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Integrated optical tweezers have the potential to enable highly-compact, low-
cost, mass-manufactured, and broadly-accessible optical manipulation when

compared to standard bulk-optical tweezers. However, integrated demon-
strations to date have been fundamentally limited to micron-scale standoff
distances and, often, passive trapping functionality, making them incompa-
tible with many existing applications and significantly limiting their utility,
especially for biological studies. In this work, we demonstrate optical trapping
and tweezing using an integrated OPA for the first time, increasing the standoff
distance of integrated optical tweezers by over two orders of magnitude
compared to prior demonstrations. First, we demonstrate trapping of poly-
styrene microspheres 5 mm above the surface of the chip and calibrate the
trap force. Next, we show tweezing of polystyrene microspheres in one
dimension by non-mechanically steering the trap by varying the input laser

wavelength. Finally, we use the OPA tweezers to demonstrate, to the best of
our knowledge, the first cell experiments using single-beam integrated optical
tweezers, showing controlled deformation of mouse lymphoblast cells. This

work introduces a new modality for integrated optical tweezers, significantly
expanding their utility and compatibility with existing applications, especially

for biological experiments.

Optical traps and tweezers enable trapping and manipulation of par-
ticles through non-contact forces caused by optical intensity gradients
and photon momentum transfer'. Due to these properties, optical
trapping has become a key technology for biological experimentation
since it enables precise control over the position of and applied force
on objects at the micron and submicron scale. For example, this
technique has enabled insight into the biomechanics of DNA and
motor proteins, helped classify and characterize cells, and yielded
important data on the underlying biology of disease mechanisms'”.
However, since standard optical tweezers consist of benchtop systems
comprised of bulk-optical components, their cost, complexity, and
need for specialized laboratory equipment have limited broad access
to these standard bulk-optical tweezers.

Integrated-photonics-based optical tweezers offer exciting
potential to resolve these challenges. Specifically, integrated-
photonics-based tweezers can be mass manufactured in a compact
form factor and at a much lower cost and can be densely integrated to
increase trapping throughput. To date, integrated optical trapping has
been demonstrated using evanescent fields from planar waveguides,
optical resonators, and plasmonic devices®. While these systems
offer significant advantages in form factor and complexity compared
to standard bulk-optical systems, they have been restricted to trapping
either directly on or within several microns from the surface of the chip
(Fig. 1b). This significantly limits their widespread applicability in bio-
physics and cell experimentation, which typically involve sterile glass
coverslips or cell culture wells that are at least 150-um thick, since their
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Fig. 1| Integrated OPA tweezers concept. a Conceptual diagram (not to scale) of
the integrated OPA-based tweezers system showing a photonic chip emitting a
focused beam and trapping a microsphere target. b Comparison of key con-
siderations for previously demonstrated integrated optical tweezers versus the
proposed integrated OPA-based tweezers system.

focal heights are too short to penetrate into these standard sample
chambers. Without the ability to use these ubiquitous methods of
sample preparation, these prior integrated optical tweezers could only
be used in a narrow set of experiments, such as with back-end-of-the-
line microfluidics fabricated on top of the chips, which require addi-
tional time to fabricate, often necessitate disposal of the chip after
each experiment due to contamination, and are non-sterile surfaces
that are not compatible with the majority of biophysics, and especially
cell, research. As such, extending standoff distances to the millimeter
scale to enable compatibility with these standard sample-preparation
methods is an important requirement for integrated optical tweezers
to become a practical technology (and could even enable demon-
strations in emerging in-vivo tweezing applications that require
millimeter-scale standoff distances’). In addition, many of these prior
integrated optical tweezers have been fundamentally limited to pas-
sive trapping demonstrations that lack active spatial tuning of the
optical fields, which is necessary for both initial trapping of the target
object and for optical tweezing or manipulation of the object
(Fig. 1b)"*™™, Together, these challenges have limited the implementa-
tion of these integrated optical tweezers for biophysics and cell
experimentation.

In contrast, integrated optical phased arrays (OPAs), which enable
emission and non-mechanical control of arbitrary free-space radiation
patterns from compact silicon-photonics chips by applying relative
phase delays to a series of on-chip antennas” >, have the potential to
resolve these limitations of current integrated optical tweezers. Spe-
cifically, they provide a promising approach to extending the standoff
operating distance by orders of magnitude (resolving the fundamental
limitation on operating distance imposed by using evanescent-field
trapping modalities), enabling active spatial tuning for tweezing
functionality, and expanding to holographic multi-beam capability for
high-throughput sorting in the future (Fig. 1b). However, motivated by
applications such as LiDAR sensing and free-space optical commu-
nications, the majority of integrated OPA demonstrations to date have
been limited to generating and steering beams in the far field by
applying linear phase gradients” 22, which do not generate the tightly-
focused beam profiles required for optical trapping. Recently, our

group proposed and demonstrated the first integrated OPAs that
enable focusing beam profiles®.

In this work, we demonstrate optical trapping and tweezing using
an integrated OPA for the first time. The OPA system focuses the
emitted light at a specific point in the radiative near field of the chip
and provides a steerable potential-energy well in the plane of the
sample that can be used to trap and tweeze microscale particles
(Fig. 2a). By enabling this OPA approach, we are able to increase the
standoff distance of integrated optical tweezers by over two orders of
magnitude compared to prior demonstrations and show trapping and
non-mechanical tweezing of polystyrene microspheres at a distance of
5mm above the surface of a silicon-photonics chip. We then use the
OPA tweezers to stretch mouse lymphoblast cells, showing, to the best
of our knowledge, the first cell experiments using single-beam inte-
grated optical tweezers. Overall, this work introduces a new modality
for integrated optical tweezers, significantly expanding the utility and
compatibility of integrated tweezers with both common biological
experiments and emerging in-vivo trapping research by extending
their focal heights to the millimeter scale, with promising applications
ranging from DNA and protein experiments to cell manipulation and
sorting.

Focusing integrated OPA system

In general, an integrated optical phased array (OPA) is a system com-
prised of an array of antennas that are fed with controlled phase and
amplitude inputs into each antenna to emit arbitrary radiation patterns
off of the chip. If the antennas are fed with a uniform amplitude and a
linear phase distribution, the array is limited to generating and non-
mechanically steering a diffracting beam in the far field of the array (as
has been shown in the majority of OPA demonstrations to date)” . An
example simulated radiation pattern resulting from this traditional
approach can be seen in Fig. 2a. In contrast, if a hyperbolic phase
distribution, similar to the curvature of a lens, is applied across the
antennas, the resulting radiation pattern will be tightly focused at a
point in the radiative near field above the array (Fig. 2b)*. This
hyperbolic phase can be encoded modulo 2m, similar to a Fresnel lens,
leading to the phase distribution shown in Fig. 2d. This novel focusing
OPA modality and the resulting focused beam enable the light intensity
gradients required to perform optical trapping.

To demonstrate this functionality, we designed and fabricated a
splitter-tree-based focusing OPA system?”. The system was fabricated
in a CMOS-compatible foundry process at the State University of New
York Polytechnic Institute’s (SUNY Poly) Albany NanoTech Complex
on a 300-mm silicon-on-insulator wafer with a buried oxide thickness
of 2um. The silicon device layer is 220-nm thick and was patterned
with 193-nm immersion lithography.

The system is designed to operate at a center wavelength of
1550 nm. At the system input, an inverse-taper edge coupler couples
light into an on-chip silicon waveguide from an off-chip laser. A 9-stage
splitter tree network comprised of compact Y-junction splitters?* then
evenly distributes the input power to 512 grating-based antennas with
an antenna pitch of 2 um. To apply the desired phase distribution for
focusing in the array dimension (x), a phase bump device is placed
before each antenna to impart a static phase delay dependent on the
maximum width of the bump; the width of each bump is chosen such
that the correct phase profile for focusing 5mm above the chip is
applied. Since the antennas are spaced with an antenna pitch larger
than A\/2, the system also generates higher-order grating lobes in the
array dimension; however, these lobes appear at larger angles and are
far out of both the field of view and focal plane of experimentation,
and, consequently, their main impact on the system is only reducing
efficiency by drawing power from the main lobe. To enable focusing
also in the antenna dimension (y), the period of the grating-based
antennas is adiabatically chirped along the length of the antennas,
varying the angle of emission such that the light from each
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Fig. 2 | Design and characterization of the focusing integrated OPA system.
Simulated array-factor intensity above the chip for (a) a standard non-focusing OPA
and (b) a near-field-focusing OPA with a 20-mm focal height. ¢ Schematic of a
passive splitter-tree-based focusing OPA architecture with 4 antennas (not to scale).
d Element phase distribution for a focusing OPA with a 20-mm focal height, 512
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antennas, 2-um antenna pitch, and 1550-nm wavelength. e Measured radiation
pattern at the focal plane of the OPA, showing a tightly focused spot. f Experimental
results showing coarse non-mechanical beam steering of the OPA spot in the
antenna dimension, y, versus input wavelength, with inset showing fine tuning.

perturbation along the antenna intersects at the focal height. Note that
errors in the encoded phase due to fabrication variations will present
themselves primarily as a degradation in the resulting spot quality and
expansion of the beam waist. More details on the OPA design and
fabrication can be found in*.

The dimensions of the resulting focal spot, which impact the
trapping efficiency, scale inversely with the OPA aperture size and
linearly with the OPA focal height®, allowing the characteristics of the
system to be adjusted to fit the desired application. In this demon-
stration, we target polystyrene beads and cells with sizes around
10 pum. As a result, an aperture size of 1 mm? and focal height of 5 mm
were chosen to provide a reasonable tradeoff between trapping effi-
ciency, focal height, and system footprint.

Note that, for the aperture size and focal height chosen for this
demonstration, the resulting focal spot size in the vertical dimension
(2) is large, and the trap provides little confinement along the vertical
axis. For many optical-trapping experiments, the lateral (x and y)
trapping efficiency is more important than the vertical. However, some
potential applications also require tight confinement in the vertical
dimension. In these cases, a larger aperture size or shorter focal height
could be chosen to provide micrometer-scale spot sizes in the vertical
dimension, as well as the lateral dimensions®.

To characterize the fabricated system, we utilize an Agilent
81600B tunable benchtop laser source and an optical system to image
the focal plane of the OPA onto an InGaAs infrared (IR) camera (see
Methods for details). The resulting radiation pattern in the focal plane
of the OPA is shown in Fig. 2e. The fabricated system focuses tightly at
the designed focal height of 5 mm, with a power full-width half-max-
imum (FWHM) of approximately 6.4 um along the array dimension (x)
and 7.6pum along the antenna dimension (y), closely matching the
expected FWHM of 6.6 um x 7.6 um from simulation”. We measure an
optical fiber to main lobe (i.e. trap focal spot) efficiency of approxi-
mately —14.5dB, with primary sources of loss attributed to edge-
coupling loss, waveguide propagation loss, Y-junction splitter losses,
and antenna emission losses, including power radiated to the grating
lobes. These experimental results confirm that this focusing OPA sys-
tem satisfies the requirements for static optical trapping of poly-
styrene particles and cells.

In order to enable the system to transform from a static optical
trap to dynamic optical tweezers, the ability to precisely steer the
position of the emitted focal spot is necessary. To enable steering of
the focal spot in one dimension using the OPA system, we vary the
input wavelength, which changes the effective period of the radiating
antennas and, as a result, their angle of emission”. As shown in Fig. 2f,
the focal spot can be non-mechanically steered in the antenna
dimension (i.e. in the y dimension) over a range larger than a millimeter

—useful for positioning the spot relative to the target object when
optical trapping, as well as finely steered with micron-scale accuracy
for precision force and position sensing. Since steering within the tens
of microns region of interest for typical trapping experiments requires
only small changes in emission angle and, therefore, input wavelength,
the emitted power and, consequently, trap stiffness was experimen-
tally found to remain consistent as the trap position is steered (note
that, if steering over the entire millimeter range is necessary, the spot
size will change® and, as a result, trap stiffness will begin to degrade).
Since the spot steering mechanism is fundamentally based on the
Bragg condition, in theory, the only limitation on the fidelity of
steering is the wavelength step size and the stability of the laser input.
Common scientific benchtop lasers, such as the Agilent systems used
in this work, offer wavelength step sizes and stabilities in the range of a
few picometers, corresponding to theoretical spot position variation
in the tens of nanometers; this is significantly smaller than the position
variation of a trapped particle due to random motion for the trap
powers under study. Therefore, when used with most benchtop lasers,
the strength of the trap and, as a result, the mean squared displace-
ment of the trapped object will limit when two different trap locations
will produce a meaningful displacement of the object. For applications
where less precision is required, lower-cost laser diodes can also be
used with the OPA optical tweezers; however, if temperature stabili-
zation circuitry is not included with the laser, wavelength stability will
begin to have a noticeable effect on the stiffness and maximum force
of the trap.

Results

Using this focusing integrated OPA system, we now demonstrate
optical trapping and tweezing with an integrated OPA for the first time,
increasing the standoff distance of integrated optical tweezers by over
two orders of magnitude compared to prior demonstrations’ . Spe-
cifically, we calibrate the trap force of the system and demonstrate
both optical trapping and tweezing of polystyrene microspheres using
the system. We then use the OPA system to perform, for the first time,
cell experiments with single-beam integrated optical tweezers. Speci-
fically, we show controlled deformation of mouse lymphoblast cells, a
biologically-relevant technique that can be used to determine the
elastic moduli of cells for both fundamental research and elucidation
of disease mechanisms.

Optical trapping of polystyrene microspheres with integrated
OPA tweezers

First, we use the OPA system to demonstrate optical trapping of
polystyrene microspheres. These experiments demonstrate the sys-
tem’s utility in standard biophysics experiments, which commonly use
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(a) Characterization Setup (b) Experimental Trapping Demo
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Fig. 3 | Optical trapping of polystyrene microspheres with integrated OPA
tweezers. a Photograph of the experimental setup, showing the input optical fiber,
OPA chip, sample stage holding a well filled with microsphere solution, and imaging
objective. b Micrograph of the microspheres in the sample well with superimposed
tracks showing their motion over time (red lines); the motion of the microsphere
located at the focal spot of the OPA (circled in white) is significantly reduced
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compared to its neighbors, indicating successful trapping. ¢ Two-dimensional
position over time of a microsphere before (black) and after (red) the trap is turned
on; position is normalized to the origin at the start of free and trapped tracks.

d Measured trap stiffness versus optical power in the trap focal spot for polystyrene
microsphere trapping; error bars are found by calculating the standard error of the
dataset.

polystyrene microspheres as handles for biological molecules of
interest®”.

The setup used to characterize our integrated OPA-based optical
trap is shown in Fig. 3a. The optical trap chip is mounted on a chuck,
with a sample stage that supports either coverslips or small cell culture
dishes mounted on a positioning system above the chip. Light is rou-
ted from a tunable benchtop laser source via an SMF-28e lensed fiber
and is edge coupled to the system with 190 uW of power supplied at
the input of the chip. The setup is visualized using either a 20X or a
100X Mitutoyo objective, and split into both visible and IR imaging
paths using a dichroic mirror and relay lens.

To create a well for the solution of polystyrene microspheres,
two coverslips are separated by double-sided tape, creating a
chamber with a thickness of 375 um, into which a 5.5% v/v solution of
polystyrene microspheres suspended in deionized water is pipet-
ted. Specifically, we use microspheres with a diameter of 10 um and
a0.09-um size distribution, as they have a similar size to human and
mouse cells, such as lymphoblasts®®. The microspheres come to rest
slightly above, but not in contact with, the coverslip surface. The
well containing the microsphere solution is then clamped into the
sample stage above the chip. Using the positioning system on the
sample stage, a target sphere is moved into the focal spot of the
trap. Once the sphere moves stably into the center of the trap, its
motion is recorded using a visible camera for 75 s. In order to verify
that the motion of the sphere of interest is indeed reduced speci-
fically due to the optical trap, the laser is then turned off and the
sphere’s motion is recorded for an additional 75s while freely
moving.

Using the TrackMate plugin for ImageJ”’, we track the motion of a
group of microspheres during this experiment, of which the middle
target sphere is trapped and the other two are free to move, as shown
in Fig. 3b. The superimposed red lines show the positions of these
three spheres tracked over time. The two freely-moving spheres
exhibit movement largely under the influence of Brownian motion,
with the additional influence of a directional fluid flow caused by
evaporation of the sample from one of its edges. In contrast, one can
observe significantly reduced motion in the target trapped sphere. As
shown in Fig. 3c, when the laser is off, the target sphere of interest
exhibits significant displacement; in contrast, when the laser is on and
the sphere is trapped, its motion is severely restricted, indicating that it
has successfully been caught in a potential energy well created by the
optical trap.

This is the first demonstration of an integrated optical trap able to
operate at a millimeter-scale standoff distance, allowing for interaction
with samples in standard glass coverslips, eliminating the need for
complex microfluidics packaging, and enabling compatibility with a
greater variety of samples.

Trap force calibration with polystyrene microspheres
Second, we use the polystyrene microspheres and setup introduced in
the preceding section to calibrate the trap force of the integrated OPA-
based optical trap.

Using the equipartition theorem and the mean squared dis-
placement (x?) of a trapped particle in two dimensions, we can cali-
brate the trap’s stiffness using the following equation®,

U=kgT = %k(P)<x2> @

where T is the sample temperature and k3 is the Boltzmann constant.
The trap stiffness should increase linearly as a function of input
power?®.

To demonstrate this, we measure the mean squared displacement
of spheres in the optical trap, tracking their movement using Track-
Mate over a 75-second time window as described in the preceding
section. We perform N=4 repeated measurements over a range of
input powers to calibrate trap stiffness, with each experiment using a
fresh sample. Figure 3d shows this measured trap stiffness as a func-
tion of optical power in the trap focal spot, with error bars calculated
as the standard error of the set of measurements. The results follow
the expected linear trend. The linear stiffness behavior of this trap with
power demonstrates that it can be calibrated and utilized for force
measurement with the same facile equipartition method commonly
used with its more mature, standard bulk-optic counterparts®*’.

Note that, at zero optical power, we expect the trap stiffness to
reach zero and for our linear fit to therefore pass through the origin. The
small nonzero trap stiffness at zero optical power that can be extra-
polated from our trendline is an expected characteristic of trap stiffness
measured using the equipartition theorem with a finite time window>*
(since zero stiffness corresponds to infinite positional variance for these
measurements, an infinite time window is required to capture a stiffness
of exactly zero; resultingly, any finite capture window will result in a
nonzero reported stiffness, even for zero optical power). This over-
estimation effect is most significant near zero optical power®. In con-
trast, at higher optical powers, we observe that the trap stiffness
generally converges rapidly as a function of capture time, and, therefore,
the impact of the finite time window on the trap-stiffness estimation in
Fig. 3d is less significant. In the future, with the use of a high-speed
camera, power-spectral-density analysis could instead be used to even
more accurately characterize the trap stiffness at lower optical powers".

Optical tweezing of polystyrene microspheres with integrated
OPA tweezers

Third, we use the OPA system to demonstrate optical tweezing of
polystyrene microspheres.
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While stationary trapping is useful for many experiments, the
ability to manipulate an object in a trap significantly extends the
functionality and usability of optical traps. This functionality is known
as optical tweezing, and is a capability absent in many integrated
optical trapping demonstrations to date'>".

To enable this tweezing functionality, we leverage the non-
mechanical spot steering capability of our OPA system to transform
the system from a static optical trap to dynamic optical tweezers. As
discussed above, we can vary the wavelength of the laser input into the
focusing OPA system to non-mechanically steer the location of the
spot emitted out of the OPA—i.e. set the trap position—with micron
precision over a range of over a millimeter along the antenna dimen-
sion (Fig. 2f). The focal spot remains largely in the sample plane over a
steering range of tens of microns.

Using this wavelength-control scheme and an optical power of
1.58 mW in the trap focal spot, we varied the trap position in the
antenna dimension, with the polystyrene microsphere following its
motion. To confirm that the microsphere was moving successfully due
to repositioning of the focal spot and not due to any residual fluid
velocity in the sample chamber, we non-mechanically steered the trap
back and forth several times and observed the resulting position of the
microsphere (Fig. 4b), confirming successful tweezing. Next, we
showed repeated tweezing of the microsphere in a sine-wave pattern
with two different frequencies, to demonstrate that the microsphere
of interest can be steered in arbitrary patterns in one dimension.
Specifically, we varied the input laser wavelength as a function of time
using two sinusoidal patterns with wavelength ranges of +1nm, at
rates of both 0.059 and 0.048 cycles/min. The resulting position of the
trapped microsphere was recorded and processed using TrackMate.
The microsphere position (solid line) closely followed the focal spot
position (dashed line) for both patterns, demonstrating manipulation
with submicron precision over a range of tens of microns (Fig. 4c).

To further confirm the functionality of the system, we then used
our integrated optical tweezers to demonstrate tweezing at four dif-
ferent speeds. Specifically, we varied the input wavelength linearly as a
function of time for four different wavelength sweep settings (5 pm/s,
6.25pm/s, 833 pm/s, and 12.5pm/s), resulting in focal spot travel
speeds of approximately 60 nm/s, 75 nm/s, 100 nm/s, and 150 nm/s,
respectively. Figure 4d shows the resulting measured positions of the
trap focal spot and of the target microsphere as a function of time as
dashed and solid lines, respectively, for each of the four sweep set-
tings. The microsphere is able to successfully follow the motion of the

(a) Non-Mechanical Tweezing Concept

(c) Periodic Optical Tweezing

=== Trap Pos. == Sphere Pos.

focal spot up to a wavelength sweep setting of around 12.5 pm/s
(corresponding to a focal spot speed of approximately 150 nm/s), at
which point the microsphere begins to fall out of the trap. At this point,
the drag force on the particle through the water overcomes the force
exerted by the trap, and the sphere lags behind the trap maximum
until it falls out of the trap. Note that slightly higher manipulation
speeds were attainable in the upwards direction than in the down-
wards direction, which can be attributed to the asymmetry in the focal
spot pattern (Fig. 2e); this asymmetry is common to antennas with
constant perturbations and can be improved upon by varying the
perturbation strength along the length of the antenna®*~%,

Although these experiments were performed with a benchtop
tunable laser in order to accurately characterize the system and max-
imize repeatability, this functionality and wavelength tuning range
could be readily achieved by powering the system using an inexpen-
sive laser diode with thermal tuning or even an on-chip integrated
tunable laser on the same photonic chip®>*.

Optical-tweezers-induced stretching of biological cells with
integrated OPA tweezers

Finally, we use the OPA system to perform, for the first time, cell
experiments with single-beam integrated optical tweezers, showing
controlled deformation of mouse lymphoblast cells.

While the manipulation of polystyrene microspheres is rele-
vant to a wide range of biophysical experiments using optical
tweezers, the extension of trapping to cells has yielded high-
impact fundamental and applied research, including technologies
such as optical cell sorting and novel cancer diagnostics*~%°. One
challenge for optical trapping of cells is that the magnitude of the
gradient force depends on the ratio of refractive indices between
the particle of interest and the background media. This ratio is
119 for polystyrene in a water solution*’” versus only about
1.03-1.05 for cells in a water solution®®** at a wavelength of
1550 nm. Consequently, manipulation of cells usually requires
higher optical trapping powers. In addition, cells are easily con-
taminated, and their placement on unique substrates, such as
silicon-photonics chips, can stress them and affect the behavior
under study*>*. To date, cell manipulation with a single-beam
integrated optical trap has yet to be demonstrated. Importantly,
the inability to use prior integrated optical tweezers with sterile
coverslips or cell culture wells due to their short focal heights,
which are too short to penetrate into these sample chambers, has

(d) Linear Tweezing Speed
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Fig. 4 | Optical tweezing of polystyrene microspheres with integrated OPA
tweezers. a Conceptual diagram depicting microsphere tweezing using an
OPA by varying the input laser wavelength. b Micrographs showing the posi-
tion of a microsphere for input wavelengths of 1550 nm (left), 1549 nm (cen-
ter), and 1551 nm (right); the position varies with input wavelength, confirming
successful tweezing of the microsphere using the OPA tweezers. ¢ Position of
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the spot formed by the optical trap (dashed line) and position of the optically
tweezed microsphere (solid line) vs time for two different sinusoidal wave-
length control signals, demonstrating consistent tweezing over arbitrary 1D
patterns. d Position of the spot formed by the optical trap (dashed line) and
position of the optically tweezed microsphere (solid line) vs time for four
different linear wavelength sweep settings.
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made such demonstrations difficult to realize until now. Herein,
we report the first cell experiments with single-beam integrated
optical tweezers, performing optical stretching on TIB-49 mouse
lymphoblast cells as one example of a proof-of-concept experi-
ment. (Cell deformation using optical tweezers has emerged as a
powerful technique for determining the elastic moduli of cells,
and has been used in both fundamental research into the
mechanical properties of cells and applied studies to investigate
disease mechanisms®*****, for example diabetic retinopathy*’.)

In this experiment, we cultured TIB-49 mouse lymphoblast cells in
RPMI-1640 media with 10% Fetal Bovine Serum and 1% 10,000 U/mL
Penicillin-Streptomycin. We incubated the cells at 37 °C in a humidified
5% CO, incubator, removed the cells from the incubator one day after
passage, and pipetted them into a 300-um-thick chamber formed from
two coverslips separated by double-sided tape. We positioned a cell in
the optical trap with an optical power of 1.74 mW in the trap focal spot
(Fig. 5a) and then steered the trap in the -y direction in the focal plane
by reducing the input laser wavelength. We recorded the cell using a
visible camera and observed that the bottom edge of the cell was
attracted to the new trap position (Fig. 5b), leading to an increase in the
cell aspect ratio of over 25% along the long axis of the cell. The cell has
some inherent attraction to the surface of the coverslip, and, as a
result, the edge of the cell outside of the trap remains in its position
and cell deformation as opposed to movement of the entire cell is
observed. Upon turning off the laser, the cell relaxed to its prior
unstretched state (Fig. 5c). As a control reference, when the optical
trap input laser is powered off, no noticeable deformation of cells was
seen over a period of several minutes, indicating that the observed
deformation with wavelength tuning is indeed due to the influence of
the optical trap (Fig. 5d). Note that we observed that samples in which
cells showed significant stress granules would not deform under the
influence of optical tweezers; this highlights the sensitivity of the
mechanical properties of cells to their environment, and makes a
compelling case for the need for greater experimental flexibility
afforded by the millimeter-scale standoff distance of our OPA-based
optical tweezers.

Discussion

In summary, this work presents optical trapping and tweezing using an
integrated OPA for the first time, increasing the standoff distance of
integrated optical tweezers by over two orders of magnitude larger
than prior demonstrations, significantly expanding their utility. We use
a focusing integrated OPA to emit a tightly focused beam out of the
chip and demonstrate successful trapping of polystyrene micro-
spheres 5 mm above the surface of the chip, with the sphere’s motion
significantly reduced due to the force of the trap. We next calibrate this

(a) Cell Selection

(b) Optical Stretching

Laser
AA=-0.6nm

Fig. 5 | Optical manipulation of biological cells with integrated OPA tweezers.
a Micrograph showing a TIB-49 mouse lymphoblast cell trapped in the focus
of the optical trap. b The wavelength of the input laser is reduced by 0.6 nm,
steering the trap focus in the -y direction below the cell; the cell is stretched

(c) Cell Recovery

optical trap system using the equipartition method, a common cali-
bration method for bulk optical tweezers®®, demonstrating consistent
trap stiffness that scales linearly with power. We then non-
mechanically steer the focal spot by varying the input laser wave-
length to transform the system from a static optical trap to dynamic
optical tweezers and demonstrate tweezing of polystyrene micro-
spheres in one-dimensional patterns with high fidelity and submicron
precision. Finally, we use these OPA tweezers to show controlled
deformation of mouse lymphoblast cells (a biologically-relevant
technique that can be used to analyze mechanical properties of cells
for both fundamental research and applied studies to investigate dis-
ease mechanisms***°), a promising proof-of-concept demonstration
that represents, to the best of our knowledge, the first cell experiments
using single-beam integrated optical tweezers.

In the future, given the natural scalability and design flexibility of
the CMOS-compatible fabrication platform used to produce these OPA
tweezers, there are a number of natural opportunities to further evolve
the system to both improve its performance and enable new func-
tionality. First, the integrated OPA could be scaled to a larger aperture
size” and the perturbation strength of the antennas in the OPA could
be apodized®?, which would decrease the diameter and increase the
symmetry of the focal spot”, improvements which would further
improve the trap stiffness and uniformity. Second, silicon nitride could
be used as the waveguiding material for the integrated OPA to improve
the optical power handling capability of the waveguides and enable
significantly more powerful optical tweezers that operate in a different
force regime (standard silicon waveguides have limited power hand-
ling capability due to two-photon absorption*®). Third, novel focusing
OPA architectures that incorporate electro-optic or thermo-optic
modulators could be developed that enable non-mechanical two- or
three-dimensional steering of the focal spot and do not require a
tunable laser source”. These future OPA architectures could also be
designed to encode advanced holographic emission patterns of
interest”, such as closely-spaced arrays of traps for high-throughput
trapping applications®*%, Fourth, by leveraging the small form factor
and high integration density enabled by CMOS processing, multiple
integrated OPA tweezers could be integrated together in a massively
parallel configuration, enabling applications in high-throughput cell
sorting and diagnostic tools. Fifth, by taking advantage of the
advanced functionality enabled by CMOS processing, OPA tweezers
could be monolithically integrated with germanium detectors, a
standard offering in existing silicon-photonics process design kits', to
create optical tweezers that simultaneously measure the position of
the trapped object using the deflection of the trapping beam. Sixth,
using the flexible-wafer silicon-photonics fabrication process recently
developed by our group®’, this OPA tweezers system could even be

(d) Cell Aspect Ratio vs. Time
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downward by the movement of the trap. ¢ Upon turning off the laser, the cell
regains its original unstretched dimensions. d The cell’s aspect ratio is
tracked versus time, demonstrating large deformation in response to re-
positioning of the trap location.
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extended to a wearable diagnostic, contributing to the emerging field
of in-vivo optical trapping’.

Overall, this work introduces a new modality for integrated optical
tweezers, presenting a fundamentally different approach to optical
tweezers based on integrated OPAs that enables significantly larger
standoff distances and arbitrary active tweezing functionality. The large
focal heights enabled by this approach allow for manipulation of sam-
ples in simple coverslips and sample chambers standard to biological
experiments (and even the potential to probe into the body for future
in-vivo applications’), eliminating the need for complex microfluidics
packaging that has been a necessary component of prior integrated
optical tweezers demonstrations. This OPA-based approach offers the
advantages in cost, footprint, complexity, and mass producibility of
integrated tweezers, while providing much of the functionality of bulk-
optical systems. It thus represents a significant improvement in the
future utility and compatibility of integrated optical tweezers for bio-
logical research and has the potential to open the door to a wide variety
of experiments that have not been previously possible with prior
implementations of integrated tweezers, spanning biophysics research
with microsphere-conjugated molecules, single-cell experimentation
and sorting, and emerging in-vivo trapping research.

Methods

Integrated-optical-phased-array chip fabrication

The integrated-optical-phased-array system was fabricated in a CMOS-
compatible 300-mm-diameter wafer-scale silicon-photonics process at
the State University of New York Polytechnic Institute’s (SUNY Poly)
Albany NanoTech Complex. The process utilizes 300-mm-diameter
silicon-on-insulator (SOI) wafers with a 2-um-thick buried oxide and a
standard 220-nm-thick silicon waveguiding layer patterned using 193-
nm immersion lithography. Details are provided in*.

Experimental characterization setup

The integrated OPA-based optical tweezers were characterized using
an optical imaging system consisting of a microscope objective
(Mitutoyo, either 20X/0.4NA or 100X/0.5NA), and separate IR and
visible imaging paths. The microscope objective is connected to a
dichroic mirror, which routes light into a visible camera and, via a
relay lens, to an IR camera. This system is mounted on an optical
breadboard with three axes of movement. The tweezers chip is
mounted on a chuck. Light is routed from an Agilent 81600B tunable
benchtop laser source through an Amonics erbium-doped fiber
amplifier (AEDFA-C_20I-B) to an SMF-28e lensed fiber that is edge
coupled to the silicon-photonics chip. A sample stage that supports
both coverslips and small cell culture dishes is mounted on a
NanoMax positioning system above the chip.

Focal-spot and beam-steering characterization

Characterization of the focusing beam formation and beam-steering
functionality of the integrated optical tweezers was achieved by
recording images of the light emitted out of the chip using a high-
resolution IR camera (SUI Goodrich SU640KTS-1.7RT). The height of
the optical imaging system was then set such that images were taken at
the focal plane of the OPA, with the focal plane location determined by
scanning the system to the height above the chip where the focusing
beam generates the minimum focal spot size. Focal plane images were
then recorded over a range of input wavelengths to characterize the
wavelength-induced non-mechanical beam-steering functionality. The
locations of the intensity maxima were determined in MATLAB, and the
resulting spatial offset of the beam in the steering direction was plotted
as a function of the input wavelength. More details are provided in®.

Glass coverslip chamber assembly
Chambers either 300 um or 375 um in height were formed between two
#1 coverslips (VWR Microscope Cover Glasses, 16004-308) separated

by several pieces of double-sided tape of thickness 75 um according to
the target chamber height. The chamber was mounted on a larger #1
coverslip for compatibility with the sample stage.

Polystyrene microsphere preparation
Polystyrene microspheres (Duke Standards 4210A, 0.9% CV) were
suspended in deionized water as a 5.5% v/v solution.

Data acquisition and processing for microsphere experiments
Microsphere movements were recorded using an iDS UEye 1480-
LE-C-HQ visible camera, recording with 640 x 480 resolution at
13.5FPS, using dual-arm fiber optic illumination. The recorded
video was loaded into the ImageJ plugin TrackMate. Spots
marking the microspheres’ position in a given frame were found
with a Laplace of Gaussian detection algorithm using the reflec-
tions off the sides of the spheres, which present as two bright
dots on the lateral edges of each bead. Tracks were exported and
processed in Python.

Cell culture

TIB-49 mammalian cells were acquired from ATCC. Cells were main-
tained in a T-25 flask (ThermoFisher Scientific) containing RPMI-1640
Medium (ThermoFisher Scientific) with 10% Fetal Bovine Serum
(ThermoFisher Scientific) and 1% 10,000 U/mL Penicillin-Streptomycin
(ThermoFisher Scientific). Cells were stored at 37 °C in a humidified 5%
CO, incubator and were passaged one day prior to experimentation.
Following harvesting, cells were washed through the use of a cen-
trifuge and resuspended into a fresh media solution.

Cell tweezing and processing

Cells were removed from the incubator and pipetted into a chamber
with a thickness of 300 um formed between two #1 coverslips. Cells
were maneuvered into the focal spot emitted out of the integrated
optical tweezers, which were then non-mechanically steered beyond
the cell boundary. Cell deformation was recorded using a visible
camera. The optical tweezers were then turned off to record the cell’s
behavior in the absence of the force of the optical trap.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data is available upon request.
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