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ABSTRACT

In this work we show the design and characterization of a
microfluidic cell sorter. The device is designed to sort small
quantities of live cells labeled with either live dyes or Green
Fluorescent Protein (GFP). Manually operated, it reaches
frequencies of 10 cells per minute. Sorting occurs through
hydrodynamic switching, with low hydrodynamic shear
stresses, preserving to a high degree the pre-sorted cell status.
Also, the cells are not subjected to any electric or magnetic
field. The chip is made from reusable hard plastic material
(PMMA) into which microchannels are directly milled with a
hydraulic diameter of 70pum, and one inlet and two outlet
reservoirs are drilled through the chip. A syringe pump
provides a sheath flow that deflects the cells into either the
waste reservoir or collection reservoir, depending on the state
of two fast solenoid valves. The cells are maintained in an
isotonic buffer throughout the sorting process. The Peclet
number in the channel is large, preventing diffusion of cells to
the walls for adhesion. Since the channels are sealed with
disposable tape, the cell sorter is easy to clean. The cell sorter
was successfully used in the framework of a study on the
bystander effect occurring during cell irradiation by sorting 30
cells in less than 3 minutes.

INTRODUCTION

Typical cytometry applications deal with the analysis and
sorting of >10° cells, but there is increasing interest in small
cell populations (10-100 cells). Progresses in several important
areas of molecular biology are linked to single cell analysis.

Lubomir Smilenov
Columbia University
Center for Radiological Research
New York, NY, USA

Daniel Attinger
Columbia University
Department of Mechanical Engineering
New York, NY, USA

Single cell gene expression, miRNA expression or 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
sorting efficiency (or losses) and the sorting frequency (or
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 down a separate arm than unsorted 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. It
is obvious that applications with small populations of cells
(~10-100) are not meant to be sorted in cytometers — they will
be lost in the sample volume alone, and it is not necessary to
sort with such high throughput of >300 cells/second. Therefore
we propose a microfluidic sorter meant to handle single cells
from small populations, with the advantage of possible
integration into other microfluidic processes.

Single cells can be sorted manually from small populations
by a skilled operator using micropipettes, microgrippers or
size-based filters [8, 9]. The typical sorting frequency with
these methods is very low (~1 cell/min) and the physical
manipulation may cause damage to the cell. Also, single cell
manipulation can be achieved by integrating microfluidics with
magnetic, optical, electrical, or hydrodynamic forces. These
microfluidic sorters all have typical sorting frequencies in the
Hz regime — between physical sorting and flow cytometry [8-
11]. Magnetic manipulation generally relies on attaching
magnetic beads to cells in a selective manner; magnetic fields
can then be used to manipulate the cells [9]. Optical tweezers
can trap a cell or particle by the combination of a gradient force
and a scattering force from a gaussian beam. These devices
have the advantage of non-contact and contamination free
manipulation, but are limited by their expensive equipment and
complex optical setups [9]. Electrophoresis uses DC current to
move charged particles and Dielectrophoresis (DEP) uses a
non-uniform AC electric field to manipulate dielectric
materials. The clear advantages of electrophoresis methods are
speed, flexibility, controllability and ease of automation, while
electric fields may affect the cells [8, 9, 12].

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

CONCEPT AND DESIGN

Figure 1 shows the geometry of the cell sorter. The sorter
involves the intersection of three inlet channels S1, S2, and I,
and two outlet channels Ol and O2. Gravity drives a cell-
loaded solution from the inlet (I) to the cross section. At this
point, cells are deflected in either outlet channel by a sheath
flow determined by the state of two valves located at S1 and
S2, which are reciprocally open or close.
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Figure 1: Geometry of cell sorter. The cells flow from I, and the two side inlets S1 and S2 are used to

The generation of a hydrostatic pressure with a height
difference Ah is chosen to drive the cell flow through the main
channel because it allows convenient free access with a pipette
to inlets and outlets. To allow enough recognition and reaction
time for the operator sorting the cells, the target design cell
speed is chosen as V=0.5 mm/s. The cross section of the
channels was chosen to be 150 pum by 50 um, about 10 times
the cell size so that clogging is prevented, resulting in a
hydraulic diameter D=75 um. 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/p of about
0.035. The flow is therefore clearly laminar with negligible
inertial effects, and cells following streamlines without
turbulent oscillations. The pressure difference 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 Ah=5 mm. The heights 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. Figure 2 shows the
design and a picture of our cell-sorting chip. The 5 mm
diameter reservoirs are clearly shown and allow for access with
a pipette. The side channels have threaded holes that allow for
standard microfluidic connections to the syringe pump. The
entire chip is under 4cm x 3cm long.

The target 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 = convection/diffusion

Where D = KpT/6anr (Einstein) = le-14

V=0.5mm/s
L=20 um (half channel height)

The Peclet number is therefore calculated to be le6. The
large Peclet number means convection dominates, and particles
do not diffuse to the walls for adhesion.

The sheath flows are driven by a syringe pump and
controlled with two micro-solenoid valves (Gyger AG,
Switzerland, 0.5 ms switching time). For testing purposes, a
push-button electronic switching mechanism controls the
reciprocal state of the two valves at S1 and S2, so that an
operator can sort cells by visual inspection under a fluorescent
microscope. Two light-emitting diodes are included on the
controller to show the operator the state of each valve, and a
generic AC/DC converter plugged into an AC wall outlet
provides the 5V operating voltage. Automation can be easily
implemented by controlling the solenoid valves with a
computer.

In the design process, we used Computational Fluid
Dynamics to determine the maximum operating frequency of
the cell sorter, 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/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 2a 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 2f shows that in the opposite valve



configuration deflects the particle-laden flow towards the right
channel.

A transient simulation was then performed to calculate the
time it takes for the flow to adapt to a sudden change in the
valve state. By adapting, we mean that suddenly switching the
valves correspond to a sudden change of boundary conditions,
creating unsteadiness in the flow until a new steady state is
obtained. Figures 2a-2f show a time-sequenced series of
images of the switching. The flow switching time from the
simulation is about 0.5ms as the flow in the right channel stops
and the flow in the left channel starts. The low Reynolds
number ensures that no vortices will be created and that the
flow will remain laminar. Theory predicts that the switching

time depends on the hydraulic diameter, a, the smallest Bessel

function root, y;, and the viscosity of the fluid, p [17]:
2
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The switching time calculated analytically and numerically
is therefore on the same order, and corresponds to a theoretical
maximum switching (and sorting) frequency of about 1kHz,
upon automation of the sorting. This frequency is on the same
order to the frequency of the valves that we have chosen
(2kHz): this indicates that maximum practical switching
frequency of our device will be close to the maximum
theoretical ~ switching frequency, as determined by
computational fluid mechanics.
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Figure 2: COMSOL simuiation showihg the velocity magnitude during switching. The total process takes about 0.5ms.




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

ou; ou;
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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]:

u
~ u——~0.02Pa-
TN

Typical damaging shear stresses are above 0.4Pa [19]. We
can therefore conclude that our hydrodynamic switching
scheme is safe for the cells.

MANUFACTURING

The chip was machined from Poly Methyl Methacrylate
(PMMA), a hard transparent biocompatible plastic, using a
CNC milling machine (Fidal VMC, USA) and 100um end mill
(Dixi Inc, Switzerland). The channels were milled directly into
the chip, and the inlet and outlet reservoirs were drilled
perpendicular to the chip with a 5mm drill bit. The tube
connections were drilled and threaded from the side so that
standard microfluidic connections could be used (Upchurch
Scientific, USA). The channels are sealed with a transparent
self-adhesive tape (Adhesives Research, USA), which can be
easily replaced while cleaning the channels. Our cell sorter can
therefore be reused as many times as necessary.

OPERATION AND RESULTS

The microfluidic chip described here was 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 [16]. 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. The peripherals required to operate
the chip include a fluorescence microscope so that the operator
sees the cells and decides in what bin they should be sorted,
and a syringe pump.

To prevent clogging by e.g. undesired air bubbles, the
channels and chambers are initially primed with isotonic buffer
(filtered Isotone, Becton Dickinson, NJ). Most Isotone is then
carefully removed from each chamber, leaving an equal amount
of 50 pl of fluid per chamber, corresponding to a height of ~2
mm. The reason for not leaving the outlets empty is that
Laplace forces generated by menisci in the small channels
might overcome gravity and stop the flow.

At this point one the syringe pump is started, initiating a
flow that would direct all cells to one of the outlet chambers
(usually the chamber that will act as the “waste” chamber).

Once sorting starts, the cells of interest could be directed to the
other chamber, designated as “collection” chamber, by pressing
the controller’s button.

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/ul 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 the button all non-fluorescent cells, even if not visible,
were directed toward 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, allowing for their reaction time and ensuring error
free sorting. 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.

Using this process it was found that about 30 cells could
consistently be sorted, without error, and in less than 3 minutes.
The turnaround time between tests was under 2 minutes,
corresponding to the time to pipette the chambers and re-prime
the channels. Three snapshots of the sorting process can be
seen in figure 4, where three snapshots of the sorting are taken
under white light to visualize the chip channels: an incoming
cell, and a cell directed into each channel.
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Figure 4- pictures of sorting cells without fluorescence. Every second cell was deflected in the opposite direction. Background

dots are from the tape, and are less noticeable in the associated movie.

The above experiments are performed by manually
operating the solenoid valves with a pushbuttons 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 low frequency of sorting is caused
by the large distance between cells to allow extra time for the
operator’s reaction reflexes. Automating the detection and
sorting will eliminate this requirement for this reaction time
and allow much higher throughputs. The maximum theoretical
throughput (if sorting were limited by the hydrodynamics
alone) is ~1kHz due to the time it takes for the pressure to
equalize in the channel. Automation will also lead to decreased
operational costs for large populations of cells, as an operator
will not be required to perform the sorting.

CONCLUSION

A hydrodynamic cell sorter was designed, manufactured
and tested for cell sorting in very mild conditions ensuring
minimal cell 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 microsolenoid valves.
Operating only under fluorescent light allowed reliable
separation of cells even with low fluorescent intensity from
non-fluorescent cells.  Finally, the sorter was tested to
flawlessly sort 30 cells in less than 3 minutes.
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