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Despite the advances made in the ﬁeld of regenerative medicine, the progress in cutting-edge technologies for separating target therapeutic cells are still at early stage of development. These cells are
often rare, such as stem cells or progenitor cells that their overall properties should be maintained during
the separation process for their subsequent application in regenerative medicine. This work, presents
separation of oligodendrocyte progenitor cells (OPCs) from rat brain primary cultures using an integrated
thermoplastic elastomeric (TPE)- based multilayer microﬂuidic device fabricated using hot-embossing
technology. OPCs are frequently used in recovery, repair and regeneration of central nervous system
after injuries. Indeed, their ability to differentiate in vitro into myelinating oligodendrocytes, are
extremely important for myelin repair. OPCs form 5e10% of the glial cells population. The traditional
macroscale techniques for OPCs separation require pre-processing of cells and/or multiple time
consuming steps with low efﬁciency leading very often to alteration of their properties. The proposed
methodology implies to separate OPCs based on their smaller size compared to other cells from the brain
tissue mixture. Using aforementioned microﬂuidic chip embedded with a 5 mm membrane pore size and
micropumping system, a separation efﬁciency more than 99% was achieved. This microchip was able to
operate at ﬂow rates up to 100 ml/min, capable of separating OPCs from a conﬂuent 75 cm2 cell culture
ﬂask in less than 10 min, which provides us with a high-throughput and highly efﬁcient separation
expected from any cell sorting techniques.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Using stem/progenitor cells is now a well-established approach
in regenerative and reconstructive medicine. As our understanding
about the development of cell functions and their role in regeneration of tissue and organs becomes more sophisticated, it is
increasingly important to isolate various cell types and more
importantly pluripotent cells from non-pluripotent cells. Despite
the advances made in the ﬁeld of regenerative medicine over the
past several years, the technology for separating target therapeutic
cells hasn’t evolved much. As the promise of regenerative medicine
is gradually realized, cell separation technologies are also required
to arrive at label-free separation with higher processing speed.
Therefore, separating pure population of rare cells, such as stem
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cells or progenitor cells, without altering their properties is a critical step for cell therapy.
Based on the applied method, cell sorting techniques can be
divided into label-free and pre-processed techniques [1]. Fluorescence activated cell sorting (FACS) [2], and magnetic activated cell
sorting (MACS) [3] are two commercialized examples of preprocessed techniques. In contrast to label-free methods, preprocessed techniques often alter the separated cells’ functions.
This is a great concern when the isolated cells are destined for
speciﬁc applications such as tissue regeneration. In terms of separation principle, differences in target cells physical properties (e.g.
density or size) or afﬁnity (e.g. electric, magnetic or adhesive
properties speciﬁc to each cell type) are employed to separate
target cells from a mixture derived from primary tissues. Among
these techniques, size-based separation is a label-free, cost effective, simple and rapid approach which can also be implemented in
microﬂuidic devices, making it a suitable choice for cell separation
[4e6]. Indeed, with the advances in miniaturization, microﬂuidics
have opened new avenues for the development of LOC devices for
the analytical investigation of biological and chemical samples. The
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cell sorting ﬁeld has also beneﬁted from the major advantages of
microﬂuidic devices, namely the precise ﬂow control [7], and
reduction in time and cost of cell separation [8].
Among different size-based cell separation techniques, implementing thin membrane layers, embedded in microﬂuidic chips, is
a straightforward and cost effective approach that, in theory, can be
easily integrated into a miniaturized instrument. However there
are major fabrication and operational limitations using embedded
ﬁlters for separation applications. Non-conformal bonding between
the commercially available membranes and polydimethylsiloxane
(PDMS)- based microﬂuidic layers and achieving desired membrane pore sizes are two main fabrication limitations in PDMSbased microﬂuidic devices. Conversely, membrane blocking and
low separation ﬂow rates are usually the main operating drawbacks
in the membrane embedded microﬂuidic chips [6,9,10].
Recently we introduced a multilayer thermoplastic-based
microﬂuidic platform for size-based separation of particles [11].
This design distinguishes itself from previously developed membrane-based cell sorting chips by four main features: 1) The chip
possesses an embedded pneumatic peristaltic micropump [12e14],
2) uses commercially available polycarbonate (PC) membrane ﬁlters, 3) it is fabricated using thermoplastic elastomeric-based (TPE)
material by hot-embossing lithography and, 4) operates at ﬂow
rates higher than 100 ml/min. As such, the design could generate
turbulent ﬂow in the porous membrane area by a peristaltic
micropump layer allowing for high-throughput size-based separation of particles and particle-like structures such as cells while
avoiding membrane clogging.
The work presented in this paper is a case study where this chip
has been used to separate rare oligodendrocyte progenitor cells
(OPCs) from rat brain tissue. Currently, the limited regenerative
potential of the adult stem cells in the central nervous system has
directed the preclinical trauma research on reducing secondary
degeneration and promoting regeneration through implementing
OPCs. Oligodendrocytes are the myelinating glial cells in the central
nervous system which are critical in facilitating the rapid conduction of neuronal action potentials and supporting axonal survival
[15,16]. Oligodendrocytes are generated from OPCs [17]. There are
several stages for oligodendrocytes maturation. OPCs proliferate
and migrate throughout the central nervous system during late
embryonic development, and later differentiate into mature myelinating oligodendrocytes [17].
A primary rich natural sources of OPCs, namely glial cells from
central nervous system, contain mostly neurons, microglia and
astrocytes and less than 10% of OPCs. So far, FACS [18], MACS [19],
differential gradient centrifugation or shaking methods based on
differential adherent properties of glial cells [20] have been
attempted to separate OPCs from astrocyte and microglia cells in the
mixed glial culture extracted from central nervous system. As previously mentioned, these methods require pre-processing of cells
and/or involve multiple time consuming steps to separate OPCs.
So far, none of these methods exploited the difference in OPCs
size comparing to other cells in the cell mixture. Indeed, among
glial cells, OPCs are smaller in size (<7 m) compared to microglia
(>10 m) and astrocytes (>12 m). This provided us with a great opportunity to use the developed chip for label-free and straightforward size-based sorting of OPCs from the glial cell mixture without
altering their properties. For this purpose, the multilayer microﬂuidic devise with 10 mm and 5 mm membrane pore sizes was used
in two sets of experiments. Applying optimum experimental conditions and 5 mm membrane pore size, we could achieve 99% pure
OPC populations. To ensure the OPCS maintained their viability and
phenotypes, separated cells were cultured in vitro for up to 10 days.
Cultured OPCs could differentiate to mature oligodendrocytes after
7 days in culture. The results were validated by immunostaining
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using A2B5 antibody, a primary cell surface marker used to identify
OPCs [18] along with staining against GalC (galactocerebrosidase
gene) for the identiﬁcation of mature oligodendrocytes as an
indication of separated OPCs differentiation in vitro [15]. Changes
in cell morphology from bipolar or tripolar structure to extensions
during OPCs maturation were also followed with ﬂuorescence
microscopy.
2. Materials and methods
2.1. Materials
Pellets of Mediprene of 400 M were purchased from GLS corp., McHenry, IL, USA
and were extruded at a temperature of 165  C to form ﬁlms and/or sheets of several
meters long with thicknesses of either w200 mm or 1000 mm. SU8 photoresist was
purchased from GM1075; Gersteltec, Pully, Switzerland. Photo-plotted ﬁlms printed
at a resolution of 36,000 dpi (NP, Montreal, Canada) were used as the photolithography masks. Anti-adhesive layer (1H, 1H, 2H, 2H-perﬂuoro-octyltrichlorosilane) was purchased from SigmaeAldrich, St. Louis, MO, USA. The hotembossing process was performed with an EVG520 system (EV Group, Schärding,
Austria). Isopore polycarbonate (PC) membranes with pore sizes of 10 mm and 5 mm
were purchased from Millipore (Whitby, ON, Canada).
A2B5 mouse and GalC rat primary antibodies, FITC conjugated IgG mouse, Cy3
conjugated IgG1 secondary antibodies and DAPI (40 ,6-diamidino-2-phenylindole,
dihydrochloride) were purchased from Invitrogen.
2.2. Design and fabrication of the microﬂuidic chip
A schematic representation of the microﬂuidic design has been shown in Fig. 1.
This ﬁgure depicts a 3D representation of the design (Fig. 1a) and a crosssection of
the device in the circular channel area (Fig. 1b). The microﬂuidic device was
composed of four different layers: a bottom microﬂuidic channel layer (BFL), PC
porous membrane layer (ML), top microﬂuidic layer (TFL) and a pneumatic air
control layer (PL). Yellow dashed lines represent the bottom ﬂuidic layer (1 mm
width and 100 mm depth). This layer consists of a circular channel, a straight channel
and an outlet. Blue lines, represent the top ﬂuidic layer (TFL) which consists of a
straight channel and a circular channel aligned with its counterpart on the BFL
underneath of the ML. TFL has three access holes which can be used as inlets or
outlets depending on the peristaltic micropumping conﬁguration. The PC porous
membrane (20 mm in diameter) was embedded between the bottom and top
microﬂuidic layers. Bottom and top ﬂuidic layers are connected through the membrane only in the circular channel area where liquid exchange occurs. Finally, the
pneumatic air control layer is aligned with the top microﬂuidic layer. The top and
bottom microﬂuidic layers as well as the air control layer were fabricated on TPE
substrates by hot embossing. SU8 patterned silicon wafers were micro-fabricated
using standard photolithography techniques and were later on used as molds in
hot-embossing lithography to fabricate different TPE layers.
Four thin membranes of the pneumatic layer, arranged in a circular fashion,
were actuated by pressurized air to operate the peristaltic micropumping system.
Pumping rate can be increased by increasing the total length of the activation
membrane, an increment of the displacement of a single stroke volume, within a
relative compact area. For instance, this offers the possibility of modulating the air
pressure in the device to achieve desired ﬂow rates required for cell sorting.
Since all of the necessary layers were fabricated on TPE, watertight bonding
among the TPE layers could be easily formed at room temperature without any
additional plasma or thermal treatment.
Fig. 1d and e is the pictures of the assembled device illustrating different parts of
the chip in detail. Fig. 1f shows an optical microscopic image of a PC membrane with
10 mm pore size and Fig. 1g is an optical microscope image of the bottom ﬂuidic
channel and PC membrane constructed with pillars to support the membrane between the TFL and BFL. Fig. 1h shows a picture of the chip after ﬁnal assembly and
tubing. More detailed information regarding the design and device fabrication as
well as peristaltic pumping characteristics of the device can be found in Ref. [11].
The microﬂuidic device was then connected to a homemade 12-channels
pneumatic control manifold using silastic laboratory tubing with inner diameter
(ID) of 640 mm and outer diameter (OD) of 1.19 mm (from Dow Corning Corporation)
through the PTFE tubes, which were connected to the air ports of the device.
2.3. Peristaltic micropumping strategy for OPCs separation
In our previous report, we demonstrated different pumping conﬁgurations of
the chip and showed that the second pumping mode (Figure S1) provides higher
separation efﬁciency [11].
Therefore this pumping mode was applied for OPCs separation. Brieﬂy, both top
ﬂuidic layers’ access holes were used as inlets (Figure S1-b). Cell mixture entered
from the initial inlet and pure cell media containing no cells was introduced from
the other top access hole. OPCs were collected at the bottom outlet. After pumping
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the cell mixture, a washing step was performed using the same pumping conﬁguration to remove any remaining OPCs. Because of the turbulence generated by the
peristaltic pumping, smaller cells efﬁciently passed through the porous ﬁlter to the
bottom microﬂuidic channel and to the bottom outlet while avoiding membrane
clogging by larger cells. Finally, by changing the pumping mode, ﬂow was directed
towards the top outlet (Figure S1-c) and the remaining larger cells were ﬂushed out
of the device.
2.4. Brian tissue extraction and culture
Using a protocol approved by McGill University Animal Care Ethic Committee,
OPC mixed primary cultures were prepared from brains of newborn SpragueeDawley
rats. The meninges and blood vessels were removed from the cerebral hemispheres in
Ham’s F-12 medium. The tissues were gently forced through a 230-mm nylon mesh.
Dissociated cells were then gravity-ﬁltered using the same type of mesh. This second
ﬁltrate was centrifuged for 7 min at 1000 rpm, and the pellet was re-suspended
in DMEM supplemented with 12.5% fetal calf serum, 50 units/ml penicillin, and

50 mg/ml streptomycin. Cells were plated on poly-L-ornithine coated 75-cm2 ﬂasks
and incubated at 37  C with 5% CO2. The mixed cell ﬂasks were then used for subsequent separation experiments.
2.5. Evaluation of OPCs initial concentration
Primary mixed cell ﬂasks include OPCs, astrocytes and microglia cells. The cell
mixture was trypsinized (0.25% trypsin for 10 min), diluted to a concentration of 4  104
cells/ml and were cultured on tissue culture treated petri dishes and kept in an incubator under 5% CO2 for 24 h. Immunocytochemistry was then performed to determine
the initial percentage of OPCs in this mixture as described in the next section.
2.6. Immunocytochemistry
Different immunocytochemistry steps were performed to identify OPCs and
their differentiation into mature oligodendrocytes before and after separation. To
determine the initial OPCs concentration, cells were live-stained in pre-warmed

Fig. 1. Multilayer microﬂuidic design used for OPCs separation. (a) 3D representation of the device, (b) shows a schematic representation of a crosssection of the device in the
circular channel area and (c) represents different layers of the microﬂuidic chip, starting from the bottom: bottom ﬂuidic layer (BFL), membrane layer (ML), top ﬂuidic layer (TFL)
and pneumatic air layer or pumping layer (PL). (d, e) Images of the TPE-based device indicating different access holes, (f) optical microscope image of a 10 mm pore size membrane,
(g) supporting pillars embedded in the BML to support the membrane, (h) an image of the microﬂuidic device. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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media with A2B5 antibody (50 mg/ml) for 30 min at 37  C. For OPCs differentiation, in
addition to previous step, GalC marker at a concentration of 50 mg/ml was added to
the cell media to discriminate differentiated OPCs from undifferentiated ones. The
cells were then washed with pre-warmed media and were ﬁxed using 4% paraformaldehyde in PBS for 30 min at room temperature. Secondary antibodies (antimouse FITC-IgG1 and anti-rabbit Cy3-IgG3) at a concentration of 100 mg/ml were
mixed and incubated with the ﬁxed cells for 1 h. Cells were then rinsed twice with
PBS. Nucleus staining dye (DAPI 1:1000) in PBS was applied for 15 min, rinsed three
times with sterile PBS and then cells were observed by ﬂuorescence microscopy.
Separated cells were incubated with the secondary antibody only as a control. A
negative control was also performed by similarly staining NIH 3T3 ﬁbroblasts.
2.7. Fluorescence microscopy
An inverted ﬂuorescence microscope (Nikon TE2000-E) was used to monitor
separated OPCs staining at different stages of in vitro culture. Secondary antibodies
conjugated with three different ﬂuorescent dyes (Cy3, DAPI and FITC) were used in
cell staining and results were observed through appropriate ﬁlters. All images were
captured using a CCD camera (Photometrics CoolSNAP HQ2) and analyzed by
MBF_ImageJ (MacBiophotonics, McMaster University).
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optical microscope images of the cells just after they were collected
from bottom outlets of the chips with 10 mm and 5 mm membrane
pore sizes respectively.
Isolated OPCs remained viable and their well-known bipolar
morphology [18] was preserved after 2 days culture as shown in
optical microscope image of cells separated with 5 mm membrane
pore size (Fig. 3d).
The immunocytochemistry results presented in Fig. 3j
conﬁrmed the purity of OPCs after separation by either membrane.
Representative ﬂuorescence microscope images of separated OPCs
stained with A2B5-speciﬁc marker indicated 80% and 99% OPC
population with 10 mm and 5 mm membrane pore sizes, respectively
(Fig. 3eei). Therefore, with an initial cell mixture concentration of
5.5  107 cells/ml introduced into the device, it was possible to
separated OPCs from a fully conﬂuent mixture detached from a
75 cm2 cell ﬂask in less than 10 min.

3. Results and discussions

3.3. The effect of applied pumping air pressure on cell separation

3.1. Assessment of OPCs initial population and size

Operation of the developed microﬂuidic platform, using
embedded peristaltic micropump, provides several advantages as
well as differences compared to conventional external pumping
systems for cell sorting. For instance, applying lower air pressure
results in a lower ﬂow rate, which can affect the separation time for
high-throughput separation. In attempt to increase the separation
efﬁciency of OPCs with 10 mm membrane pore size to the level of
5 mm membrane pore size (80% versus 99%), the capabilities of the
device in working under various compressed air pressures were
explored. Three different operating conditions were applied by
varying the air pressure to investigate the purity of obtained OPCs
from the bottom outlet using a 10 mm membrane pore size. As
shown in Fig. 3j, lower applied pressures tend to result in higher
separation efﬁciency. Although this difference does not seem to be
signiﬁcant, it indicates that during the peristaltic micropumping
operation, applied air pressure plays an important role in determining the ﬂow rate and separation efﬁciency of cells.

Fig. 2 reports on the initial concentration of OPCs as determined
by immunocytochemistry. The results showed that OPCs form
7  1% of the initial primary cell cultures’ concentration. This is in
very good agreement with previously reported OPC population (5e
10%) [18,19]. An optical microscope image of pure populations of
each cell type in the mixture conﬁrmed that OPCs are smaller in size
compared to astrocytes and microglia cells. At the initial stage of
growth, ﬂoating OPCs are about 5  2 m in diameter while microglia
cells are in average larger than 10 mm and astrocytes larger than
12 mm in diameter. This size difference was the basis of our strategy
to use high-throughput multilayered microﬂuidic device for separation of OPCs using either membrane with 5 mm or 10 mm pore sizes.
3.2. Separation efﬁciency using devices with different membrane
pore sizes
Fig. 3a shows optical microscope image of cell mixture before
separation. Cells mixture at a concentration of 5.5  107 cells/ml
was prepared and introduced into the microﬂuidic device using
either a 10 mm or a 5 mm pore size membrane. Fig. 3b and c shows

3.4. Viability and differentiation of separated OPCs
To examine the differentiating ability of separated OPCs after
passing through the microﬂuidic device under applied pressure,

Fig. 2. Representative ﬂuorescence microscopy images of stained initial cell mixture. A2B5 staining was performed to identify OPCs (green) (b, e) and DAPI nucleus stain (a, d) was
used to visualize all cell types in the mixture for overall counting. (c, d) are the merged ﬂuorescence images showing both A2B5 and DAPI, (g) represents a magniﬁed image of the
identiﬁed OPCs in the primary cell mixture. Analyzing more than 4 brain primary mixture cultures showed 7% OPCs initial populations in average. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Optical microscope images of initial cell mixture before separation, (b, c) cells collected from the bottom outlet of the chips with 10 mm and 5 mm membrane pore sizes
respectively, (d) cultured cells separated using the chip with 5 mm membrane pore size after 2 days in vitro culture, (e)e(g) immunocytochemistry results and evaluation of OPCs
population after separation showing representative ﬂuorescence microscope images of collected cells at the bottom outlet of the chip with 5 mm membrane pore size. OPCs were
stained with speciﬁc marker (A2B5) shown in green and also nucleus stain DAPI to represent the overall cell population, (h) shows the representative phase image, (i) depicts purity
of OPCs in the initial cell mixture and after separation using chips with 10 mm and 5 mm membrane pore sizes, (j) the effect of applied air pressure on the separation efﬁciency of
OPCs using the chip with 10 mm membrane pore size. Error bars represent standard deviation of three different experiments. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 4. (a)e(c) Representative optical microscope images of separated OPCs after 1, 3 and 7 days in vitro culture respectively. (c, d) and (e, f), phase image and ﬂuorescence
microscope images of separated OPCs cultured in vitro and stained with A2B5 (green) and GalC (red) markers after 7 days. After 7 days cells express both OPC and mature
oligodendrocyte markers. (g) Fluorescence microscope image of OPCs after 10 days in culture where cells express only mature oligodendrocyte marker, GalC, (red). Scale bars
represent 50 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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separated cells were cultured on petri dishes treated with poly-Lornithine and their differentiation into mature oligodendrocytes
was investigated. Cultured OPCs were stained with OPC and mature
oligodendrocyte markers at days 7 and 10 after separation. Separated OPCs remained viable during in vitro culture and differentiated into mature oligodendrocytes. Fig. 4a and b represents optical
microscope images of separated OPCs after day 3 and 7 in vitro
culture, respectively. As shown, in Fig. 4, OPCs display bipolar
morphology after 1 day, tripolar morphology with some extensions
after 3 days and at day 7, they grow extensions as an indication of
differentiation into mature oligodendrocytes [18,21]. Fig. 4deh also
shows representative ﬂuorescence microscope images of stained
OPCs after 7 and 10 days in which cells where both A2B5-positive
(OPCs) and GalC-positive (mature oligodendrocyte) at day 7 and
only GalC-positive at day 10.
These results showed that not only OPCs can be isolated to
greater than 99% pure OPC populations, but also their differentiation capabilities into mature oligodendrocytes is not affected by the
separation process. In addition to achieving viable pure OPC populations, the high-throughput operation (100 ml/min) of the device
allows for time efﬁcient separation. Similar devices have reported
separation of hematopoietic stem cells with ﬂow rates not higher
than 17.2 ml/min [10].
4. Conclusion
In this study, we extended the application of a multilayer
thermoplastic-based microﬂuidic device with embedded peristaltic
micropump and commercially available polycarbonate membrane
to separate oligodendrocyte progenitor cells from rat brain tissue.
This method is revealed to be rapid, straightforward and cost
effective for isolation and puriﬁcation of OPCs. Using the chip with
5 mm membrane pore size, separation efﬁciency of greater than 99%
was achieved. The device was also capable of operating at ﬂow rates
up to 100 ml/min allowing effective OPCs separation from a mixture
of 75 cm2 culture ﬂasks in less than 10 min. We showed that isolated OPCs can be cultured when further studies of these cells are
required, for instance in investigating the fundamental of OPCs and
their involvement in myelination/remyelination of central nervous
system-related injuries. The application of the developed device
can further be extended to high-throughput size-based separation
of other biological targets, such as circulating tumour cells or
pathogens in various mixtures and ﬂuids including blood.
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