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We will demonstrate how optical tweezers can be combined with a microfluidic system to create a versatile
microlaboratory. Cells are moved between reservoirs filled with different media by means of optical tweezers. We show
that the cells, on a timescale of a few seconds, can be moved from one reservoir to another without the media being
dragged along with them. The system is demonstrated with an experiment where we expose E. coli bacteria to different
fluorescent markers. We will also discuss how the system can be used as an advanced cell sorter. It can favorably be
used to sort out a small fraction of cells from a large population, in particular when advanced microscopic techniques are
required to distinguish various cells. Patterns of channels and reservoirs were generated in a computer and transferred to
a mask using either a sophisticated electron beam technique or a standard laser printer. Lithographic methods were
applied to create microchannels in rubber silicon (PDMS). Media were transported in the channels using electroosmotic
flow. The optical system consisted of a combined confocal and epi-fluorescence microscope, dual optical tweezers and a

laser scalpel.

Introduction

Optical tweezers are a well-known technique for manipulation of
micrometer-sized objects in a solution, as first shown by Arthur
Ashkin.! Individual cells are trapped in the focal point of a laser
beam that is focused by a high NA microscope objective. By
selecting a non-absorbing wavelength it is possible to trap almost
any type of cell without causing harm. Optical tweezers are now
widely used? and they are particularly powerful in the field of
microbiology.3-5 They have, for instance, been used to study cell—
cell interaction,® to manipulate organelles without breaking the cell
membrane’ and to measure adhesion forces between cells.® It is
even possible to drill holes in cell membranes at very precise
positions using a so-called laser scalpel.® One of the most obvious
applications of optical tweezers is as a sorting device.!0 This was
shown by Ericsson ef al.!! who studied bacterial viability. The
optical tweezers were used to position bacteria in patterns on a
microscope slide, where they were immobilized by the adhesion
forces between the cell membrane and the glass surface. Another
example is the work of Grover et al. who showed how optical
tweezers can be applied in automated single cell-sorting using
peripheral blood as a model system.!? The erythrocytes were
aligned into an upright position along the beam propagation.
Trapped cells could then be recognized and sorted out by an image-
processing system. This automated single cell sorter is applicable
when the sample consists of cells having non-spherical shapes or
when an inhomogeneous cell population of varying size and shape
is investigated. In general, experimental studies of cells using
optical tweezers can reveal very interesting information, but the
experiments are often time consuming and limited to cases where a
small number of cells are investigated.

An alternative approach to control cells under the microscope is
to produce microfluidic systems to transport, manipulate, sort and
isolate different cells,!3-15 also referred to as lab-on-a-chip
devices.!6-19 In such a microfluidic system, pressure or electro-
osmotic flow can be used to control the transport of the cells
together with their surrounding media.2%-22 These shrinking
laboratories have allowed smaller and smaller samples to be used.
A potential limitation, however, is the difficulty in changing the
media around the cells under investigation without also losing
control of the cells. Further, it is difficult to temporarily or
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permanently place a specific cell in a desired part of the chip. These
systems are particularly powerful when there is an excess of
identical cells available, which can be spread over the system where
they interact with different probes. Recently, Umehara ef al.23 and
Inoue er al.2* improved their applicability by integrating optical
tweezers into a lab-on-a-chip. They used the optical tweezers to
position bacteria in a single-cell microcultivation assay where
single bacterial cells could be isolated and positioned in micro-
chambers. Subsequently, they were able to study the reproducibility
of genetically identical bacteria by flowing different nutrients
through the microchamber system. The nutrition was introduced to
the individual chambers from a large reservoir through semiperme-
able membrane lids. This has the effect that the individual chambers
were all exposed to the same media.

In this paper we show how the combination of optical tweezers
and a lab-on-a-chip can be used to obtain full control of both a cell
and its environment. First, we will demonstrate how cells can be
positioned into compartments of a chip where a specific medium is
present, or where further investigations can take place. In this case
the single optically trapped cell is moved between the different
reservoirs and it is shown that none of the different media are
dragged along with the sample. Hence, contamination of different
chambers and channels can be avoided, which opens up opportuni-
ties for a whole new series of interesting experiments. For instance,
subsequent dynamics triggered by environmental stimuli can be
observed in real time and valuable information such as direct drug
response or stress can be studied. Alternatively, it is possible to hold
a cell fixed and change its surrounding media by flowing different
buffers through the channels using either an electro-osmotic flow or
pressure variations. We will also demonstrate microsurgery on a
cell in a specific medium, which subsequently is moved to another
compartment, all performed with no mechanical contact and hence
in a sterile environment. In addition, we will show that the system
can be used as a cell sorter, where the transport is mainly performed
by means of the flowing media in the channels. The selection of a
specific cell and its guidance into a specific channel is performed
with the optical tweezers. Cells can be injected and extracted from
the system using micromanipulators. This method can be devel-
oped into an alternative method to conventional sorting techniques,
such as fluorescence activated cell sorters (FACS).25-27 Since the
lab-on-a-chip is easily custom tailored and manufactured for a
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series of varying experiments we believe that it has high potential
within many microbiological or biomedical applications.

Method

In this section, the experimental techniques will be presented. We
will describe how it is possible to simultaneously observe and
manipulate particles in tailor-made environments. The optical
tweezers can be used to trap any particle of interest and move it into
different parts of the microfluidic system, independent of the flow
direction of the surrounding media. Furthermore, the system is
equipped with a laser scalpel consisting of a pulsed UV laser, which
can be employed for carrying out microsurgery on single cells. In
this study, the laser scalpel will be used to cut a hole in the
membrane of Escherichia coli (E. coli) and the subsequent
diffusion of propidium iodide will be monitored. In a previous
study we have shown that this can be used to reveal unknown intra-
cellular structures in mutants of E. coli bacteria.28 The optical parts
of this system i.e., the microscope, the optical tweezers, and the
laser scalpel have been described in detail elsewhere,2® and only a
brief description is given here. The optical design of the optical
tweezers essentially follows the design by Fillman et al.30 The
microchannel system, on the other hand, is described in some more
detail.

The microscope

All imaging in this work was performed with a Nikon TE300
microscope equipped either with an epi-fluorescence excitation
system consisting of a 100 W mercury lamp for excitation and a
CCD camera for detection, or a BioRad MRC1024 confocal
scanning unit using an Ar-Kr laser (488, 568 and 647 nm). The
objective used was an oil immersion Nikon IR 100X with a
numerical aperture of 1.3. The microscope was also equipped with
an Eppendorf micromanipulator system placed on a motorized
microscope table, which was used for injection and extraction of the
samples under observation.

The optical tweezers

Optical tweezers are constructed by directing a laser beam through
the objective of the microscope. Efficient trapping is obtained if the
laser beam completely fills up the entrance aperture of an objective
with a high numerical aperture.*3% An overfilled entrance aperture
ensures stable trapping, where small variations in the laser beam
direction has a negligible effect on the trapping efficiency. In this
setup, shown in Fig. 1, we used a diode pumped Nd:YVO, (1064
nm) or a tunable Argon ion pumped titanium—sapphire laser
(780-850 nm), for the optical tweezers. For this study a wavelength
of 820 nm was used from the titanium—sapphire laser.3! To have
good trapping these lasers delivered typically 30-90 mW of laser
radiation measured before the objective. The laser beam was
expanded by lenses L, and L, in order to overfill the entrance
aperture of the objective. To get dual trap optical tweezers the laser
beam was split into two arms using a polarizing beam splitting cube
(PBSC,). For separately moving the two optical tweezers freely
within the specimen plane (x—y direction) in the microscope, each
arm has a gimbal-mounted mirror (GMM). A second beam splitting
cube (PBSC,) is used to merge the two optical tweezers arms prior
to the entrance of the microscope. By moving lens L3 or L, in the
direction of the propagation of the laser beam, the tweezers focus
could be adjusted in the z-direction. This made it possible to overlap
the trapping plane with the focal plane of the microscope. Just
before the objective a filter cube with a dichroic mirror (DM,) was
used to reflect laser light as well as excitation light through the
objective. The dichroic mirror was transparent for the fluorescence
signal.

The laser scalpel

The optical scalpel is formed using a pulsed nitrogen laser with a
wavelength of 337 nm and a pulse width of 4 ns (FWHM). The laser
pulse is directed in the same path as the laser tweezers beam using
a third dichroic mirror, (DM3). The energy of the laser was reduced
by neutral density filters (ND) to an energy of 0.6 uJ measured
before the microscope objective.

Manufacturing of a channel system

We produced our microchannels either in an advanced clean room
facility using an electron beam lithography, or in a standard
chemical laboratory using a high quality laser printer. The electron
beam method gives the highest resolution, but for channels with
widths of the order of 20 um a standard laser printer is sufficient.
Since the latter method can be performed in almost any laboratory,
we present both methods here.

In a cleanroom using electron beam

The cell sorter was produced by poly(dimethyl siloxane) (PDMS)
on a photoresist mask. The channel system layout was first
designed in an ordinary CAD-program. The pattern was thereafter
transferred to a mask on a chromium (Cr)-covered silicon glass
plate using high resolution electron beam lithography (JBX-5DII,
JEOL, Japan). This mask was used to create a negative relief of the
structures according to the following procedure. A negative
photoresist (SU-85, Micro Chem, USA) was spin-coated on a
silicon wafer. Then, the substrate was soft-baked on a contact
hotplate to evaporate the solvent and to increase the density of the
film. After that the mask was put in close contact with the wafer in
a contact-aligner and the photoresist was exposed to near UV light
(350-400 nm) followed by a post-exposure bake. These last steps
are made to selectively cross-link the exposed parts of the wafer.
The wafer was finally developed in MicroChem’s SU-8 Devel-
oper.

In a chemistry laboratory using a laser printer

The method described above can be used to produce structures with
a resolution down to the sub-um range. In the present application,
however, most structures are of the order of 20 um. A structure of
sufficient quality can be produced using a standard laser printer and
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Fig.1 Schematic representation of the optical setup used in this study. The
system consists of a diode pumped Nd:YVO, laser and an Ar* pumped
titanium—sapphire laser for the optical trapping. A pulsed N, laser is used
for the laser scalpel and an epi-fluorescence and scanning confocal
microscope for imaging. A series of dichroic mirrors allow the excitation
light from the confocal unit or Hg lamp and the fluorescence from the
sample to pass through, while the light forming both the optical tweezers
and the laser scalpel is reflected through the objective. L; to Ls, lenses;
PBSC, to PBSC,, polarizing beam splitting cubes; GMM, Gimbal mounted
mirrors; ND, Neutral density filters; DM; to DMj3, dichroic mirrors; M,
MIITOors.
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utensils available in a reasonably-equipped chemistry laboratory.
Similar methods have been shown previously by Tan et al.32 Many
of our prototypes have been produced in this way, and below there
follows a short description of the method. All the work was
performed in an ordinary fume cupboard illuminated with a yellow
lamp used in darkrooms. The pattern layout, generated in a PC, was
printed as negative on standard overhead film using a printer with
a resolution of 1200 dpi. The wafer was replaced with an ordinary
microscope slide that had been cleaned with acetone. The
photoresist was spin-coated using the same method as described
above. The soft- and post-exposure bake was performed either in a
convection oven (T = 95 °C) or on a hot plate. The exposure was
conducted with an ordinary UV-lamp, where the transparencies
were pressed against the coated microscope slide using a silicon
glass plate.

Molding

A 10:1 mixture of PDMS prepolymer and curing agent was mixed
carefully and air bubbles in the mixture were removed in an
evacuated chamber. The PDMS was thereafter dispensed on the
master and dried in a convection oven at 95 °C for 30 min. After
cooling down the PDMS was removed from the master. Next, holes
were punched in the PDMS at the position for the reservoirs. The
structured PDMS was finally pressed towards a cover glass that had
been cleaned with cleaning agent in an ultrasonic bath followed by
distilled water rinse. The PDMS and cover glass were then left
under pressure for 6 h to achieve good sealing. Thereafter, the
channel system was filled with the liquid media by injection into the
source reservoir with a syringe while a vacuum pump was
connected to the drain reservoir. Finally, a platinum electrode was
placed in each reservoir.

Results
Changing the media surrounding a cell

As a first application, we show how cells can be moved between
different media. The cells under observation can be investigated
and treated without being removed from the field of view of the
microscope. This is done either by moving the trapped cell by the
motorized gimbal-mounted mirrors within the field of view of the
microscope, (typically 50 wm), or by moving the whole channel
system by the motorized microscope stage, (typically in the um to
mm range). The channel system for this experiment is shown in Fig.
2. Three reservoirs containing different media and one test chamber
for cell storage were manufactured. First, the channel and reservoir
system were filled with buffer (M9). Second, three source
reservoirs were filled with equal amounts of solutions. The first
source reservoir was filled with a solution of E. coli bacteria and
buffer. The E. coli used in this work (MC4100 strain) lack flagella

E. coli
bacteria

PI

Test
chamber

Fig. 2 The figure shows the layout for a system where bacteria are
exposed to different media and then placed in the test chamber. Reservoir A
was filled with a solution of E. coli and buffer and reservoir B was filled
with a solution containing the red fluorescent marker propidium iodide (PI).
Reservoir C was filled with SYTO 9. This dye is a green fluorescent nucleic
acid stain.
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which would otherwise increase the movement of the bacteria. The
second source was filled with a solution containing the fluorescent
marker propidium iodide (PI). This red fluorescent nucleic acid
stain does not fluoresce in aqueous solution, but shows a strong
emission when attached to the nucleic acids of a bacterium. PI
cannot enter bacteria that have intact cell membranes and thus only
stains bacteria that have damaged membranes. The third reservoir
was filled with SYTO 9. This dye is a green fluorescent stain that
can penetrate intact cell membranes and attach to nucleic acids and
therefore color all bacteria. Fig. 3 shows a time sequence where
bacteria are moved along different paths from the reservoir
containing E. coli into the test chamber. Totally four bacteria,
indicated by the Roman numerals (I-IV), were moved into the test
chamber (Fig. 3D) as follows. First, bacterium (I) was trapped and
moved to the test chamber, see (I) in Fig. 3D. Bacterium (I) was
fixed to the glass surface when pressed to the coverslip for
approximately 5 s using the tweezers. Second, the two bacteria (II)
and (III) were trapped in the E. coli reservoir using the dual trap
optical tweezers. They were moved to the reservoir containing PI
(Fig. 3B1). Bacterium (II) was moved to the focus of the laser
scalpel. After typically five pulses with an energy of 0.6 uJ the
membrane of the cell was damaged and bacterium (II) started to
fluorescence in red (Fig. 3B2). This indicates that the cell
membrane was broken and the PI was diffusing into the cell
staining the nucleic acid. Bacterium (III) was unaffected. Third, the
two bacteria (II) and (III) were moved to the test chamber and fixed
near bacterium (I), see Fig. 3D. Fourth, bacterium (IV) was picked
up from the reservoir containing E. coli and moved to the reservoir
containing SYTO 9 (Fig. 3C1). After approximately 10 min the
SYTO 9 dye had penetrated the intact membrane of bacterium (IV)
and started to fluoresce in green (Fig. 3C2). Bacterium (IV) was
then moved to the test chamber and fixed to the glass surface near
the other bacteria. Fig. 3D shows all the four bacteria (I-IV) in the
test chamber fixed to the glass surface. A bacterium looks different
when attached to a surface as compared to when it is trapped with
the optical tweezers in the bulk solution, due to the optical forces.
Thus, the long axis of the trapped bacterium is aligned along the
direction of the trapping laser. Fig. 3D shows that no SYTO 9 has
diffused through the system since bacterium (I) is not green.
Therefore, we conclude that by using optical tweezers in combina-
tion with a channel system it is possible to move a cell to a place
with a different environment and back again without any influence

Fig.3 The figure shows a time sequence where the four bacteria (I-IV) are
moved into a test chamber through reservoirs containing different
fluorescent dyes. Details of the procedure can be found in the text.



of contamination from the different channels. This shows that by
moving a cell from one media to another with optical tweezers only
a very small amount of media, if at all, is being dragged along with
the trapped particle. The cells can be left in the chamber, and they
can be moved away later for experiments in different environments.
In the latter case the surfaces in the reservoir should be coated with
a substance that prevents adhesion.

Sorting

As a second application we show how this technique can be used as
a cell sorter. Fig. 4A shows the general layout of this sorter. The
system contains three channels, which we have labeled source,
drain and collection. Fig. 4B and C show photographs of such
systems produced with the e-beam and laser printer technique,
respectively. The channels produced with an e-beam, shown in Fig.
4B, had a width and a depth of 10 wm, respectively. The dimensions
of the channels produced with a laser printer, Fig. 4C, were
typically 20-30 um wide and 15 um deep. A flow of the media in
the channels was produced by applying a voltage between the
electrodes in the source and drain reservoirs. The flow rate and
direction could easily be controlled by varying the voltage between
the electrodes. In the present case, with a channel length of 20 mm
and a channel width of 10 wm, a potential difference of 50 V gave
a flow of approximately 0.2 mm s—!. This flow makes a particle
pass the field of view of the microscope in approximately 0.5 s. A
small flow from the collection reservoir was achieved by applying
a potential of 8 V with respect to the source reservoir. A solution
consisting of a 1/1000 mixture of yeast cells and E. coli bacteria
were introduced in the source reservoirs with M9 as a buffer. Fig.
5 shows microscope images from the region around the junction in
the system. The time difference between the first and the last frame
is of the order of a minute. When a yeast cell was detected in the
source channel (Fig. 5A) the optical tweezers were switched on and
directed towards the cell, which was trapped promptly (see Fig.
5B). The trapped particle was moved by the optical tweezers, by
changing the direction of the laser beam, into the collection
channel, as shown in Fig. 5C to E. The selected cell was now
transported by the optical tweezers via the collection channel into
the collection reservoir, where it could be extracted using a
micromanipulator (not shown).

Discussion and conclusion

In this report we demonstrate methods to combine optical tweezers
with a microfluidic system. In particular, we show how cells can be
moved between different reservoirs where they are exposed to
different media, without the media being dragged along with the
trapped cells. We show how different microfluidic systems can be
custom-designed for various types of experiments where the time to
develop a new system, from idea to real experiment, can be as short
as two days, in particular if the simple method using a laser printer
can be used. In this study we used epi-fluorescence and confocal
microscopy, but the microfluidic systems can be equally well
combined with, for instance, multiphoton microscopy, Raman
microscopy or other advanced imaging techniques.

The technique of moving cells between different environments,
exemplified in this study by the experiment where a bacterium was
moved into a channel with a fluorescent dye, can be generalized to
in principle any type of environment. The cells can be moved to
regions of the chip with different temperatures, pH levels, buffer
solutions or reservoirs containing nutrition or drugs. This means
that we can set up a system where a single cell can be object to many
investigations and treatments without being removed from the field
of view of the microscope and subsequent dynamics can be studied
in real time. The techniques described above can then conveniently
be applied for further tests and treatments of the cells under
investigation.

The cell sorter that we have demonstrated has some unique
features. For instance, the cells to be sorted do not have to pass

through the system for identification one by one. The optical
tweezers can be directed to pick out a single cell in a medium with
a high density of cells. This means that we can use fairly wide
channels where a large number of cells can be screened simultane-
ously. The main drawback with the system is that it will take at least
a few seconds to identify, trap and collect one single cell. This type
of cell sorter is therefore preferable when a small fraction of cells
need to be selected from a large population. It can, in particular, be

5-30pm

Pt-electrodes

Fig. 4 (A) A schematic of the channel system used for cell sorting. The
particles to be sorted are placed in the source reservoir. By applying a
voltage between the source and the drain reservoirs using the Pt electrodes,
the particles move through the channel. (B) A picture of the channel system
produced with an electron beam. (C) A picture of the channel system
produced with a laser printer.
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Fig. 5 The figure shows five video frames from a sequence when a yeast cell is trapped with the optical tweezers and moved into the collection channel,
whereas the other cells continue straight forward into the drain channel. The arrow indicates the position of the tweezers, and the triangle marks the selected

cell.

used if advanced imaging techniques is needed to distinguish the
cells to be selected from the culture.

To conclude we have shown that our approach to combine
optical tweezers with a microfluidic system, where different cells
under investigation can be exposed to different media during the
course of an experiment, is a very versatile method that can be used
in many types of experiments. We are presently preparing for an
experiment where our system will be used to study the oxygenation
cycle of hemoglobin. Single optically-trapped red blood cells will
be exposed to media that differ in oxygen levels. The oxygenation
state of the cells will then be probed by means of Raman
spectroscopy.
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