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Optoelectronic tweezers (OET), based on light-induced dielectrophoresis, has been shown as

a versatile tool for parallel manipulation of micro-particles and cells (P. Y. Chiou, A. T. Ohta and
M. C. Wu, Nature, 2005, 436, 370-372)."! However, the conventional OET device cannot operate in
cell culture media or other high-conductivity physiological buffers due to the limited
photoconductivity of amorphous silicon. In this paper, we report a new phototransistor-based
OET (Ph-OET). Consisting of single-crystalline bipolar junction transistors, the Ph-OET has more
than 500x higher photoconductivity than amorphous silicon. Efficient cell trapping of live HeLa and
Jurkat cells in Phosphate Buffered Saline (PBS) and Dulbecco’s Modified Eagle’s Medium (DMEM)
has been demonstrated using a digital light projector, with a cell transport speed of 33 pum/sec,
indicating a force of 14.5 pN. Optical concentration of cells and real-time control of individually
addressable cell arrays have also been realized. Precise control of separation between two cells has
also been demonstrated. We envision a new platform for single cell studies using Ph-OET.

Introduction

Manipulation of individual cells has many applications in
fundamental research and biomedicine. For example, the precise
control of cellular location facilitates the investigation of cell
behaviors such as cell-to-cell and cell-to-environment interac-
tions. It is also useful in sample preparation protocols, such as
sample sorting and concentrating. Some widely used non-inva-
sive cell manipulation techniques include optical tweezers>* and
electrode-based dielectrophoresis (DEP).*7 Optical tweezers use
tightly focused optical beams to trap particles through the
gradient of the optical field.? It requires high optical intensity and
tight optical focusing. A typical optical trap requires a laser
intensity of 1 x 10° W/cm?, which may cause optical or thermal
damage to the biological specimens.®® Furthermore, the high
numerical aperture objective lens required for tight focusing
limits the field of view and the number of optical traps. On the
other hand, DEP utilizes the interaction of a particle’s induced
dipole with a non-uniform electric field." The non-uniform
electric fields are typically generated by microfabricated elec-
trodes. DEP provides high throughput, however it lacks the
flexibility of dynamic control since fixed electrodes are used.
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Optoelectronic tweezers™!*'* (OET) address the limitations of
optical tweezers and electrode-based DEP. Utilizing optically-
induced DEP, OET retains the flexibility of optical tweezers,
while offering increased parallel manipulation capabilities. Up to
15 000 individually-addressable traps have been generated over
an area of 1 mm? A typical OET trap requires 10 000x less
optical intensity compared to optical tweezers, enabling us to use
a simple digital light projector to simultaneously control a large
number of traps. OET has been used for trapping polystyrene
particles,™'! metallic and semiconducting nanowires,'* DNA,*15
and biological cells.! Various other devices with enhanced func-
tionalities have also been developed based on the OET principle,
including the lateral-field OET for manipulation of nano-
wires'®'7 and microdisks,' the double-photoconductive-layer
OET device for 3-D particle manipulation, and floating elec-
trode OET for droplet manipulation in 0il.** OET can also be
integrated with a liquid-crystal display (LCD) to eliminate
projection optics,?"* providing a miniaturized cell and particle
manipulation platform. Based on the OET platform, light
addressable in-situ cell electroporation®® and cell lysis** have also
been demonstrated.

However, the conventional OET can only operate in media
with low-conductivity (<0.01 to 0.1 S/m). Typical cell culture
media or physiological buffers have significantly higher
conductivities of approximately 1.4 S/m. Thus, to manipulate
mammalian cells in conventional OET devices, the salts in cell
culture media are replaced by osmotically equivalent amounts of
non-electrolytes. This technique allows short-term sustainment
of cell viability. In low-conductivity buffers, OET manipulation
of cells has been demonstrated for various cell types, including
human B cells,! yeast,> red and white blood cells,'* Jurkat and
HeLa cells,”* and motile protozoan cells.** Nonetheless, these
solutions are non-physiological, and cells lose their normal
functions, such as proliferation and growth, in such media.?” In
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low conductivity buffers, cells also experience additional unspe-
cific stress, and lose viability over time. This has been a major
limitation of conventional OET for biological applications.

In this paper, we present a novel phototransistor-based OET
(Ph-OET) device that enables cell manipulation in cell culture
media and physiological buffer solutions. The phototransistors
offers 500x higher photo-conductivity than amorphous silicon.
They can be turned ON with a light intensity as low as 1 W/cm?.
The design, simulation, fabrication, and experimental charac-
terization of the Ph-OET will be described. The Ph-OET has
been successfully used to trap HeLa and Jurkat cells in Phos-
phate Buffered Saline (PBS) and Dulbecco’s Modified Eagle’s
Medium (DMEM), two widely used media. A maximum cell
transport speed of 33 um/s was achieved, indicating a maximum
force of 14.5 pN. Using dynamic optical images generated by
a digital light projector, we have demonstrated local concentra-
tion of cells and individually addressable cell arrays.

Principle of phototransistor-based OET

The principle of Ph-OET is illustrated in Fig. 1. The Ph-OET
device consists of sandwiched layers of a transparent indium-tin-
oxide (ITO) electrode, liquid media, a pixelated phototransistor
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Fig.1 (a) Operating principle of the Ph-OET device. The device consists
of a top ITO electrode, the cell culture media, a phototransistor array,
and a bottom electrode. When light is projected onto one photo-
transistor, it switches the phototransistor ON, and generates an electric
field locally in the media. The non-uniform electric field then exerts DEP
force on the particles or cells. (b) Impedance comparisons between
phototransistors and the media. In dark, the phototransistors are in OFF
state, and their impedance is higher than the impedance of the media.
With light, the phototransistors are switched ON, and their impedance
becomes lower than the media impedance.

array, and a bottom electrode. An alternating current (AC) bias
is applied between the top and bottom electrodes. The system can
be modeled as two electrically resistive elements connected in
series, where one element represents the impedance of the media,
and the other element represents the phototransistor impedance.
Without light, the phototransistor has the higher impedance, and
it is in the OFF state. Most of the voltage drops across the
phototransistor, and the electric field in the liquid is very weak.
The phototransistor can be switched ON by light, as its imped-
ance drops in the presence of light. In the ON state, it becomes
a “virtual electrode”, producing a non-uniform electric field
around the pixel to interact with cells through DEP.

Phototransistor design

Bipolar junction phototransistors provide a high photo-
conductance and a low dark conductance. Typical NPN photo-
transistors are built with highly n-doped emitters, moderately
p-doped bases, and lightly n-doped collector regions. In the dark,
the phototransistors are in the OFF state and provide no current.
Under illumination, photons absorbed in the base-collector
reverse-biased junction generate an effective base current, which
is further amplified by the phototransistor gain.

The two important parameters of the phototransistor are the
photo-conductivity and dark-conductivity. For Ph-OET, it is
desirable to obtain a photo-conductivity that is ten times higher
than the liquid conductivity, while the dark-conductivity should
be ten times lower. The photo- and dark-conductivities can be
tuned by varying the doping profile. To find the optimal doping
profile, Medici device simulation software (Synopsys, Inc.) was
used to simulate the photo- and dark-conductivities with various
base and emitter doping concentrations. The simulation assumes
an emitter thickness of 150 nm, a base thickness of 500 nm,
a collector doping concentration of 6 x 10" cm~3, and an optical
intensity of 1 W/cm? at a wavelength of 633 nm.

The simulated photo- and dark-conductivities are shown in
Fig. 2a and 2b, respectively. The photo-conductivity is highest
with high emitter doping and low base doping. On the other
hand, the dark-conductivity is primarily a function of base
doping. It increases dramatically when the base doping is below
3 x 10'* cm~3. Therefore, a high emitter doping on the order of
10" cm~ and a moderate base doping of approximately 3 x 10'
cm is most desirable.

Fabrication and characterization

The phototransistor arrays are fabricated on a highly n-doped
silicon substrate with a 5-um thick, n-doped epitaxial layer with
a resistivity of 5 to 10 Q-cm. Fig. 3a shows the Ph-OET fabri-
cation process. The n*-p-n profile is created by two ion implan-
tations. Boron was implanted first with a dosage of 2 x 10" cm 2
and an energy of 20 keV. It is followed by a drive-in step at
1000 °C in a furnace for 90 minutes. Arsenic is then implanted
with a dosage of 5 x 10" cm~2 and an energy of 10 keV. The
sample is annealed at 900 °C for 15 minutes. The doping profile
of the phototransistor simulated by Tsuprem4 device processing
simulation software (Synopsys, Inc.) is shown in the table in
Fig. 3a. The phototransistor is physically patterned into square
pixels of 10 pm x 10 um area. The pixel size is chosen to be
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Fig. 2 Simulated (a) photo-conductivity and (b) dark-conductivity per
unit area of phototransistors as a function of base and emitter doping
concentrations. A high emitter doping concentration and a low base
doping concentration provides high photo-conductivity. The dark-
conductivity is a strong function of base doping concentration, and it
increases drastically if the base doping is lower than 3 x 10" cm~3. The
ideal phototransistor has high photo-conductivity while keeping dark-
conductivity low. Therefore, a phototransistor with a high emitter doping
(1 x 10" cm~3) and a moderate base doping (~3 x 10'® cm~?) is desirable.
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comparable to that of mammalian cells. The pixels are isolated
by reactive-ion-etched trenches (2 pm wide and 3 pum deep),
which are filled with photoresist and hard baked at 120 °C for
2 hours to prevent liquid contact with the base and collector.
Silicon dioxide or other dielectric materials can replace the
photoresist.
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Fig.3 (a) Fabrication process for the phototransistor array. lon implant
and dopant drive-in steps gives the desired phototransistor n*-p-n doping
profile as listed in the table. The phototransistors are pixelated with
reactive-ion-etched trenches. Finally, the trenches are filled with dielectric
materials, such as photoresist and silicon dioxide. (b) SEM pictures of the
phototransistor arrays.

Photo-conductivity measurement

A 100 pm x 100 pm test structure was used to compare the
photo-conductivities of the phototransistor (Fig. 4a) and the
amorphous silicon (Fig. 4b). The test structure is comprised of an
isolated phototransistor or amorphous silicon film, spanning an
area of 100 pm x 100 pm. The optical illumination is provided by
a 658-nm diode laser, focused to a beam diameter of 100 pm. The
current-versus-voltage (I-V) curves were recorded at various
illumination intensities (Fig. 4c, d). Under a 5 Vpc voltage and
an illumination intensity of 1 W/cm?, the phototransistor exhibits
more than two orders of magnitude higher photo-conductivity
than the amorphous silicon, thanks to the high phototransistor
gain and the high carrier mobility in single crystal silicon.

The measured photo- and dark-conductivities per unit area are
shown in Fig. 5 for both the phototransistor and the amorphous
silicon. They are compared with the area-normalized conductivities
of a 100-um-thick 1.4 S/m cell culture medium and 0.01 S/m low-
conductivity buffer. The phototransistor can be turned ON in cell
culture media with an optical intensity of <1 W/cm?. On the other
hand, the amorphous silicon can only operate in low-conductivity
buffers. Although it is possible for amorphous silicon to attain
higher photo-conductivities using optical intensities of ~100
Wi/cm?, these high intensities often cause other undesirable effects in
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Fig. 4 (a-b) Schematic of the phototransistor and amorphous silicon
photoconductivity test structure. The 10-nm-thick aluminium contact
has an optical absorption of 55%, which is accounted for when calcu-
lating the optical intensity. (c—d) Recorded I-V curves of the photo-
transistor and the amorphous silicon film. Under an applied voltage of
5V and an optical illumination of 1 W/cm?, the phototransistor provides
a higher current (7 mA) than the amorphous silicon (0.014 mA).
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Fig. 5 Photo-conductivity per unit area of the phototransistor and the
amorphous silicon as a function of optical intensity. The phototransistor
photo-conductivity can exceed the conductivity of cell culture media. The
photo-conductivity of amorphous silicon only exceeds that of low-
conductivity buffer. The conductivity is measured at a 5 V applied bias,
and normalized to a 100 um x 100 pum area.

OET, such as liquid flows due to thermal gradients.?® In addition,
high optical intensities can cause cell damage through optical
absorption or heating effects. Therefore, Ph-OET is required for
efficient OET operation in cell culture media.

Results

To assemble the Ph-OET device (Fig. 6), an ITO-coated glass is
placed opposite to the Ph-OET substrate with a 100 um spacing,

Fig. 6 Schematic of the Ph-OET device. Samples are placed in between
an ITO-coated glass and the Ph-OET. AC electric field bias is applied
between the top ITO electrode and bottom silicon substrate. Optical
access is provided through the ITO glass.

forming a micro-fluidic chamber. Cell and particle suspensions
are introduced into the chamber. An AC voltage bias is applied
between the top ITO electrode and the bottom silicon substrate.
Optical access, for both observation and optical actuation, was
provided through the ITO-coated glass.

Manipulation of polystyrene beads and cells

In the Ph-OET device, the high electric field regions correspond
to the optical patterns. When the optical pattern approaches the
cells, it generates a negative DEP force* and repels the cells
away. Fig. 7 shows three captured images of HeLa cells moved by
optical line scans across the field of view (also supplementary
video 11). The HeLa cells were pushed against the light, and were
transported from left to right by the scanning pattern. Although
the phototransistor is pixelated, there is no need for the optical
pattern to be aligned with the pixels.

The performance of the Ph-OET device was characterized
using polystyrene beads in PBS solutions. Polystyrene beads
have a constant Clausius-Mossotti (CM) factor of —0.5 for
nearly all electrical bias frequencies. Therefore, for a given
particle size, the actuation force is only proportional to the
gradient of the square of the electric field. In these experiments,
polystyrene beads with a diameter of 15 pm were suspended in

100|.|m

"> Hela Cells

.Os

Fig.7 Images of cells transported across the field of view. A line-shaped
optical pattern pushed the HeLa cells as it scans from left to right. Each
pixelated phototransistor has an area of 20 um x 20 um, with 2 um
isolation gaps. The applied voltage was 20 V,,. The grid background
pattern is the phototransistor arrays; the red vertical line is the optical
pattern.
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a PBS solution with a conductivity of 1.4 S/m. 2 pL of the sample
solution was introduced into the Ph-OET device. The applied
voltage is supplied by a function generator (HP 33110A). A line-
shaped optical pattern was formed with a cylindrical lens, and
focused with a 20x objective lens to a spot size of 50 pm x
250 um. A tunable neutral density filter was used to vary the
optical intensity. A motorized stage (Newport) was used to move
the Ph-OET device at a constant speed in a direction perpen-
dicular to the optical pattern. The velocity of the polystyrene
particles movement was measured as a function of optical
intensity and electrical frequency.

The result (Fig. 8) shows that the particle velocity increases
with higher optical intensity, until saturating at 13 W/cm?. The
saturation occurs when the virtual electrode is completely turned
ON and all applied voltage is in the media; additional optical
power does not effect the electric field. The Ph-OET device
operates at frequencies from 1 to 9 MHz, with the most optimal
performance occurring at 9 MHz. The lower velocities at low
frequencies can be attributed to the screening of the electric field
by the electric double layer and the native oxide layer on the
silicon surface. A maximum velocity of 53 pm/s was observed
with an optical intensity of 27 W/cm? and an applied voltage of
20 Vp, at 9 MHz. This velocity is comparable to the velocity
attainable with traditional OET. The Ph-OET performance is
only affected by the conductivity of the liquid media; DMEM
and PBS has the same electrical conductivity of 1.4 S/m, and
identical results were obtained when PBS is replaced by DMEM.
Therefore, Ph-OET is compatible with other types of cell culture
media and saline solution with similar conductivity.

The manipulation speed of HeLa and Jurkat cells were char-
acterized using the same experimental setup as in the polystyrene
bead experiments. Cultured cells were trypsinized and resus-
pended in PBS solution before being introduced into the Ph-OET
chamber. In these experiments, the applied frequency was fixed
at 9 MHz, while the optical intensity and applied voltage were
varied. The actuation velocity increases with higher applied
voltage (Fig. 9a). The velocity also increases with higher optical
intensity, and saturates after 13 W/cm? (Fig. 9b). The maximum
cell velocity observed was 33 pum/s with an applied voltage of
20 V,, and an optical intensity of 10 W/cm®. The velocity of
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Fig. 8 Manipulation speed of 15 um polystyrene particles in PBS with
different electric field frequency and optical intensity. The applied voltage
is kept constant at 20 V,,,.
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Fig. 9 (a) Manipulation speed of HeLa and Jurkat cells as a function of
optical intensity. The applied voltage was 20 V. (b) Manipulation
speed of HeLa and Jurkat cells as a function of voltage. The optical
intensity is 4 W/cm? The applied frequency was fixed at 9 MHz for both
experiments.

Jurkat cells was slightly higher than the velocities of HeLa cells
due to differences in electrical properties and sizes.

The velocity measurement can be translated into the DEP
force using the drag force formula with Faxen’s correction:3

_ 6mrny
_19rlr345r4lr5
{ ~16(i) *53) ~236() ~76(5) }

where r is the radius of the cell, 7 is the viscosity, v is the velocity,
and £ is the distance from the device surface to the center of the
cell. Using this formula, the maximum velocity of 33 pm/s
corresponds to a force of 14.5 pN. This force is not able to
overcome the cell adhesion, and anti-adhesion surface coating
can be applied to keep cells as suspension particles.

Having an electric field in a highly conductive solution is well
known to cause joule heating, which could cause a significant rise
of temperature.®® When the temperature rises above 37 °C,
adverse effects such as cell death can occur. In Ph-OET device
geometry, silicon substrate directly contacts the liquid layer.
Single crystalline silicon has a high thermal conductivity of 148

W/m-k, which is 100x higher than that of the glass. Its high
thermal conductivity makes silicon a good heat sink, and reduces
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the temperature rise caused by joule heating. In an hour-long
experiment under typical operating parameters, there was no loss
of cell viability observed. This is tested by the exclusion of trypsin
or propidium iodide dyes when added in PBS during the exper-
iment. The effect of Ph-OET on cells over longer period of
time, such as in cell culturing experiments, is currently under
investigation.

Dynamic cell manipulation

Dynamic optical patterns can be generated using a program-
mable digital micro-mirror device (DMD) spatial light modu-
lator (Texas Instruments). The DMD was illuminated by
a 658-nm diode laser (Newport) with a beam that was expanded
by 10 times. The images from the DMD were focused onto the
Ph-OET device surface with a 10x objective lens. Samples were
observed using a CCD camera on a reflective microscope with
dark field illumination.

Concentration of HeLa cells was demonstrated using dynamic
optical patterns (Fig. 10; supplementary video 21). We projected
several concentric shrinking ring patterns onto the Ph-OET. The
ring patterns collected the cells toward the center of the circles.
As a result, randomly scattered cells were concentrated into the
center of the rings, forming a cells aggregate.

It is straightforward to form individual addressable cell arrays
using Ph-OET. We have developed a real-time user-controlled
interface for the DMD. Dynamic ring patterns can be generated
on demand to enclose cells. The trapped cells can then be
transported and arranged into regular arrays. To demonstrate
this process, a 2 x 3 array of cells was arranged (Fig. 11;
supplementary video 3t1). A larger 4 x 4 cell array is also
demonstrated with this method (Fig. 11d, e). This process can
potentially be automated by combining the dynamic program-
ming capability with an image recognition interface. This
provides a platform for patterning of single cell arrays.

One major modification of Ph-OET compared to conventional
amorphous silicon OET is the pixilation of the virtual electrodes.

Fig. 10 Images of local concentration of cells with dynamic optical
patterns generated with DMD. Concentric optical patterns shrink and
push the cells towards the center. The applied voltage was 20 V,,, at
2 MHz frequency.

(e) (f)

Fig. 11 Images of an arrangement of cell arrays by user-controlled
optical patterns. (a)—(c) Placing individual specific HeLa cellsintoa 2 x 3
array. The cells were trapped and transported individually by square
optical pattern generated with DMD. (d) Fluorescent image of the
assembled cell array. (e) Arrangement of a 4 x 4 cell array (f) Fluorescent
image of the 4 x 4 cell array.

While conventional OET resolution is limited by the optical
pattern and the amorphous silicon photo-generated charge
carrier diffusion length, Ph-OET is limited by the light pattern
and the phototransistor pixel size. The current Ph-OET has
a pixel size of 10 wm, which is larger than the 115 nm?* of
ambipolar electron diffusion length of amorphous silicon.
Though the resolution of the virtual electrode in Ph-OET is lower
than the conventional OET device, particles and cells with sizes
larger or comparable to the pixel size can still be trapped effi-
ciently, as demonstrated by the trapping of a single 15 pm HelLa
cell (Fig. 12a; supplementary video 41). The cells can be stably
trapped and transported by a 20 pm-wide trap bound by 10 pm-
wide optical lines. The cells remain in the trap as it moves across
the pixels. No alignment between optical patterns and pixels is
necessary.

Quantitatively, we have characterized the trapping resolution
attained with this optical pattern. Here, the resolution is defined
as the maximum deviation between the geometric center of the
trap and the actual cell location. This can be measured by tracking
both the cell and trap central positions while optical pattern is
moving laterally at a slow speed of 2.2 um/s. The result is shown in
Fig. 12b. The cell is roughly maintained at the center of the optical
trap with a slight offset. The offset distance as a function of the
trap position is plotted in Fig. 12c. We found the maximum cell
offset from the trap center is less than 3 um. This offset is caused
by the pixelation of the phototransistor, as evidenced by the
observed offset oscillation as a function of the trap center position
with a 10 pm period. We expect the resolution will be sufficient for
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most of the potential applications of Ph-OET. A higher resolution
can be achieved with a smaller pixel size.

One potential application of Ph-OET is the investigation of
cell-to-cell communication by modulating the distance between
two cells. Ph-OET has the ability to control individual cells even
when they are in close proximity (Fig. 13; supplementary video
5). Two cells in close contact can be separated by inserting an
optical line pattern between them (Fig. 13b), and two separated
cells can be joined together physically (Fig. 13c). Furthermore,
some three-dimensional control is observed. When two cells were
joined together in a single 20 pm square trap, they were stacked
vertically (Fig. 13d, e). This is achieved by both the in-plain
trapping force and the out-of-plain pearl-chaining effect that
aligns the two cells vertically.

(@)

(b)

(c)

-
—
-
-
-
ot et
-

(d)

(e)

- U

Fig. 13 Spatial control of two cells. (a) Initially, two cells in close
proximity are trapped in a single optical box. (b) Separation of the two
adjacent cells. (¢) Joining of two separated cells. (d—e) Stacking of 2 cells
vertically in one single trap.

Conclusion

We have demonstrated a novel phototransistor-based optoelec-
tronic tweezers (Ph-OET) device capable of dynamic, optically-
controlled single cell manipulation in cell culture media and
physiological buffers. The Ph-OET provides the crucial ability to
operate in cell culture media, while retaining the advantage of
standard OET. This is achieved by replacing the amorphous
silicon photoconductors in conventional OET by photo-
transistors, which enhances the photo-conductivity by more than
two orders of magnitude. A Ph-OET device removes the key
roadblock in biological applications of OET. The potential
applications of Ph-OET include single cell array assay for drug
screening, study of cell-to-cell communication, and cell sorting.
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