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The integration of complete analyses systems “on chip” is one of the great potentials of microfabricated devices.
In this study we present a new pressure-driven microfabricated fluorescent-activated cell sorter chip with advanced
functional integration. Using this sorter, fluorescent latex beads are sorted from chicken red blood cells, achieving
substantial enrichments at a sample throughput of 12000 cells s—!. As a part of the sorter chip, we have developed
a monolithically integrated single step coaxial flow compound for hydrodynamic focusing of samples in flow
cytometry and cell sorting. The structure is simple, and can easily be microfabricated and integrated with other
microfluidic components. We have designed an integrated chamber on the chip for holding and culturing of the
sorted cells. By integrating this chamber, the risk of losing cells during cell handling processes is eliminated.
Furthermore, we have also developed integrated optics for cell detection. Our new design contributes to the
ongoing efforts for building a fully integrated micro cell sorting and analysing system.

Introduction

Conventional fluorescent-activated cell sorters (FACS) are
widely used in clinical medicine, basic biological and material
sciences. FACS provides impressively efficient sorting. How-
ever, a FACS is expensive, requires relatively large sample
volumes, is difficult to sterilize, is mechanically complex, and
can only be operated and maintained by trained personnel.
Therefore, inexpensive devices that rapidly sort live cells,
particles, and even single molecules would greatly facilitate
screening of combinatorial chemistry libraries or cell popula-
tions.!

Microfabricated fluorescent activated cell sorting devices
(WFACS) offer a number of advantages over conventional
FACS. Conventional FACS normally applies sorting of droplets
in an open system. In contrast, a micro-sorter structure can be
fabricated as a closed system, reducing the risk of infecting the
sorted cells, and of working with biohazardous materials.

Several groups are developing microfabricated devices for
cell analysis by flow cytometry2-3 or for cell sorting.!-4-% Most
of this work is presented as “proof of concept” and, with a few
exceptions, no numbers are given on sample throughput or
sorting efficiency. Fu er al. were the first to develop a
microfabricated elastomeric FACS (WFACS) based on electro-
osmotic flow.! They demonstrated sorting of particle and
bacteria cells with enrichments of up to 80-96 fold. However,
the sample throughput of the system (10-20 cells s—!) was
orders of magnitudes lower than what a conventional FACS can
offer (10000 to 20000 cells s—1). A later pressure driven puFACS
from the same group had essentially the same enrichment and a
2 fold increased sample throughput.”

The most important advantage of microsystems is the
possibility to create complete analytical microsystems by
integrating various functional modules on the same chip. Such
functional modules may include sample preparation,®-10 inte-
grated optics for excitation and detection of fluorescent labeled
cells,!1-13 cultivation of sorted cells,!4-1> DNA amplification by
the polymerase chain reaction (PCR),!6-2! or single cell
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enzymatic analysis.22 In other words, system integration opens
up interesting possibilities that cannot be envisaged in conven-
tional machines.23 However, there have been only few attempts
to integrate WFACS with other microfabricated compounds: Fu
et al” have integrated microfluidic functionalities such as
peristaltic pumps and switch valves, and Kriiger et al.® have
integrated micro-optic compounds for cell detection.

In this paper, we describe a uFACS with a sample throughput
comparable to conventional FACS. Furthermore we present and
discuss a second generation of this pFACS with several
integrated functionalities. These functionalities include a novel
microfluidic structure for sheathing and hydrodynamic focusing
of the cell-sample stream, a chip-integrated chamber for holding
and culturing of the sorted cells, and integrated optics for
detection of cells.

Methods
Fabrication of the first generation nFACS

The channels for the sorter structure were made on the front side
of a four-inch silicon wafer. A double-mask was composed of a
patterned 1.8 um SiO; layer and a patterned and hard-baked 2.6
um photoresist. The oxide and photoresist masks were used
during anisotropic reactive ion etching (RIE) of the silicon.
Channels with depths between 50 and 200 microns were
manufactured by this procedure. Similarly, holes for fluidic
interconnection were RIE etched from the backside of the
wafer, using a patterned SiO; layer (3 um) as mask. For sealing
of the channels, a sodium-lime glass plate was anodically
bonded to the front of the silicon wafer, yielding a good durable
bond. This glass cover allowed external observation and
detection of the cells in the channels. Quartz capillaries for fluid
in- and outlets were connected through holes in the backside of
a polymer holder and sealed to the chip with tiny O-rings.
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Fabrication of the second generation puFACS

The second generation of the WFACS was fabricated in a similar
way as the first generation, except that a thicker oxide (3 wm)
and a thicker photoresist (4.2 um) were used for the front side
masks. Holes for fluid interconnection were RIE etched from
the back side of the wafer, using a combination of patterned
SiO; (3 um) and hard-baked photoresist (9 wm) as masks. The
integrated wave-guides were fabricated as described else-
where.12 As for the first generation chip the channels were
sealed by anodically bonding a sodium-lime glass plate to the
front of the silicon wafer. On the second-generation chip a filter
structure was integrated. A narrow gap between the wafer and
glass top acted as the filter. Bonding between wafer and glass lid
in the filter area could efficiently be prevented by small gold
dots on the glass lid. These gold dots (0.5 wm high) were
microfabricated using standard sputtering and lift-off tech-
niques.

System setup

The cell-sorting device was mounted on an inverted microscope
(Leica DMIRB, Leica Microsystems, Wetzlar, Germany) with a
20X objective. A 100 W mercury lamp provided epi-
fluorescence excitation. The fluorescence was collected through
the same objective and detected by a photo multiplier tube
(PMT) (Leica Microsystems, Wetzlar, Germany). The electrical
signal from the PMT was sent via the PMT control unit (Leica
Microsystems, Wetzlar, Germany) and a preamplifier (Stanford
Research Systems SR560, Sunnyvale, California USA) to a
custom-made control box that controlled a flow-switching
valve. The flow switching valve (Lee LHDA1202025H, The
Lee Company, USA) had a response time of 2.5 ms. Switching
of this valve forced the beads of interest to the collecting
channel (Fig. 1). Two syringe pumps (Harvard Apparatus Inc,
Holliston, Ma, USA) were used for pumping the sample and the
sheathing buffer.

Sample preparation

In the sorting experiments, a 10-fold dilution of EDTA
stabilized chicken red blood cells (CRBC, Statens Serum
Institut, Copenhagen, Denmark) was used in phosphate buffer
saline (PBS, pH 7.4, Sigma, St Louis, Missouri, USA). The
CRBC were mixed with 10 um fluorescent latex beads
(Polysciences Inc, Warrington, Philadelphia, USA) to a final
concentration of 2.6 X 103 beads ml—! and 1.1 X 108 cells
ml—1, respectively. The PBS was used for sample sheathing.

Buffer
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Objective
Collected cells : Buffer
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Fig. 1 Schematic set-up for first generation micro cell sorter.

Determination of cell and bead concentrations

The concentration of CRBC and fluorescent beads was
determined using a counting chamber (Biirker Bright line,
KEBO Lab, Denmark). Very low concentrations of fluorescent
beads were determined as follows: four aliquots of 20 ul of
fluorescent beads were spotted on a microscope slide using a
micropipette (Eppendorf, Germany). The slide was dried at 70
°C for 20 min and the number of fluorescent beads per spot was
counted under a microscope.

Simulation

Simulations were performed on a multiple-physics software
package based on the Finite-Volume Method (CFD-ACE + 6.2,
CFD Research Corporation, Huntsville Alabama, USA). The
microfluidic structure was operated in laminar flow regime. It
has a complex three-dimensional geometry and therefore
requires a fine grid. Grid-independent simulation solutions were
achieved at 48000 grid cells.

Results and discussion
First generation of nFACS

Cell sorting. Fluorescent-activated cell sorting was per-
formed in a microfluidic silicon chip, with the sorter chip
mounted on an inverted optical microscope (Fig. 1). The cells
were manipulated by pressure-driven fluid flow. The cells
introduced into the sorter chip were sheathed by buffer stream.
The fluorescent beads were excited near the junction of the
collecting and the waste channel. The fluorescence signal was
detected by a photomultiplier tube (PMT) and this signal was
used for switching a valve on the waste channel outlets, forcing
cells of interest to the collecting channel. Using this uFACS, the
sorting of fluorescent latex beads from chicken red blood cells
(CRBC) was demonstrated. The initial ratio of beads to CRBC
was 2.4 X 10—5 and thus represented a rare-event sorting. It
took 27 min to sort 2 X 107 cells at a sample flow rate of 0.11
ul s—1. A 100-fold enrichment of fluorescent beads was
achieved at a throughput of 12000 cells s—! (Table 1). The
enrichment in our sorting experiments is only slightly higher
than the 80 to 96 fold enrichment that has been reported by
others using a cell sorting WuFACS.1-7 Interestingly however, in
our WFACS the throughput was 1000 times higher. The
throughput of 12000 cells s—! in our uFACS is so far the highest
throughput reported for a microfabricated fluorescent-activated
cell-sorting device. Thus, our new WFACS has achieved the
same throughput as what has until now required a large fast
conventional FACS (10000 to 20000 cells s—!). The enrichment
of a 100 fold is the highest that has been reported for a uFACS.
However, it is still lower in comparison to the enrichment of a
conventional FACS. The enrichment can be increased at the
expense of throughput by decreasing the sample flow rate. A
better option is to integrate an additional sorting structure or
even a cascade of sorters on the same chip. This will allow both
high enrichment and high throughput. Developments of such a
successive sorting chip are in progress.

Previously, an electrokinetic switching scheme has been used
for hFACS.! In the uFACS presented here, a hydrodynamic

Table 1 Result of sorting green fluorescent beads from chicken red blood
cells. The sample throughput was 12000 cells s—!

Input Collection  Waste Enrichment

Fraction of beads 2.4 X 105 2.4 x 10-3 8.2 X 10-¢ 100 fold
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switching scheme was used. The advantage is that it does not
require high voltage and is more robust for longer runs.! We
have successfully operated the chip sorter for up to 2-3 h.
Moreover, problems with cell damage or cell death, caused by
exposure to high electric fields, are avoided in our system. In a
flow system cell viability and integrity may be compromised by
high hydraulic pressure difference. However, the pressure drop
through the sorting system presented here can be calculated to
be less than 100 Pa, and pressure should therefore not be a
problem in the sorter.

Functional integration in second generation uFACS

Cell sorting has become an indispensable part in the studies of
cellular metabolism on the single cell level.2425 For future
applications, these single-cell analyses will demand immediate
treatment of cells either before or after sorting with minimal
time variation and sample loss. Thus, there is a need for a
microfabricated cell sorter with additional functionalities.® We
have designed several integrated functionalities “on-chip” in a
second generation of WFACS. The functionalities include a
novel microfluidic structure for sheathing and hydrodynamic
focusing of the cell-sample stream, a chip-integrated chamber
for holding and culturing of the sorted cells, and integrated
optics for detection of cells. The results of this integration are
presented and discussed below.

Sheathing and hydrodynamic focusing of the cell sample
stream in the second generation nFACS

In the first generation of uFACS, the sample was only sheathed
on two sides (Fig. 2A). This partial hydrodynamic focusing had
a number of disadvantages. First, fluorescence signals from
beads with identical amounts of fluorochrome showed great
variation depending on whether the beads were in the focal
plane or not. Second, as a result of hydrodynamic laminar flow,
the speed of the cells or beads moving through the structure
depended on the position of the cell in the channel. Miyake et
al.26 have previously miniaturized the design used in conven-
tional FACS for sample sheathing and hydrodynamic focusing
on four sides. However, this microstructure was a complicated
multi-layer structure that required a number of process steps to
fabricate. Our new structure for coaxial sample sheathing and
hydrodynamic focusing was build on the principle of “the
smoking chimney”, where the sample is sheathed and carried
downstream from the inlet like a wisp of smoke from a chimney
(Fig. 2B). This chimney structure can be fabricated in a simple
process applying standard micromachining methods.?’

The sample sheathing “chimney” structure was designed and
optimised with the aid of computer simulation. In Fig. 3 a three-
dimensional computer simulation of the “chimney” structure is
shown. The colour graduation indicates the probability that a

’
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Fig. 2 Sample inlet in first and second generation WFACS. A: In the first
generation of our cell sorter the sample was only laminated from the
flanking sides not from the top or bottom. B: In the second generation the
sample is introduced into the buffer stream through a “chimney” like

structure. This gives a coaxial flow profile and hydrodynamic focusing of
the sample.
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given cell will be inside the volume limited by that colour. The
probability for blue and light blue is 95% and 99%, respectively.
The simulation predicts a hydrodynamic focusing of the sample
both vertically and horizontally (insert Fig. 3). The “chimney”
structure was tested as follows: a fluorescein solution and PBS
were pumped through the “chimney” and the sheathing channel,
respectively. The transparent fluorescein was excited and the
fluorescence light was recorded using a CCD camera. In the
resulting CCD image, the fluorescence intensity was deter-
mined at a line across the channel 2 mm downstream from the
“chimney” (Fig. 4A—C). The fraction of the channel height
filled with fluorescein at any given point was calculated by
comparing this fluorescence intensity to the intensity of a
channel totally filled with fluorescein (Fig. 4D-F, solid line).
Increasing the flow ratio of sheathing buffer to sample results in
an increased focusing of the sample not only from the sides
(reduced peak width) but also from the top and bottom (reduced
peak height). These results are in good agreement with
simulation predictions (Fig. 4D-F, dotted line). These experi-
mental results clearly demonstrated the ability of the “chimney”
structure to generate coaxial sheathing flow and hydrodynamic
focusing of sample (Fig. 4). The region of the channel occupied
by the sample can be controlled by varying the flow ratio of
sheathing buffer to sample (Fig. 4). A high ratio will focus the
sample in the centre of the channel (Fig. 4C and F). The
“chimney” sheathing structure for hydrodynamic sample focus-
ing ensured a low variation in fluorescent signal from
equivalent beads, owing to the more uniform velocity distribu-
tion across the sample.2®

In other micro cell sorter designs channels were so shallow
and narrow that no additional sample focusing was required.!-”
However, using such shallow and narrow channels increases the
risk of clogging the channels, especially when biological
material is used. Another group has used electrokinetic focusing
in a miniature flow cytometer.3 This focusing was only vertical,
analogous to the focusing shown in Fig. 2A. In this sample-
focusing scheme broader channels could be used. However, the
channels still have to be shallow and sample clogging may
therefore still be a problem. In our second uFACS we could use
channels large enough to prevent clogging, because the
“smoking chimney” was hydrodynamically focusing the sample
stream, both vertically and horizontally (Fig. 2B). Recently,
dielectrophoresis has been shown to give similar results for 3D
focusing in microflow cytometry.6 However, this approach has
a number of drawbacks: microfabrication of electrodes on both
the bottom and top of the channel, precision alignment of these
electrodes, electronics for generating electric AC field, and
limitations on the conductivity of the liquid. All these
disadvantages are avoided in the simple “smoking chimney”
concept.

Fig. 3 Three-dimensional computer simulation of the “chimney” struc-
ture. The colour graduation indicates the probability that a given cell will be
inside the volume limited by that colour. The probability for blue and light
blue is 95% and 99%, respectively. Insert: detail showing the hydrodynamic
focusing of the sample.



Integrated chamber for holding and culturing of cells in
the second generations pnFACS

We have developed a chip-integrated chamber for holding and
culturing the sorted cells. This holding/culturing chamber is
placed at the end of the collection channel (Fig. 5). A cross-
sectional view of the holding/culturing chamber is shown in Fig.
6. The holding/culturing chamber is separated from the draining
channel by a “wall”. Small gold dots on the glass lid prevented
anodic bonded between the lid and the “wall”, creating a small
gap. This gap between the lid and the “wall” acted as a filter.
The filter allowed draining of excess liquid during sorting, and
feeding fresh medium during culturing. The chamber is sealed
to the chip holder with an O-ring for easy access to the sorted

cells. Using normal yeast cells and yeast cells containing green
fluorescent protein (GFP) in preliminary sorting experiments,
we have found that it was possible not only to sort cells of
interest into the chamber but also to culture them. When
supplying the sorted cells with a flow of fresh medium we
observed that the cells were growing and dividing for several
days. The integration of holding and culturing chamber with the
WFACS on the chip level eliminates the risk of losing cells due
to dead volumes in interconnects or during cell handling. This is
a crucial factor in rare-event cell sorting. Furthermore, the cells
are sorted and cultured in a closed system, providing advantages
for critical applications, such as working with biohazardous
materials or when absolute sterile conditions are required. The
chip-integrated chamber described in the present study provides
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Fig.4 A-C: The chimney seen from above with fluorescein flowing through. The controlling parameter ¢ is defined as the ratio between the sheathing and
sample flow and is set to 0.5, 5 and 25, respectively. D-F: Solid blue line: the relative fluorescence intensity measured along the white lines in A—C. The
relative intensity is a direct measure of the fraction of the channel height filled with sample (here fluorescein, see text). Dotted red line: fraction of the channel

height filled with sample as predicted in simulations.
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Fig. 5 A: Schematic set-up for the second generation WuFACS. B: Scanning electron microscope (SEM) image of the second-generation micro cell sorter
chip with integrated holding/culturing chamber: (a) sheathing buffer inlet, (b) “chimney” sample inlet, (c) detection zone, (d) holding /culturing chamber,
(e) sieve to allow diffusion of nutrients and confinement of cells, (f) channel for draining excess liquid during sorting and for feeding fresh media to the cells

during cultivation, (g) waste outlet.
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interesting prospects for on-chip single cell enzymatic analysis,
amplification of DNA by polymerase chain reaction
(PCR),16-21 and interfacing to DNA chips.2° Such studies are in
progress.

Integrated optics in the second generations nFACS

The majority of flow cell sorters rely on optical methods for cell
detection and cell analysis. Optical cell analysis methods have
proven to be versatile, reliable and very sensitive.30 The
traditional bulk optics for cell analysis require precision
alignment and are expensive. Integrated optics may be adapted
for cell analysis and can provide a cheaper and more reliable
alternative to traditional optics. In the WFACS we mono-
lithically integrated waveguides with a fluidic micro channel
(Fig. 7A). Light from an argon ion laser (488 nm) is coupled
into a waveguide that subsequently couples the light into the
microfluidic channel. The channel contains a solution of

Gold dots Dx;flil[pg
Slclll‘ﬁgn HOIdIng[cuItunng

« “chambes
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Fig. 6 Cross-sectional view of the holding/culturing chamber. The
holding/culturing chamber is separated from the draining channel by a
“wall”. Small gold dots on the anodic bonded glass lid create a small gap
between the lid and the “wall”. This allowed draining of excess liquid
during sorting and for feeding fresh nutrients during culturing. The chamber
is sealed to the chip holder with an O-ring for easy access to the sorted

=
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Fig. 7 A: Optical microscope image of waveguides monolithically
integrated with fluidic micro channel. Light from an argon ion laser (488
nm) is coupled into a waveguide that subsequently couples the light into the
microfluidic channel. The channel contains a solution of fluorescein that
emits green fluorescent light. B: Histogram of fluorescence signal from
latex calibration beads flowing through the same microchannel at a rate of
1400 beads s—!. The calibration beads (LinearFlow™, Molecular Probes)
are a mixture of beads labeled with varying amount of fluorochrome. The
different subpopulations of beads can clearly be identified.
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fluorescein that emits green fluorescent light. To test the
feasibility of using waveguides for cell analysis, latex calibra-
tion beads was guided through such a sorting structure with
integrated waveguides Emitted and scattered light were col-
lected perpendicular to the waveguide through the cover glass
lid and registered using PMTs. The calibration beads (Linear-
Flow™, Molecular Probes) are a mixture of beads labelled with
varying amount of fluorochrome. The different subpopulations
of beads can clearly be identified as three distinguished peaks in
the histogram shown in Fig. 7B. The preliminary results
obtained clearly demonstrate the potential of integrated optics
for optical detection of cells in microsystems. The alignment
problems known from bulk optics are avoided because the
waveguides are monolithically integrated with the fluidic
system. Moreover, it is possible to have a whole array of
waveguides for delivering and collecting light. However, we
have yet to take full advantage of manipulating of light with
waveguides. Different geometries of microchannels and wav-
eguides for delivery and collection of light as well as filtering of
specific wavelengths by means of Bragg gratings, and in-
tegration of photodiodes for conversion of optical signals to
electronic signal are under investigation.

Conclusion

We have developed a microfabricated fluorescent-activated cell
sorter (WFACS) with several novel integrated, functional
structures. A novel structure for hydrodynamic focusing of
sample in flow cytometry and cell sorting was designed. The
structure is simple, can easily be fabricated using standard
microfabrication methods, and can be monolithically integrated
with other microfluidic structures. The hydrodynamic focusing
allows channel dimensions large enough to prevent clogging.
Sharp sample focusing in both the vertical and the horizontal
dimension can be controlled by manipulation of the flow ratio
between the sheathing buffer and the sample. A new holding
and culturing chamber has been integrated with the uFACS. The
integration of holding and culturing chamber with the uFACS
on the chip level eliminates the risk of losing cells due to dead
volumes in interconnects or during cell handling. The prelimi-
nary experiments with waveguides in our microfluidic system
clearly demonstrate the potential of integrated optics for optical
detection of cells in chip-based systems. Using these micro-
fabricated structures we have realized fluorescent activated cell
sorting at a sample throughput as high as 12000 cells s—! at
100-fold enrichment.
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