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ABSTRACT

In this work we describe the control and characterization
of the switching time and hydrodynamic stress in a microfluidic
cell sorter. The device was designed to sort small (<1000)
populations of live cells in buffer solution labeled with
standard bio-markers such as live dyes or green fluorescent
protein (GFP). Sorting occurs through a hydrodynamic
switching technique where high-speed solenoid valves control
a sheath flow used to steer sorted cells away from the unsorted
bulk population. The device is constructed from a reusable
hard plastic polymethyl-methacrylate (PMMA) chip machined
with 127um x 50pum microchannels and sealed with adhesive
tape. Open reservoirs in the chip facilitate pipette access,
standard microscope visualization, and a simple disassembly
and cleaning procedure. The sorting frequency of this type of
device is typically limited by the hydrodynamic switching time.
Here, we present a theoretical and numerical analysis of the
device switching time, These results show that the sorter
switching time t is practically limited by the velocity of the
flow and the characteristic length between inlet and outlet
channels. We validate this theoretical result with experimental
data obtained from flow visualizations, along with experiments
conducted to evaluate the repeatability of the hydrodynamic
switching scheme and the survival rate of sorted fibroblast cells
Manually operated, the sorting frequencies were approximately
10 cells per minute, with switching time constants of
approximately 130ms. Current throughput is limited by this
switching time to approximately 450 cells per minute.
Automation can increase the velocity and reduce the spacing
between cells, thereby increasing throughput by at least an
order of magnitude. The cell sorter was then tested by manually
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sorting 100 beads in 7 minutes, and 30 cells in less than 3
minutes, and was successfully used in the framework of a study
on the bystander effect occurring during cell irradiation.
Experiments with Trypan Blue dye verified that cell viability
was maintained during the sorting process.

1. INTRODUCTION

The sorting of single cells from larger cell populations has
become a fundamental tool of biochemical research. Cell
classification and sorting may be undertaken as a primary study
objective or as a preparatory tool prior to subsequent assays. A
broad range of analyses may rely on isolating subsets of cells
from a heterogeneous population, including those related to
molecular genetics, pathology diagnosis, etc. Typical cytometry
applications deal with the analysis and sorting of >106 cells,
however there is increasing interest in the sorting of smaller
cell populations (10-100 cells). Investigations concerning
single cell gene expression, miRNA profiling and DNA
sequencing are considered extremely important sources of
information reflecting most exact cell mechanisms [1, 2]. Also,
extracellular interactions such as those found in the radiation-
induced bystander effect may lead to a better understanding of
the consequences of low-dose radiation [3]. In all of the above
cases, large population-wide analysis may mask the behaviour
of individual cells in biological processes where cellular
heterogeneity plays a role [1]. Therefore there are many cases
where single cells are separated from small populations and
analyzed, and in such cases the capability of sorting >10° cells
is unnecessary.

Several methods are currently available to sort single cells,
and they differ with respect to the sorting mechanism, the

1 Copyright © 2010 by ASME



sorting efficiency, the sorting frequency, or the typical cell
amount per batch. The most widely used device for cell sorting
of large populations is the flow cytometer, based on
Fluorescence Activated Cell Sorting (FACS). Commercially
available products are available from companies such as
Becton Dickinson, Coulter, Partec, and Union Biometrica,
among others [4-6]. These commercial cytometers use either
‘droplet deflection’ or ‘stream switching’ to deflect cells into
separate reservoirs. In the former case, cells are encapsulated
into droplets, their fluorescence is measured, and they are
electrostatically or pneumatically deflected into separate
reservoirs. In the latter case, a piezoelectric fluidic valve
deflects sorted cells. These products are mostly designed for
fast separation of large populations, with typical throughputs
ranging from 300 cells/second to over 10 000 cells/second [6].
Cells are typically fixed, and their application in the sorting of
live cells may induce cell stress [7]. This requires subsequent
cell recovery where the cell status before the sorting
(frequently of great interest to the investigators) is lost. Also
traditional flow cytometers are large, expensive instruments
difficult to integrate into further processes involving
microfluidic chips. Also, small populations of cells (~10-100)
sorted in cytometers will be lost in the sample volume. Here we
propose a microfluidic sorter meant to handle single cells from
small populations, with the advantage of possible integration
into other microfluidic processes.

Hydrodynamic cell sorters rely only on hydrodynamic
forces to separate cells. A very simple example of an on-chip
hydrodynamic cell sorter relies on flowing cells into a Y-
connection and selectively blocking with e.g. a valve one outlet
port so that cells are forced to the other outlet [13]. A drawback
of this scheme is that cells such as fibroblasts might adhere to
the channel walls when the flow is turned off. Also, turning off
a valve may damage cells passing through it. For these two
reasons, more sophisticated hydrodynamic cell sorters have
been designed, with the goal to sort small amounts of cells with
minimal losses. Hydrodynamic sorters that do not stop the
outlet channel flow have been successfully shown in [14, 15].
Kruger et al. [15] described the development of a
hydrodynamic cell sorter coupled with fluorescence detection.
Sheath flow driven by syringe pumps was used to direct the
flow from the main channel carrying beads to either one of two
outlet channels. The flow was controlled by syringe pumps
with a relatively long switching time, on the order of 200
milliseconds: this caused backpressure interferences and the
authors concluded that their hydrodynamic switching device
required more optimization in terms of precise flow control.
Later, Dittrich et al. [14] used a X-shaped geometry analog to
Kruger et al. [15] to sort cells, where electrokinetic forces
drove the sheath flow.

This paper characterizes an optimized X-shaped
hydrodynamic cell sorter where switching is driven by a sheath
flow. Computational Fluid Dynamics is used to assess the
performance of the device and the stress exerted on the cells.
Channels are milled in a hard plastic. In our design, syringe

pumps drive the sheath flow so that no electric forces are
exerted on the cell. We use gravity to drive the main flow
containing the cells, between open reservoirs that can be easily
accessed by pipette. Also, fast solenoid valves with 0.5ms
opening time are used to suppress backpressure interference, so
that single cells can be individually sorted. Finally, the
microfluidic channels are sealed with tape, which can easily be
removed for cleaning the reusable chip.

2. CONCEPT AND DESIGN

Figure 1 shows the flow channel geometry of the cell
sorter. The sorter involves the intersection of three inlet
channels S1 (side inlet 1), S2 (side inlet 2), and I (cell inlet),
and two outlet channels Ol (outlet 1) and O2 (outlet 2).
Gravity drives a particle-laden solution from the inlet (I) to the
intersection. At this point, cells are deflected to either outlet
channel by a sheath flow determined by the state of two valves,
located at S1 and S2, which are reciprocally open or closed.
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Figure 1: Schematic of cell sorter flow channels. The cells
flow from I. Flows from S1 or S2 are used to deflect the cells
into the outlets O1 or O2.

A hydrostatic pressure difference determined by a height
difference Ah was created between the inlet and outlet
reservoirs to drive the cell flow through the main channel,
allowing free access with a pipette to the inlet and outlet
reservoirs. To allow enough time for cell identification and
sorting, the target design cell speed is chosen as V=0.5 mm/s,
which corresponds to a visibility time of 2s for each incoming
cell. The cross section of the channels was chosen to be 127 um
by 50 pm, about 10 times the cell size so that clogging is
prevented, resulting in a hydraulic diameter D=72 pm.
Assuming the cell solution has the volumic mass of water,
p=1000 kg/m’, and a viscosity of 0.001 Pa-s, we obtain a
Reynolds number Re= pUD/pn of about 0.036. The flow is
therefore clearly laminar with negligible inertial effects, and
cells following streamlines without turbulent oscillations. The
pressure difference AP between inlet and outlet reservoirs
required to drive this flow is given by [16]:
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For a travel length in the chip of L=20mm, we need a
pressure difference AP=50 Pa, corresponding to a height
difference between the reservoirs Ah=5 mm. The height of the
inlet and outlet reservoirs are therefore designed to be at least
10 mm to give more control over the speed of the cells; this
height is controlled by the overall thickness of the chip.

The side channel flows can also be provided by gravity
flow, and this scenario was tested. It was decided to use a
syringe pump, however, because one was available in our lab
and because it allows an easy way to specify certain flow rates
instead of specifying height differences. Gravity flow is
recommended in labs where a syringe pump is not immediately
available.

The target flow speed was chosen as 0.5 mm/s because this
speed is slow enough for manual operation (taking into account
human reflexes), and fast enough to prevent cells from
adhering to the walls. A possible explanation for cells not
adhering to the walls can come from the analysis of the Peclet
number, Pe= LV/D, which is the ratio of convection to
diffusion. In this equation, D, the diffusion coefficient defined
by KgT/6mnr (Einstein) is approximately le-14, the velocity V
is estimated at 0.5mm/s, and L is taken as 20 um (half channel
height). The Peclet number in our application is calculated to
be 10°. The large Peclet number means convection dominates,
and particles do not diffuse to the walls for adhesion.

In the design process, we used Computational Fluid
Dynamics to determine the and the maximum shear rate
experienced by the cells. The finite-element multiphysics
software COMSOL was used to simulate the flow at the
intersection of three inlet channels and two outlet channels. A
3D mesh was generated by COMSOL with 10 nodes along the
z-axis and 200 nodes along the x and y axes, corresponding to
XY tetrahedral elements. As a boundary condition, a pressure
difference of 50 Pa, corresponding to the above calculation
from equation 1, was applied between the inlet and outlet
reservoirs. The closed valve was modeled as a wall.

Figure 2 shows the outcome of a steady state flow
simulation. In the configuration described, the top left valve is
closed while the top right valve is open. The average speed of
the flow in the simulation is about 0.8mm/s, in good agreement
with the design goal of 0.5mm/s. Trajectories shown in black
lines in Figure 2a show that the presence of a sheath flow at the
right deflects the particle-laden flow towards the left channel.
Reciprocally, figure 2b shows that in the opposite valve
configuration deflects the particle-laden flow towards the right
channel.
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Figure 2: COMSOL simulation showing the velocity
magnitude and streamlines for the two configurations,
deflecting the inlet flow to the left and right depending on the
state of the side inlets.

The switching time is dependent on two parameters: the
time it takes to accelerate or stop by changing the pressure
boundary condition the flow, and the time it takes to redirect
the flow from the old outlet to the new outlet. Hydrodynamic
theory predicts that the acceleration time depends on the
diffusion of the fluid momentum across the channel. This can
be expressed as [17]

p @
taccel =3 =
7

In the above equation, the symbols a, y;, p, respectively
stand for the hydraulic diameter, the smallest Bessel function
root (y; = 2.405), and the viscosity of the fluid. The time it
takes to redirect the flow to the new outlet depends on the
velocity and geometry of the channels. It is defined as the time
it takes for a particle to cross the characteristic distance
between one inlet channel and the opposite outlet channel. For
the channel of cross sectional area A = 6.35°10° m’, a
switching flow rate Qg = 1 pl/min, and a characteristic length |
=300 pm,

0.97ms Eq 2

AL ams Eq3
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From the above analysis, it is shown that the acceleration
switching time is smaller than the redirection switching time.
An experiment with blue dye flowing from the input and pure
water flowing from the side channels was performed to validate
this switching time calculation. The valves were connected to a
function generator and operated to send the flow in alternating
directions at varying frequencies. A high-speed camera was
used to image the flow and study the switching time (figure 3).
The movie shows that it takes approximately 133ms to switch
the flow from one channel to the other. This corresponds to a
maximum throughput of approximately ~450 cells per minute,
at a flow rate of 1 pl / min. This throughput can be increased
with higher velocities, as discussed in section 5.
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Figure 3: Visualization of the switching time, with ink.
Switching time is approximately 133ms, with good agreement
to the predicted time of 114ms. Throughput is limited by this
time to be approximately 450 cells/min at this velocity.
Automation can increase velocity and therefore throughput,
discussed in section 5.

The maximum shear stress experienced by the cells
corresponds to the largest shear stress in the fluid. The shear
stress is defined by [18]

S UL Eq 4
axj OX:

The maximum shear stress was calculated from the
computational fluid dynamics simulation results as the matrix
I-norm of the above tensor. We found the maximum stress
occurs along the walls, with values of 0.042 Pa. This is on the
same order as the analytically-estimated average shear stress
[19]:

r~u2 ~0.02Pa- Eq5

h/2

Typical damaging shear stresses are above 0.4Pa [19].
Therefore this hydrodynamic switching scheme should be safe
for cells. This will be tested experimentally using Trypan blue
dye in section 4.

3. MANUFACTURING

The chip was manufactured from a 24.9mm x 29.6mm x
11.9mm block of polymethyl methacrylate (PMMA). Channels
127 um wide x 50 um deep were surface-machined in an
intersecting five-branch configuration using a micro-milling
machine (Minimill 3, Minitech Machinery, USA). Figure 4
illustrates the dimensions and major components of the full
device. This figure shows the primary chip (A), input reservoir
(B), solenoid valves (D), valve-attachment manifold (C), and o-

rings (E); details of these components are described further
below.

Figure 4. Major components of the cell sorter chip.
Dimensions given in mm. See text for further detail. Adhesive
tape is applied to the lower chip surface to seal channels

Particles in solution were flowed through a single input
branch (Figure 4, B) into either of two output branches. Each of
these particle-flow channels terminated in 200ul cylindrical
reservoirs so that particle solution could be added and extracted
via pipette. As described above, the rate of this particle solution
flow was controlled by a difference in fluid level between the
input and output reservoirs.

Switching was achieved via alternating the open or closed
state of two fast (2kHz operation) solenoid valves (Figure 4, D,
from Gyger AG, Switzerland). In this way, a non-stop
(particle-free) flow in either of two switching channels diverted
the particle solution from the input channel to a specific output
channel and reservoir. Transparent adhesive tape was applied
to the machined surface of the chip to seal the channels and
IeServoirs.

The solenoid valves were connected to the chip using a
separately-machined PMMA manifold (Figure 4, C); these two
components were affixed with a #2-56 socket head cap screw.
At the interface, two o-rings (Figure 4, E) sealed the fluid
connection between the valves and the chip. A single syringe
pump supplied each valve with either isotone buffer or DI
water (depending on the sorted particles) via rigid Teflon
tubing and a three-way connector.

The valves were actuated using an integrated-circuit
controller programmed to supply a peak-and-hold voltage
reciprocally to either valve. This signal scheme was necessary
in order to maximize the speed of the valves without exceeding
their electrical current rating. The controller was constructed to
allow for manual operation or triggering from a function
generator. The controller additionally required 5V and 12V
power supplies.

4. OPERATION AND RESULTS
Experiments were conducted to evaluate (1) the

performance of the device as a manual sorter using polymer
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spheres and human fibroblasts, and (2) the stress induced by
the device on living human fibroblasts after random sorting.
The device was then used to separate labeled cells that have
been mixed with an unlabeled population of the same cells.

Priming the channels

To prevent clogging by e.g. undesired air bubbles, sorting
began with a wetting (‘priming’) procedure that involved filling
all three reservoirs with DI water or filtered isotonic buffer, and
then initiating a syringe pump flow of the same solution
through the switching channels. A function generator was then
used to actuate the valves at high speed (~200Hz) to remove air
bubbles attached to the channel walls. During the priming
process, the outlet reservoirs were kept filled with liquid.

Sorting polymer beads and human fibroblasts

After wetting, the device performance was evaluated by
sorting polymer beads and human fibroblasts. First the input
reservoir was filled with an aqueous solution of 11 pm polymer
spheres (Duke Scientific, 7510A), at a concentration of 33
particle per pl. Gravity caused the particles to flow from the
inlet to the outlet chambers. To demonstrate sorting ability and
measure throughput, 101 beads were manually sorted to each
output reservoir in an alternating manner over a seven minute
span. This results in a measured throughput of approximately
14 cells per minute at velocities of ~lmm/s. Automation and

higher velocities can result in higher throughputs, as discussed
in section 5. The left side of figure 5 shows (top) an incoming
bead, (middle) a bead directed to the top outlet channel, and
(bottom) a bead directed to the bottom outlet channel. The inlet

reservoir was stained with a small concentration of blue dye to
visualize the streaklines of the flow and easily predict where
the bead would go.

The same experiment was then performed with trypsinized
human fibroblasts. First, the priming procedure was performed
with isotonic buffer. Then, cells were trypsinized for 5 minutes,
washed, and resuspended in isotonic buffer. A coulter particle
counter (Model Z1) was used to determine the concentration of
cells (60 cells per pul). After the wetting of the chip, 200ul of
the suspended cell solution was added to the input reservoir,
and gravity caused the cells to flow between the inlet and outlet
reservoirs. The right side of figure 5 shows (top) an incoming
bead, (middle) a bead directed to the top outlet channel, and
(bottom) a bead directed to the bottom outlet channel. Phase
contrast lighting conditions were used to facilitate visualization
of the transparent cells, also causing the dark shading on the
right side of the images. 30 cells were sorted at velocities of
~0.6mm/s in under 3 minutes, resulting in throughputs of
approximately 10 cells per minute. Again this throughput can
be increased with automation, discussed in section 5.

Impact of the shear stress on biological cells

While the previous tests showed the capability of the
device to precisely sort a particle-laden flow, the device was
also tested to evaluate the stress induced on human fibroblasts
by the shear stress of the sorting flow. The cells were prepared
in the same manner as the previous section and were flowed
through the channels from the inlet to the outlet reservoirs. A
function generator was used to switch the flow at a rate of 1Hz.
After randomly sorting cells for a 20 minute period, 20 pl
samples were drawn from each output reservoir and a 40 pl

Figure 5: (left) images of sorting polymer
beads. The red circles indicate 11 micron
polymer beads. The top image shows an
incoming bead, the middle image shows
the bead directed to the top outlet channel,
and the bottom image shows the bead
directed to the bottom channel. The bead-
laden fluid is lightly dyed with ink to
clearly show the direction the bead will
take. (right) A similar set of images
showing the sorting of trypsinized human
fibroblasts. These pictures were taken
with phase contrast lighting conditions to
facilitate the visualization of the
transparent cells, but also causing the dark
shading on the right half of the pictures.
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control sample was drawn from the input reservoir. Trypan
Blue was then used to evaluate the viability of these collected
cells under a microscope. The results from this test, shown in
Table 1, show a negligible change in the mortality of the sorted
cells compared with unsorted cells, indicating an acceptable
level of shear stress in the device.

Table 1. Results of cell stress study

# living # dead %
cells cells mortality
Input 95 10 10.5
Output 30 4 13.3

Separation of labeled Fibroblasts from unlabeled Fibroblasts

The microfluidic chip described here was then used for
separation of cells expressing GFP or stained with vital dyes
from non-stained cells in a scenario typical for bystander effect
experiments, where fluorescent cells are plated together with
non-stained cells and irradiated with a microbeam [3]. An
essential step in these types of experiments is the precise
separation of the irradiated cells from the non-irradiated cells
for subsequent cell analysis.

Two sorting procedures were used during our utilization of
the cell sorter: (a) both types of cells are tagged with different
colors of fluorescence, or (b) only the irradiated cells are
tagged. In the first case, the irradiated cells are labeled with
fluorescent nuclear dye (Hoechst 33342) or GFP, and the
bystanders are labeled with vital cytoplasmic dye Cell Tracker
Orange, and both can be visualized with a double-pass filter. In
the second case, only the irradiated nuclei are tagged and sorted
from the non-labeled cells. This method ensures that the
tagging does not affect the results from the subsequent analysis,
and is fully described below.

Normal human fibroblasts (AG01522 cells) expressing
GFP or stained with Cell Tracker Green (Molecular probes,
Eugene, OR) were plated in ratio of 1:3 with non-stained cells.
After 24 hours the cells were trypsinized, washed and
resuspended in Isotone to eliminate small particles that are
usually present in unfiltered media. A 100 pl suspension of
cells with concentration of 20 cells/pul was placed in the inlet
reservoir, mixed by pipetting. This initiated a cell flow at a
velocity of about 0.5mm/s. Cells reached the sorting zone at a
rate of about 1 cell every 10 seconds, and were observed by the
operator under the fluorescence microscope by using a
combination of filtered fluorescent light (FITC filter) and
visual broadband light allowing the user to simultaneously see
both fluorescent and non stained cells.

At this stage all cells were driven to the waste chamber by
the default state of the controller. Once it was clear that there is
a constant flow of cells, the white light was dimmed and cell
sorting was performed only under fluorescent light. By

pressing a pushbutton switch the flow was directed towards the

collection chamber. All fluorescent cells once they appeared in
the field of view were directed to the waste chamber by
releasing the controller’s button. Using a magnification of 4x
gives the operator at least 3 seconds to see the fluorescent cells
before they reach the cross section of the channels. By
operating the chip under only fluorescent light, it is possible to
even sort cells with very low levels of fluorescence which
might be the case for GFP expressing cells.

It is important to note that successful use of this method
ensures that the collection chamber will contain only the non-
stained cells of interest, while the waste chamber might contain

some non-stained cells, together with the discarded stained
cells.

5. AUTOMATION

The above experiments are performed by manually
operating the solenoid valves with a pushbutton switch. As a
result, the sorting frequency is low (~10 cells/min), but is
sufficient for small populations of cells and to prove the
concept of this device. The limiting factors to the sorting
frequency are the low velocities and the large distance between
cells to allow extra time for the operator’s reaction reflexes.
Automating the detection and sorting would eliminate this
requirement for this reaction time and allow much higher
throughputs. The maximum theoretical throughput at the
current velocity is ~450 cells per minute, limited only by the
switching time calculated in section 2 (approx. 130ms). With
automated detection, the velocity could increase by an order of
magnitude, thereby increasing the throughput by a similar
amount. Automation will also lead to decreased operational
costs for large populations of cells, as an operator will not be
required to perform the sorting.

6. CONCLUSION

A hydrodynamic cell sorter was designed, manufactured
and tested to sort cells mechanically under non-damaging shear
stress. The cells never stop flowing through the device,
reducing the risk of cell adhesion to the surface. The inlet and
outlet chambers are easily accessed by pipette, and the main
cell flow is driven by gravity. Computational fluid mechanics
has been shown to be a useful tool to assist the design and
predict device performance. The actuation scheme depends on
a syringe pump and two fast microsolenoid valves. The sorter
was tested to sort 101 beads in less than 7 minutes, and 30 cells
in less than 3 minutes. We show that the maximum throughputs
is limited by the flow switching time to ~450 cells per minute.
We explain that the flow switching frequency can be increased
by increasing the flow velocity, which would be possible using
automatic rather than manual cell detection. Finally, operating
only under fluorescent light allowed reliable separation of cells
even with low fluorescent intensity from non-fluorescent cells.
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