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Despite the advances made in the field of regenerative medicine, the progress in cutting-edge tech-
nologies 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.

� 2013 Elsevier Ltd. All rights reserved.
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 regener-
ation 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 crit-
ical step for cell therapy.

Based on the applied method, cell sorting techniques can be
divided into label-free and pre-processed techniques [1]. Fluores-
cence activated cell sorting (FACS) [2], and magnetic activated cell
sorting (MACS) [3] are two commercialized examples of pre-
processed techniques. In contrast to label-free methods, pre-
processed 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 sepa-
ration 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 effec-
tive, 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, imple-
menting 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 mem-
brane pore sizes are two main fabrication limitations in PDMS-
based microfluidic devices. Conversely, membrane blocking and
low separation flow rates are usually themain 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 mem-
brane-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 fil-
ters, 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 sepa-
ration 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 conduc-
tion 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 mye-
linating 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 separateOPCs fromastrocyte andmicroglia cells in the
mixed glial culture extracted from central nervous system. As pre-
viously 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 op-
portunity to use the developed chip for label-free and straightfor-
ward size-based sorting of OPCs from the glial cell mixture without
altering their properties. For this purpose, the multilayer micro-
fluidic devise with 10 mm and 5 mmmembrane pore sizes was used
in two sets of experiments. Applying optimum experimental con-
ditions 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
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 Mwere 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 photoli-
thography masks. Anti-adhesive layer (1H, 1H, 2H, 2H-perfluoro-octyltri-
chlorosilane) was purchased from SigmaeAldrich, St. Louis, MO, USA. The hot-
embossing 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 mmdepth). 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 mem-
brane 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 be-
tween 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 (fromDow 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 configu-
ration 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,
OPCmixedprimary cultureswereprepared frombrains of newbornSpragueeDawley
rats. Themeninges andbloodvesselswere removed fromthe 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 ofmesh. 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
Fig. 1. Multilayer microfluidic design used for OPCs separation. (a) 3D representation of th
circular channel area and (c) represents different layers of the microfluidic chip, starting fro
and pneumatic air layer or pumping layer (PL). (d, e) Images of the TPE-based device indicat
(g) supporting pillars embedded in the BML to support the membrane, (h) an image of the m
the reader is referred to the web version of this article.)
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 sub-
sequent separation experiments.

2.5. Evaluation of OPCs initial concentration

Primary mixed cell flasks include OPCs, astrocytes and microglia cells. The cell
mixturewas trypsinized (0.25% trypsin for10min), diluted toa concentrationof4�104

cells/ml and were cultured on tissue culture treated petri dishes and kept in an incu-
bator under 5% CO2 for 24 h. Immunocytochemistrywas 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
e device, (b) shows a schematic representation of a crosssection of the device in the
m the bottom: bottom fluidic layer (BFL), membrane layer (ML), top fluidic layer (TFL)
ing different access holes, (f) optical microscope image of a 10 mm pore size membrane,
icrofluidic device. (For interpretation of the references to colour in this figure legend,
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mediawith A2B5 antibody (50 mg/ml) for 30min 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% para-
formaldehyde in PBS for 30 min at room temperature. Secondary antibodies (anti-
mouse 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).

3. Results and discussions

3.1. Assessment of OPCs initial population and size

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 themixture 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 sepa-
rationofOPCsusingeithermembranewith5mmor10mmpore 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
Fig. 2. Representative fluorescence microscopy images of stained initial cell mixture. A2B5 s
used to visualize all cell types in the mixture for overall counting. (c, d) are the merged fluo
identified OPCs in the primary cell mixture. Analyzing more than 4 brain primary mixtur
references to colour in this figure legend, the reader is referred to the web version of this
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
populationwith 10 mmand 5 mmmembrane 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.

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

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 deter-
mining the flow rate and separation efficiency of cells.

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,
taining was performed to identify OPCs (green) (b, e) and DAPI nucleus stain (a, d) was
rescence images showing both A2B5 and DAPI, (g) represents a magnified image of the
e cultures showed 7% OPCs initial populations in average. (For interpretation of the
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.)

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.)
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separated cells were cultured on petri dishes treated with poly-L-
ornithine and their differentiation into mature oligodendrocytes
was investigated. Cultured OPCs were stainedwith OPC andmature
oligodendrocyte markers at days 7 and 10 after separation. Sepa-
rated OPCs remained viable during in vitro culture and differenti-
ated 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 differentia-
tion capabilities into mature oligodendrocytes is not affected by the
separation process. In addition to achieving viable pure OPC pop-
ulations, 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-basedmicrofluidic devicewith 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 mmmembrane pore size, separation efficiency of greater than 99%
was achieved. The devicewas 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 iso-
lated 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.

Acknowledgment

The authors would like to acknowledge National Science and
Engineering Research Council of Canada-Collaborative Research
program and Discovery program, Genome Canada/Génome
Québec, for their financial support for the development of micro-
fluidic platforms and diagnostic tools. The authors would also like
to thank Dr. Guillermina Almazan for valuable comments, discus-
sions and help about OPCs isolation. Mr. Mina Mekhail for useful
discussions as well as Marcio Dipaula for his assistancewith the cell
isolation experiments. T.F. Didar would like to thank the Faculty of
Medicine and Department of Biomedical Engineering at McGill, the
Fonds de recherche du Quebec e Nature et technologies (FQRNT)
and NSERC-CREATE “Integrated Sensor Systems” for their financial
support.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.biomaterials.2013.04.014.

References

[1] Didar TF, Tabrizian M. Adhesion based detection, sorting and enrichment of
cells in microfluidic Lab-on-Chip devices. Lab Chip 2010;10:3043e53.

[2] Bonner WA, Hulett HR, Sweet RG, LA H. Fluorescence activated cell sorting.
Rev Sci Instrum 1972;43:404e9.

[3] Stefan M, Werner M, Walter W, Andreas R. High gradient magnetic cell
separation with MACS. Cytometry 1990;11:231e8.

[4] Di Carlo D, Irimia D, Tompkins RG, Toner M. Continuous inertial focusing,
ordering, and separation of particles in microchannels. Proc Natl Acad Sci U S
A 2007;104:18892e7.

[5] Huang LR, Cox EC, Austin RH, Sturm JC. Continuous particle separation
through deterministic lateral displacement. Science 2004;304:987e90.

[6] Wei H, Chueh B-H, Wu H, Hall EW, Li C-W, Schirhagl R, et al. Particle
sorting using a porous membrane in a microfluidic device. Lab Chip 2011;11:
238e45.

[7] Sun Min K, Sung Hoon L, Kahp Yang S. Cell research with physically modified
microfluidic channels: a review. Lab Chip 2008;8:1015e23.

[8] Walker GM, Zeringue HC, Beebe DJ. Microenvironment design considerations
for cellular scale studies. Lab Chip 2004;4:91e7.

[9] Luo Y, Zare RN. Perforated membrane method for fabricating three-
dimensional polydimethylsiloxane microfluidic devices. Lab Chip 2008;8:
1688e94.

[10] Schirhagl R, Fuereder I, Hall EW, Medeiros BC, Zare RN. Microfluidic purifi-
cation and analysis of hematopoietic stem cells from bone marrow. Lab Chip
2011;11:3130e5.

[11] Fatanat Didar T, Li K, Veres T, Tabrizian M. High throughput multilayer
microfluidic particle separation platform using embedded thermoplastic-
based micro-pumping. Lab Chip in press.

[12] Zhang C, Xing D, Li Y. Micropumps, microvalves, and micromixers within
PCR microfluidic chips: advances and trends. Biotechnol Adv 2007;25:
483e514.

[13] Unger MA, Chou HP, Thorsen T, Scherer A, Quake SR. Monolithic micro-
fabricated valves and pumps by multilayer soft lithography. Science
2000;288:113e6.

[14] Roy E, Geissler M, Galas J-C, Veres T. Prototyping of microfluidic systems
using a commercial thermoplastic elastomer. Microfluid Nanofluidics
2011;11:235e44.

[15] Chen Y, Balasubramaniyan V, Peng J, Hurlock EC, Tallquist M, Li J, et al.
Isolation and culture of rat and mouse oligodendrocyte precursor cells. Nat
Protoc 2007;2:1044e51.

[16] Baumann N, Pham-Dinh D. Biology of oligodendrocyte and myelin in the
mammalian central nervous system. Physiol Rev 2001;81:871e927.

[17] Zhang SC. Defining glial cells during CNS development. Nat Rev Neurosci
2001;2:840e3.

[18] Sim FJ, McClain CR, Schanz SJ, Protack TL, Windrem MS, Goldman SA. CD140a
identifies a population of highly myelinogenic, migration-competent and
efficiently engrafting human oligodendrocyte progenitor cells. Nat Biotechnol
2011;29:934e41.

[19] Cizkova D, Cizek M, Nagyova M, Slovinska L, Novotna I, Jergova S, et al.
Enrichment of rat oligodendrocyte progenitor cells by magnetic cell sorting.
J Neurosci Meth 2009;184:88e94.

[20] Scolding NJ, Rayner PJ, Compston DAS. Identification of A2B5-positive
putative oligodendrocyte progenitor cells and A2B5-positive astrocytes in
adult human white matter. J Neurosci 1999;89:1e4.

[21] Mekhail M, Almazan G, Tabrizian M. Oligodendrocyte-protection and
remyelination post-spinal cord injuries: a review. Prog Neurobiol 2012;96:
322e39.

http://dx.doi.org/10.1016/j.biomaterials.2013.04.014
http://dx.doi.org/10.1016/j.biomaterials.2013.04.014

	Separation of rare oligodendrocyte progenitor cells from brain using a high-throughput multilayer thermoplastic-based micro ...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Design and fabrication of the microfluidic chip
	2.3. Peristaltic micropumping strategy for OPCs separation
	2.4. Brian tissue extraction and culture
	2.5. Evaluation of OPCs initial concentration
	2.6. Immunocytochemistry
	2.7. Fluorescence microscopy

	3. Results and discussions
	3.1. Assessment of OPCs initial population and size
	3.2. Separation efficiency using devices with different membrane pore sizes
	3.3. The effect of applied pumping air pressure on cell separation
	3.4. Viability and differentiation of separated OPCs

	4. Conclusion
	Acknowledgment
	Appendix A. Supplementary data
	References


