for 10 minutes, HUVEC remain-
ing in the chamber are observed under an inversion mi-
croscope. Cell images are taken at several different focal
planes displaced in the out-of-plane direction (Fig. 5a),
and the number of magnetic beads attached to each HU-
VEC cell is counted.

4 RESULTS

Figure 5(b) shows relative frequency distributions of the
total number of magnetic beads attached to HUVEC. The

Figure 3: Numerical simulation by Chaktranond[5]. (a)
Initial particle distribution at the inlet cross section. (b)
Particle distribution at the outlet cross section of the 9th
unit of unidirectional rotation mixer and alternate rota-
tion mixer.

Figure 4: Micro mixer device (a) Schematic. (b) Photo-
graph of prototype device. (c) Close-up view.

number of HUVEC cells observed is about 150. Although
variance of the distributions is large, the mean number of
magnetic beads attached to HUVEC is 9.32 per cell for
the unidirectional rotation arrangement. It is found that,
in the alternate rotation mixer, the number of magnetic
beads becomes 11.4, which is 22 % larger than the original
configuration. Therefore, the mixer with the alternate ar-
rangement should be superior to the single arrangement,
and this fact is in accordance with the numerical sim-
ulation [2]. Inokuchi et al. [6] have developed a micro
magnetic separator for cells labeled with magnetic beads.
The separator is designed based on the results of Tan et
al. [4] in such a way that the cells with more than 50
magnetic beads can be extracted. Under the present ex-
perimental condition, cells with more than five magnetic
beads can be separated in the magnetic separator. Cells
with more than five magnetic beads are 85 % of all the
observed cells in the alternate rotation mixer, and 72 %
in the unidirectional rotation mixer.

4 SUMMARY

In conclusion, a lamination micro mixer for µIMCS has
been developed and evaluated through cell attachment ex-

Figure 5: (a) Cell images taken at four different focal
planes displaced in the out-of-plane direction. (b) Rel-
ative frequency distribution of the number of magnetic
beads attached to HUVEC for the alternate rotation
mixer and unidirectional rotation mixer.
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periments using HUVEC and magnetic beads. The num-
ber of magnetic beads attached to HUVEC is evaluated
and compared by employing two different arrangements of
lamination micro mixer. As a result, it is revealed that the
alternate rotation mixer offers better performance to label
cells compared with the unidirectional rotation mixer.
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