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Multipotent progenitor cells have shown promise for use in biomedical applications and regenerative
medicine. The implementation of such cells for clinical application requires a synchronized, phenotypi-
cally and/or genotypically, homogenous cell population. Here we have demonstrated the implementation
of a biological tag-free dielectrophoretic device used for discrimination of multipotent myoblastic C2C12
model. The multipotent capabilities in differentiation, for these cells, diminishes with higher passage
number, so for cultures above 70 passages only a small percentage of cells is able to differentiate into ter-
minal myotubes. In this work we demonstrated that we could recover, above 96% purity, specific cell
types from a mixed population of cells at high passage number without any biological tag using dielec-
trophoresis. The purity of the samples was confirmed by cytometric analysis using the cell specific mar-
ker embryonic myosin. To further investigate the dielectric properties of the cell plasma membrane we
co-culture C2C12 with similar size, when in suspension, GFP-positive fibroblast as feeder layer. The level
of separation between the cell types was above 98% purity which was confirmed by flow cytometry.
These levels of separation are assumed to account for cell size and for the plasma membrane morpholog-
ical differences between C2C12 and fibroblast unrelated to the stages of the cell cycle which was assessed
by immunofluorescence staining. Plasma membrane conformational differences were further confirmed
by scanning electron microscopy.
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1. Introduction and this absence of any biological manipulation is ideal for pre-

serving the normal physiological conditions of the cells.

Mesenchymal precursor’s cells as C2C12 are model cells for
regenerative studies due to their ability to differentiate into differ-
ent cell types by means of chemical cues and/or factors, such insu-
lin-like growth factors (IGFs), present in the culture medium [1-3].
C2C12 myoblasts represent a valuable system in studies investigat-
ing stem cell plasticity [4]. Although this ability has been shown
related to cell age (passage number) [5-7]. These properties were
exploited for studies in animal models in cardiomyogenesis grafts
and cardiac cells transplantation [8,9] as well as other biomedical
applications [4,10]. Altogether these results are very encouraging
however the homogeneity and differentiation status of the cell
population for regeneration remains problematic [11]. Dielectro-
phoresis (DEP) has been used for several biochemical and biomed-
ical applications in order to fractionate and purify cells of interest
from population of cells [10,12,13]. This technique has the advan-
tage that it does not rely on any biological tag for cell separation
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In this work we utilize DEP in a microfluidic device for high
through output fractionation of cell population based on size and
plasma membrane capacitance associated with the morphological
organization of the plasma membrane.

DEP force on a spherical particle approximating a biological cell
can be described by [14,15]:

FDEP = zngmr3Re(fCMw)vE12'mS (1)

In Eq.(1) &, is the absolute permittivity of the medium, r is the ra-
dius of the cell, and fcy is the real part of the Clausius-Mossotti
(CM) factor which has limits between —0.5 and 1 and account for
the frequency (w) related complex permittivities &, and &, for the
cell and medium respectively. E. s is the strength of the electrical
field. In Eq.(1) it is important to notice that DEP force is proportional
to the volume of the particle and is dependent on the permittivity of
surrounding medium, electrical properties of the particles and fre-
quencies of the AC field [16].

When the CM is negative we have negative DEP (nDEP) which
produce repulsion of the cells into area of low electrical field
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strength. In the opposite case, when the CM is positive, there is po-
sitive DEP (pDEP) and the cell is attracted to area of high region of
field strength [17,18].

The transition between nDEP and pDEP is called cross-over fre-
quency (fxo) when the polarisability of the cell and medium are the
same, this can is expressed by:

V20m
fro = 27rCpy )

Where the gy, is the conductivity of the surrounding medium, r is
the radius of the cell and C,, is the capacitance per unit area of
the cell plasma membrane. For a completely smooth spherical cell
the cell membrane capacitance can be expressed as [19,20]:
Emé&

Cm = 2= 3)
with d and ¢ as the thickness and permittivity of the membrane
respectively. The total membrane capacitance (C) is defined as [19]:

Ci = 411’ Cpy (4)

For erythrocytes the values of the plasma membrane capaci-
tance has been extrapolated in several studies as 6-8 mF/m?
[21-23]. The values for C,, have been evaluated in cells presenting
projection and other morphological bound extensions on the plas-
ma membrane resulting in higher values [12,19,24,25]. This dem-
onstrates correlation between the C,, and the overall roughness
of the cell plasma membrane and the presence of projection/micro-
villi [19]. The presence of microvilli is common; with variations in
length and number due to cell’s environmental conditions and/or
cellular adaptations associated with differentiation/function
[19,26,27]. Asami used finite elements methods for numerical sim-
ulation of changes, during osmotic perturbation, of the dielectric
properties of bound microvilli in the cell plasma membrane [19].
However, it has also been shown that the presence of proteins of
different sizes and that perturbations created by proteins-lipids bi-
layer interactions may play an important role in membrane capac-
itance [10,28,29].

In order to sort high purified cell types from a mix population
we used a microfluidic device as illustrated in Supplementary
Fig. 1 (S1). We used frequencies different values to separate cell
types based on the cross-over frequencies determined in previous
work [10].

Purity of the sorted samples was assessed using flow cytometry
analysis to detect the presence of GFP (fibroblasts) or embryonic
myosin which is specific for myotubes and is not expressed by
C2C12 undifferentiated myoblasts [30-34].

Here the focus was to identify the characteristics of the cells
which may be responsible for high level of purification achieved
by DEP-sorting. We therefore analyzed the size cell in suspension
as they would be for sorting and differences in the plasma mem-
brane conformations between C2C12 myoblasts/myotubes and
GFP-fibroblasts. Finally we use immunostaining to detect any dif-
ferences in cell cycle stages between the cell types for possible cor-
relations with sorting efficiency.

2. Materials and methods

All chemicals and reagents were purchased from Sigma (Poole,
UK) unless otherwise stated.

2.1. Cell culture

2.1.1. C2C12 mouse myoblast cell line
C2C12 cells at high passage number (>70) were seeded at a
starting density of 3000 cells/cm? and grown in high glucose

DMEM growth medium (GM) supplemented with 10% FBS (Hy-
Clone), 2 mM of r-glutamine, 100 units/ml of penicillin and
100 pg/ml streptomycin sulphate (Invitrogen). Cells were passaged
while at low confluence and induced to myogenic differentiation
when above 90% confluence. The differentiation medium (DM),
changed every other day, comprised high glucose DMEM, 0.1%
FBS (Hyclone), 100 units/ml of penicillin and 100 pg/ml streptomy-
cin sulphate (Invitrogen), 5 pg/ml transferrin and 10 pg/ml insulin.
All cultures were maintained at 37 °C with 5% CO,.

2.1.2. Co-culture of C2C12 and MRC-5 (GFP-fibroblast cell line)

Fibroblasts cells are cultured in the presence of puromycin to
maintain selection for GFP selection. Therefore C2C12 were ini-
tially cultured in the presence of 2 pg/ml of puromycin in the med-
ium to assess possible toxicity of the compound to the myoblasts.
No alterations in phenotype, morphology or anomalies in expres-
sion of embryonic myosin were seen in the C2C12 cultures exposed
to this concentration of puromycin. We therefore proceeded to co-
culture C2C12 and GFP-fibroblasts (the cells were a donation from
Dr. Joe Burrage) in GM supplemented with 2 pg/ml of puromycin
for a week before analysis. GFP expression in fibroblasts allow
them to be distinguished from C2C12 myoblasts by flow
cytometry.

2.2. Flow cytometry analysis

Samples were analyzed as described in previous work [10]
using the expression of GFP by fibroblasts and embryonic myosin
for myotube detection. For cell cycle analysis the cells sorted by
DEP were washed in Flow permeabilisation buffer (F-PBS) com-
posed of phosphate buffer solution (PBS Mg —, Ca"™" —free) supple-
mented with 0.1% BSA V and 0.1% NaNs; azide. Cells were
permeabilised by addition of an equal volume of cold 70% ethanol
solution followed vortexing. After overnight incubation at —20 °C,
cells were pelleted and then washed twice by centrifugation at
2000 rpm for 5 min, before the addition of RNase (100 pg/ml). Cells
were incubated for one hour at room temperature and finally Pro-
pidium Iodine (PI) was added at concentration of 50 pl/ml.

Samples were analyzed using a LSRII flow cytometer (Beckton
Dickinson Immunocytometry Systems, UK) running BD FACSDiva
v6 Software. An electronic acquisition gate was applied to the for-
ward/side scatter (FSC/SSC) plot to exclude debris from intact
material and typically more than 50,000 events were acquired in
this gate. Analysis was performed using Flow]o software (Tree Star,
USA). Debris was excluded through FSC/SSC profile gating before
applying electronic gates to assess green fluorescence. Sort purity
was calculated by application of gates generated using profiles
from each cell type alone as controls.

2.3. Scanning electron microscopy (SEM) preparations

Samples of individual cell types were fixed in a solution of 3%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) for 2 h
before washing in three changes of 0.1 M sodium cacodylate buffer,
each for 10 min. Samples were then postfixed in 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer for 45 min. A further
3 x 10 min washes were performed in 0.1 M sodium cacodylate
buffer. Dehydration in graded concentrations of acetone (50%,
70%, 90%, and 3 x 100%) for 10 min each was followed by critical
point drying using liquid carbon dioxide. After mounting on alu-
minium stubs with carbon tabs attached, the specimens were sput-
ter coated with 20 nm gold palladium and viewed using a Hitachi
S-4700 scanning electron microscope. Images were color-en-
hanced to highlight differences in the microvilli structure between
cell types.
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Fig. 1. Flow cytometry profiles of DEP-sorted C2C12, Fibroblasts GFP+ and myotubes. Percentage purities of separated populations are indicated in the first graphs on the left
hand side. The top row shows an example of the level of separation between C2C12 and fibroblasts co-cultured after DEP sorting; for all the experiments the mean level of
purity for these two cell types was ~98%. Middle row shows an example of the level of separation between C2C12 and Myotubes from a mixed and induced population after
DEP sorting; for all the experiments the mean level of purity for these two cell types was ~96%. Bottom row shows the level of separation between myotubes and fibroblast
after an initial sorting of both cell types from C2C12. The cells were sorted twice from several mixed populations.

2.4. Immunostaining

Cells were fixed in 3.7% formaldehyde. Then washed three times
for five minutes each in TBS washing solution composed of Tris
50 mM, NaCl 150 mM and 0.1% Tween 20 at pH 7.4. Ki-67 (BDbio-
sciences) was added in blocking solution composed of TBS, 0.1%
Tween-20 and 0.9% Fish gelatine. After incubation at room temper-
ature (RT) for an hour cells were washed in TBS solution three
times for five minutes each. Secondary antibodies diluted in block-
ing buffer were added for one hour at RT. Secondary antibodies
used were: for C2C12 and myotubes Alexa Fluor 488 was used
and Alexa Fluor 578 for GFP + Fibroblasts.

Cells were washed twice for five minutes each in washing solu-
tion before addition of DAPI nuclear dye for ten minutes at 37 °C.
Finally cells were washed in PBS twice for five minutes each and
the slides were mounted using Vectashield mounting medium.
Cover slips were sealed and imaged with fluorescent microscope.

2.5. DEP Device

Details of the DEP device are shown in Supplementary Fig. S1a
this is a modified version in geometry of similar devices used in
other studies [15,35-37]. The electrodes generate the electric field
necessary for DEP separation. The geometry of the electrodes is
symmetrical and is composed of three sets of five electrodes with

gaps between sets of 100, 75 and 50 pum to funnel the cells of inter-
est in the central outlet for collection as illustrated in Supplemen-
tary Fig. S2a. The electrodes were fabricated by evaporation of
20 nm of Titanium on glass substrate follow by 200 nm of platinum
using lift-off process. The walls of the micro-channel were realized
by photolithographic process using SU-8. The angle of the elec-
trodes was at 18° degrees in the direction of the fluid flow. The chip
was mounted on a custom made holder containing ports for the in-
lets and outlets and electrical connections. Two syringe pumps
(Harvard apparatus) were used to introduce the cells suspended
in DEP-medium into the two outer inlets and DEP medium only
into the central inlet. Simulation of the cell trajectory was pro-
duced using Comsol Multiphysics (version 4.3b) as shown in Sup-
plementary Fig. S2b.

The population of mixed cells was re-suspended in DEP med-
ium with a conductivity of ~120 mS/m and osmolarity
~330 mOsm/kg.

3. Results
3.1. Flow cytometry analysis of DEP-sorted populations

After the cells were harvested they were re-suspended in DEP-
medium and loaded into the syringe pump for DEP-sorting. Purity
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Fig. 2. (A) Shows the flow analysis of the cell cycle of the three cell types before and after DEP sorting. (B) Immunostaining for Ki-67 (described in Material and Methods) for
cell cycling, DAPI nuclear stain was used as reference for better visualization. Both C2C12 and fibroblast are positive for Ki-67 (cell cycle active 1a and 2a) where myotubes are
negative (third column 2b). Third row is an overlay of Ki-67 and DAPI staining. (C) An example of cell size when in suspension by contrast microscopy images using Hoechst
nuclear dye for localization of the nucleus. Both C2C12 and fibroblasts showed similar size in suspension (first two columns of Fig. 2C).

and identity of the recovered sub-populations was assessed by
flow cytometry, based on GFP-positivity (fibroblasts), the presence
of embryonic myosin (C2C12 differentiated myotubes: secondary
Alexa-Fluor 488) or non-fluorescence (C2C12 undifferentiated
myoblasts). The experiments were in triplicate for 13 separate
samples. Representative results are shown in Fig. 1. Cytometry
plots in row 1 illustrate separation at 98% purity, following one
round of DEP-sorting, of co-cultured GFP-positive fibroblasts from
undifferentiated C2C12 myoblasts. At high passage number (>70)
only a small percentage of C2C12 myoblasts will differentiate to
myotubes. Following induction of differentiation we were able to
DEP-sort induced myotubes from C2C12 at purity ~96% as illus-
trated by flow cytometry results in the second row in Fig. 1. Having
successfully DEP-sorted C2C12 myoblasts from both fibroblasts
and myotubes to high purity, we applied DEP-sorting to separation
of fibroblasts and myotubes.

Co-cultures of fibroblasts andC2C12 myoblasts or cultures of
differentiated C2C12 cells (containing myoblasts and myotubes)
were each subjected to a first round of DEP-sorting to collect
respectively from each. After the first collection fibroblasts and
myotubes were mixed and a second round of DEP sorting was used
to collect separate cell population of myotubes (from several cul-
tures) or fibroblasts. Purity of recovered cells was assessed using
GFP to identify fibroblasts as illustrated by the flow cytometry re-
sults in third row of Fig. 1.

3.2. Cell cycle: flow cytometry and immunofluorescence analysis

The second part of the study examined the possibility that sep-
aration of the cell types used in the study correlate with the cell cy-
cle, since DEP has been used to sort cells based on their cell cycle
stage [38]. The flow cytometry results are illustrated in Fig. 2A
by histograms showing the intact cells collected in GO/G1, S and
G2/M phase. All cultures analyzed showed a very similar profile
before and after DEP sorting for C2C12 and fibroblasts as shown
in the first two histograms from the left in Fig 2A. C2C12-derived
myotubes, as expected, showed a synchronicity in G1 phase, due
to the fact that these cells are differentiated and so are withdrawn
from the cell cycle [7,39,40] as shown in histograms on the right
hand side of Fig. 2A. To further validate these results we stained
the DEP-sorted cells with Ki-67 to determine cell cycling activity,
as illustrated in Fig. 2B. Both C2C12 and fibroblasts were positive
for Ki-67 (Fig. 2B first two columns on the left) with myotubes neg-
ative as indicated in Fig. 2B (picture 3a). To determine size differ-
ences between the three cell types we used Hoechst nuclear dye
with contrast microscopy as shown in Fig. 2C. The size validation
between C2C12 and fibroblasts was important to determine if
the DEP capability for sorting cells was solely dependent on cell
size or if plasma membrane conformation was also responsible. It
is evident in Fig. 2C that the C2C12-derive myotubes are much lar-
ger and are multinucleated in comparison to both C2C12 and fibro-
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Fig. 3. SEM images of C2C12 (blue-red) and fibroblasts (green-red). The colors have been enhanced for better visualization. The microvilli are colored in red and the
underling surface is colored in blue for C2C12 and green for fibroblast. The quantities and conformation of the microvilli are more pronounced on fibroblast (bottom two
pictures). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

blasts. Also, in Fig. 2C is a representative sample showing size dif-
ferences between C2C12 and fibroblasts. Images were collected of
these two cell types in suspension and Image ] software was used
to determine size differences.

The averages for C2C12 myoblast was 18.6 um #* 5.8 SD in diam-
eter (1500 cells counted) and fibroblasts 18.9 pm + 7.4 SD in diam-
eter (1500 cells counted).

3.3. SEM analysis

To verify structural differences of microvilli between cells of
similar size (C2C12 myoblasts and fibroblasts) SEM microscopy
was used, results are shown in Figs. 3 and 4. In Fig. 3 image of cells
in suspension as they would be for sorting are shown. As can be
seen C2C12 myoblasts (blue-red colors) have an apparently less
elaborate microvilli structure compared with fibroblast (green-
red colors). The images have been color enhanced to highlight
the differences in the quantity and conformation of microvilli in
the two cell types. However although it is apparent that the differ-
ence between the two cell types is pronounced, exact quantifica-
tion remain difficult.

To further compare the two cell types SEM images of attached
cells, as cells would be during culture were analyzed as shown in
Fig. 4. Here in low magnification images (top row Fig. 4) the micro-
villi structure was difficult to assess although a clear difference in
phenotypical shape is present in these two cell types when at-
tached. At higher magnification, in Fig. 4 bottom row, it is possible
to see differences in plasma membrane structure between C2C12
(left) and fibroblasts (right), again the C2C12 myoblasts are appar-
ently smoother than fibroblasts.

4. Discussions

DEP was very efficient in sorting all mixed populations of cells
used in this study.

Differences in cross-over frequencies were the discriminatory
tool used to achieve high levels of separation between the three
cell types used (Fig. 1), as demonstrated in our previous study
[10]. Analysis of the cell size and “smoothness” by light micros-
copy and SEM respectively showed that there were differences
between the cell types used. C2C12 myoblasts and induced myo-
tubes mainly differed in size shown in Fig. 2C. Whereas fibro-
blasts and C2C12 were found to have very different plasma
microvilli arrangements, with fibroblasts having apparently
many more villi. This difference in the cell surface could be
responsible for changes in membrane capacitance and cross-over
frequency.

We did not find any statistical difference between the stage
of the cell cycle before and after DEP sorting; we can conclude
that if there is a change in size during stages of cell cycle it is
not sufficient to account for the separation shown in Fig. 1.
Though DEP-sorting based on cell cycle stage has been reported
it is possible that since here mammalian cells were used the cor-
relation between cell cycle stage and size may be not the appli-
cable, as for example is the case in yeast cells.

The SEM analysis of cell membrane microvilli landscape and
conformation revealed a visible difference between C2C12 myo-
blasts both in suspension and attached as illustrated in Fig 3 and
4, Thus it is possible that differences in morphology of the cell sur-
face were probably responsible for differences in plasma mem-
brane capacitance and cross-over frequency between these two
cells type.

Overall we can conclude that DEP sorting between these three
types of cells is probably due to size and plasma membrane micro-
villi quantity and conformation.
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Fig. 4. C2C12 myoblasts (left column) and fibroblasts (right column) overall view of attached cells by SEM microscopy. The fibroblasts on the right of the above figure shows

more microvilli structure compared with a less villous/more smooth morphology of C2C12 overall.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.07.124.
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