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Laser cell patterning is a distinctly effective technique for creating cell arrangements in
culture that replicate in vivo tissue structure for studying contact-mediated cell-cell
interactions. Conventional laser-based single-cell-manipulation techniques are limited
by their inability to pattern irregularly shaped cells, such as rod-shaped
cardiomyocytes. We report use of a spatial light modulator loaded with a computer-
generated phase map to shape a single laser source into multiple laser-guidance beams
distributed around the outer contour of an irregularly shaped cell to achieve accurate cell
patterning. In addition to describing the principle and practice of the system design, we
present what is to our knowledge the first achievement of patterning large, irregularly (rod)
shaped adult rat cardiomyocytes in an end-to-end connected alignment to replicate the in
vivo heart muscle cell connection without use of substrate surface modifications, which
can interfere with in vivo-like cell-cell and cell-extracellular matrix interactions. Our research
demonstrates that two-stage multiple beam laser guidance is effective: 1) A dual-beam
configuration horizontally translates a cell from the outlet of the microfluidic cell delivery
channel to a position above the cell deposition site and 2) A quad-beam configuration
rapidly propels the cell axially through the suspension medium to the culture substrate with
vertical movement of the cell patterning chamber. Our study reveals that 90% of the
patterned cells maintained end-to-end connection 30 min after patterning, and mechanical
junctions could be reinstalled between laser connected cells after overnight incubation.
This demonstrates that multiple beam laser patterning is an outstanding tool for in vitro
studying contact-mediated cell-cell interactions among irregularly shaped cells.

Keywords: optical force, multiple beams, cell patterning, cardiomyocyte, laser guidance

INTRODUCTION

With conventional cell-culture techniques, the spatial control of single cells necessary to recreate the
cell-cell contact arrangement found in native tissue is difficult. Since the development of Ashkin’s
optical force-based cell-manipulation techniques [1, 2], lasers have been used in microscopic
applications to explore various biological interactions at the molecular and cellular levels [3, 4].
Research at the single cell and subcellular organelle levels involves laser trapping (using a laser-
tweezer microscope) [5, 6] and laser guidance [7, 8]. Laser tweezer applications employ a high
numerical aperture (NA) microscope objective to generate a strongly focused laser beam to 3D trap a

Frontiers in Physics | www.frontiersin.org

1 October 2020 | Volume 8 | Article 595971


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2020.595971&domain=pdf&date_stamp=2020-10-29
https://www.frontiersin.org/articles/10.3389/fphy.2020.595971/full
https://www.frontiersin.org/articles/10.3389/fphy.2020.595971/full
http://creativecommons.org/licenses/by/4.0/
mailto:shaoyh@szu.edu.cn
mailto:zgao@clemson.edu
https://doi.org/10.3389/fphy.2020.595971
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2020.595971

Schmidt et al.

particle, such as a biological cell, within the beam’s focal point. In
laser guidance, a low NA microscope objective generates a weakly
focused laser beam to simultaneously localize a particle to the
beam axis and propel it in the beam-propagation direction.

With these principles, we developed a laser cell-
micropatterning system in which the laser beam is focused in
a transitional state between generating an optical trap and optical
guidance [9]. Using this system, a single biological cell can be
optically moved within a typical cell culture dish (e.g., 30 mm)
and patterned into a predesignated cell culture microniche with
very high spatial and temporal resolution [10-12]. However, this
and the other currently available laser-based single-cell-
manipulation techniques are limited by their inability to
pattern irregularly shaped cells, such as rod-shaped
cardiomyocytes.

To overcome this limitation, we used a spatial light modulator
loaded with a computer-generated phase map to shape a single
laser source into multiple laser-guidance beams, a procedure
analogous to techniques used for holographic optical tweezers
(HOT) [13, 14]. In contrast to HOT optical configurations, our
system uses a low NA objective to produce multiple weakly
focused laser-guidance beams positioned within the cell-
micropatterning chamber. Using the detected cell shape from
bright-field imaging, multiple beams can be distributed around
the outer contour of an irregularly shaped cell to achieve accurate
cell patterning. In addition to describing the principle and
practice of the system design, we present what is to our
knowledge the first achievement of patterning large, irregularly
(rod) shaped adult rat cardiomyocytes in an end-to-end
connected alignment to replicate the in vivo heart muscle cell
connection without use of substrate surface modifications, which
can interfere with in vivo-like cell-cell and cell-extracellular
matrix interactions.

MATERIALS AND METHODS

Cell Preparation
Adult cardiomyocytes were isolated from 4-week-old male

Sprague-Dawley (SD) rats as described previously [15]. Briefly,
SD rats were subcutaneously injected with heparin (5 units/g
animal), anesthetized by inhalation of isoflurane (5%), and then
euthanized following a protocol approved by Clemson University
Institutional Animal Care and Use Committee. The heart was
removed from the body through thoracotomy and immediately
perfused through the aorta with warm calcium-free perfusion
buffer (mM) (NaCl 113, KCl 4.7, KH,PO, 0.6 NaH,PO, 0.7,
MgSO, 1.2, NaHCO; 12, KHCO; 10, HEPES 10, Taurine 30,
BDM 10, Glucose 5.5) for 5 min. The heart was then digested
continuously with enzyme solution (collagenase type II
0.8-1.0 mg/ml, trypsin 35 unit/ml, neutral protease 0.24 unit/
ml, CaCl, 50uM) for 40-45min. During digestion, the
calcium concentration of the enzyme solution was gradually
increased to 500 uM by adding 100 mM CaCl, dropwise with
an automatic syringe pump. Perfusion and digestion were
conducted using a custom-made temperature-controlled
perfusion system at 37°C. After digestion, cardiomyocytes were
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FIGURE 1 | Schematic of the multiple beam laser cell-patterning system.

dissociated from minced ventricles by gentle mechanical
agitation. Isolated cardiomyocytes were incubated at room
temperature in perfusion buffer with 1,000 M CaCl, for
15min to finish the calcium reintroduction process and
allowed to be precipitated by gravity during this time. The cell
pellet was resuspended in culture medium (Dulbecco’s modified
Eagle’s medium (Gibco), 2% fetal bovine serum (VWR), 5 mM
creatine, 5mM taurine, 5mM sodium pyruvate, 2 mM
L-carnitine, 10mg Insulin-Transferrin-Selenium).  Unless
otherwise noted, all chemical reagents were purchased from
Sigma-Aldrich. All enzymes were purchased from Worthington.

Multiple Beam Laser Cell-Patterning

System Design

System Overview

Figure 1 illustrates a schematic of the multiple beam laser cell-
patterning system, which was composed of several principal
elements: laser guidance objective (x20 Mitutoyo Long
Working Distance Objective), phase modulation spatial light
modulator (Holoeye Pluto NIR-011), motorized 3-axis
translation stage (Aerotech), and microfluidics-based cell-
micropatterning biochip mounted in a cell deposition chamber
that was equipped with a lab-built on-stage incubator (37°C and
5% CO,).

The laser (2W Ti:Sapphire Spectra-Physics M3900-S laser
tuned at 800 nm) was coupled to a large mode area hollow
optical fiber (NKT photonics LMA-15) using a three axis
optical fiber coupler stage (Thorlabs Max350D). The reason
we chose the laser wavelength of 800 nm is because around
this wavelength, the light absorption of both water and
organic components of a cell, such as proteins and nucleic
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acids, reach a relatively low level, and thus laser-cell damage can
be kept minimum [16-18]. From the fiber, the laser beam was
then collimated into the microscope via a fiber collimator
(Thorlabs F810FC-780) to form an 8 mm-diameter beam and
delivered to the SLM. A zero order 1/2 wave plate (Thorlabs
WPHO05M-808) was positioned before the SLM to match laser
source polarization relative to the inherent liquid crystal
polarization to optimize the intensities of generated first order
diffraction beams. A 4f lens system was used to collect and resize
the SLM-generated diffraction pattern. The first lens of the 4f
system served as the Fourier lens, and the second one served as
the tube lens in a conventional microscope. The focus ratio of the
two lenses was selected in terms of the imaging objective (NA =
0.42) to ensure that the focal size (wy) of the laser beam was
approximately 2 um. In addition, the axial position of the tube
lens was adjustable to match the focal plane of the multiple laser
beams (having a wavelength of 800nm) with the visible
illumination light of the imaging system to be coplanar at the
imaging CCD. This provided a clear image of the cell while
trapped at the focal plane. A dichroic mirror positioned between
the objective and the CCD (Photon Focus) allowed live imaging
during optical manipulation through a collimated red LED light
source (Thorlabs M625L3). The illumination beam was focused
by a condenser on the imaging plane of the objective from below;
this, with the objective and the CCD, formed a patterning
microscope.

The cell patterning process was manually controlled using a
joystick on an Xbox controller connected to the computer
(Figure 1). Software was developed to synchronize the
controller to the translational microscope stage so that the
user could store the outlet position of the microfluidic cell-
delivery channel: As cells were delivered out of the
microfluidic channel, the multiple laser beam would trap a
cell. The controller also stored the location where the cell was
to be patterned and automatically moved the stage linearly
between the outlet of the microfluidic channel and the cell
patterning site at a preset speed. These Xbox controller
functions were reported in our previous publication [10].

Microfluidics-Based Cell-Micropatterning Biochip

The microfluidic biochip served as a quasi-sealed chamber to 1)
dispense cells near the laser patterning region and 2) dampen
convection flow in the medium that would otherwise overpower
and prohibit controlled optical manipulation of cells. The cell-
micropatterning biochip was fabricated from
polydimethylsiloxane (PDMS) using the techniques described
in our prior publication [10]. The microfluidic channel cross-
sectional area was 200 pm wide and 50 um high to accommodate
the transport of large cells. The microfluidic biochip was placed
over the laser micropatterning site and syringe-injected (Norm-
ject 1 ml) through the cell reservoir with laser patterning medium
(300 pL) to wet the PDMS microfluidic channels and fill the laser
micropatterning chamber. Upon removal of the syringe, the cell
inlet reservoir was filled with a cell suspension (60 x 10°
cellsml™") to generate stable gravity-driven cell transport from
the inlet reservoir to the microfluidic outlet outside the laser
patterning region. From there, the laser beams were used to trap a
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cell and to guide it to the patterning region to be aligned and
connected with the previously patterned cell.

SLM Multiple-Beam Generation

The SLM was composed of a 2D array (1,920 x 1,080 pixels
8.0 um pitch) of individually addressable electro-optical elements
capable of inducing discrete degrees (8-bit/256 levels) of phase
modulation (up to 2.77). The phase modulation of each element
was controlled by the SLM driver through DVI (Digital Visual
Interface) transmission of specially calculated data. When the
data were transferred to the SLM, a computer-generated phase
map was displayed. This phase map modulated the wave front of
the incident laser beam to generate a phase-map-defined wave
(e.g., multiple diverging beams), which was collected and focused
into multiple focal points by a Fourier lens (f = 300 mm). To
achieve dynamic cell guidance, we used a phase modulating SLM
to generate the multiple laser beams with dynamically tunable
foci for each irregularly cell shape.

The phase maps were computed using our lab-built iterative
Fourier transform algorithm [19]. The positions of beams to be
generated were specified by an array of points centered on a 2D
plane that represented the focal, or Fourier plane. From these
points, the phase map for generating the beams was computed
using the iterative Fourier transform algorithm. Practically, once
array spacing was determined, the phase maps were precomputed
and stored in memory and recalled based on the Xbox controller
joystick inputs, thus effectively removing the need for continuous
recalculation. Upon memory recall, the corresponding phase map
was transferred to the SLM driver over a standard DVI port on
the GPU at a frame rate of 60 Hz.

Uneven power intensity might occur between the generated
laser beams due to dissimilarities observed with each diffracted
beam along its optical path and discrete pixilation effects incurred
by the SLM. To address this issue, our pregenerated phase maps
were optimized using a lab-developed algorithm so that the
intensity between individual laser beams could be dynamically
adjusted. Furthermore, to fully utilize the laser power, the
generated phase maps combined zeroth and first order
diffraction beam reflections so that laser intensity was not
diminished by blocking the zeroth order diffraction (i.e., the
direct reflection) beam. For example, if four beams were needed,
then three beams were generated relative to the zeroth
order beam.

Multiple Beam Foci Calibration
An in-microscope CCD beam profiling system using a 25 x

25 mm gold plated mirror (Thorlabs PFSQ10-03-M01) mounted
to the motorized translational microscope stage was employed to
image the generated laser beam array for software calibration
based on the technique developed by Cogswell and coworkers
[20]. The infrared cut-off filter positioned before the imaging
CCD was replaced by a neutral density filter (ND-8.0) to
attenuate the reflected signal. The airy disk for each
holographic laser beam was imaged by scanning the mirror
along the z-axis. The centroid of each imaged disk was
identified and used to create a calibration matrix for
correspondence between a computed diffraction pattern and
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its resulting position within the objective field of view using the
CCD pixel coordinates and z-axis stage position.

Neutral Buoyancy Laser Patterning Cell

Culture Medium

To reduce the gravity driven cell-sedimentation rate, a high-
density laser patterning medium was formulated to create a
suspension of neutrally buoyant cells. An isotonic high-density
solution (1.159 g/ml) was prepared by dissolving Histodenz
(Sigma) in water (30% w/v) according to the manufacturer’s
instructions. This isotonic solution was then mixed with culture
medium (1.0 g/ml) at different ratios to obtain laser patterning
medium with densities ranging from 1.0 to 1.159 g/ml. Laser
patterning medium with a density of 1.07 g/ml (1.066-1.075)
significantly slowed the sedimentation rate of adult
cardiomyocytes to about 1um/s, which made adult
cardiomyocyte patterning easily achievable.

Large Irregular Cell Patterning

Optical-transport of cells from the outlet of the microfluidic
channel to the patterning site was achieved by repositioning
the 3-axis motorized translational stage relative to the laser
beams focused by the stationary microscope objective. With
respect to the laser propagation direction (axial direction) that
was perpendicular to the horizontally placed cell-deposition
chamber, movement occurred in the axial and transverse
directions.

In a manner similar to our single beam laser patterning
system, we used a low NA objective (NA = 0.42) to focus the
laser beams with lower convergence angles than those used in a
typical laser tweezers system to 1) optimize the optical force
produced in both the axial and transverse directions and 2)
increase the distance between the objective and the optically
manipulated cell so that cell manipulation could be performed in
a large volume such as in a cell culture dish. The optical force
generated by a laser beam with various configurations on a curved
interface such as the membrane of a biological cell has been
analyzed in detail [9, 11, 21-24]. Consequently, we did not
quantitatively analyze the forces here; rather, we explained our
experimental design in terms of the known analytical results and
our experimental observations about the generated optical force
(e.g., the lateral components).

The first design consideration was that our optical system
(i.e., the tube lens and the Fourier lens) was set up in such a way
that multiple beams were focused in a transitional mode between
typical laser tweezers and laser guidance [9]. For a strongly
focused beam, both the axial and lateral components of the
optical force point inward to the focal point, and thus the
force can trap a biological cell in the focal point to form laser
tweezers. For a weakly focused beam, the lateral components of
the optical force also point inward to the focal point, but the axial
component of the optical force is along the beam propagation
direction. Consequently, in a weakly focused laser beam, a
biological cell is simultaneously trapped radially and propelled
to move along the beam axis. This phenomenon was first referred
to as “particle guiding” by Ashkin [25, 26] when he used two
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opposing moderately diverging Gaussian beams to trap a particle.
In this configuration, when one beam was blocked, he observed
that the trapped particle was driven forward and guided by the
second beam; he stated that the laser radiation pressure could
achieve particle guidance. Since then, in a manner similar to laser
tweezers, laser guidance (confinement of a cell on the beam axis
and guiding it along the beam) has been used for cell
manipulation [1, 27, 28]. Neither laser guidance nor laser
tweezers has a clearly defined focus-condition. Our
simulations of a spherical biological cell (15um in diameter)
[9] indicate 1) when the waist (wy) of the focused laser beam
(800 nm) is smaller than 2 um, a laser tweezer is formed; 2) when
wo = 4 um, laser guidance is formed without axial confinement
forces toward the beam focal point; 3) when wy = 2um, a
transitional mode between laser guidance and laser tweezers is
formed, in which the axial trapping effect (tweezers mode) is
generated only in the longitudinal sections near the beam focal
point; elsewhere, the axial forces point in the laser propagation
direction (guidance mode) [9]. As we noted earlier herein, this
transitional mode provides not only sufficient radial trapping
force (laser tweezers) for cell capture, but also the necessary
force range (laser guidance) for laser navigation with the
trapped cell.

Our previous experiments showed that when a single beam
was used to trap one end of an adult cardiomyocyte, the cell
tended to rotate to align its longitudinal axis with the laser beam,
hindering fine adjustment of cell alignment. To trap the cell in a
position in which its long axis remained in a horizontal plane, at
least two laser beams should be used. Our experiments reported
here demonstrated that a two-beam configuration could achieve
precise placement and alignment of adult rat cardiomyocytes
with end-to-end contact as observed in cardiac tissue. In general,
two laser beams positioned equidistantly from the lateral axis that
bisects a cell body (Figure 2A) were respectively focused at the
two ends of the cell. A typical adult cardiomyocyte is about
80-120 pm long with a diameter in the range of 15-25 pm. As
shown in Figure 2B, a laser beam focused at one end of the cell
could be selectively positioned at two possible sites. When
positioned at the longitudinally flattened region (Focal site 1),
the major optical forces exerted on the cell would be a lateral trap.
When the beam was at the end edge (Focal site 2), in addition to
the lateral trap forces (Fr) there was a longitudinal pulling force
(FL). When the two beams were respectively positioned at each
end edge, the resulting optical force trapped the cell horizontally
with the longitudinal axis of the cell passing the two focal points.
In this situation, due to the typical cell shape, the longitudinal
components of the forces (i.e., the stretch forces) generated by the
two laser beams were against each other, while the lateral
components were parallel with each other along the same
direction. Consequently, with this dual beam configuration
(dual beam trapping mode), we could guide the rod-shaped
cardiomyocytes to move laterally (Figure 2A) instead of
longitudinally. To achieve longitudinal movement of a cell to
decrease flow resistance, the distance between the two beams was
decreased (dual beam guidance mode). Subsequently, when the
two beams were positioned closer along the longitudinal axis of
the cell, the leading beam (at the front) generated Focal site 2 type
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FIGURE 2 | Configurations of the multiple laser beams and the major optical forces generated.

forces, providing the longitudinal guidance force, and the
trailing beam generated Focal site 1 type forces without
inducing an opposing longitudinal force. When using the
dual beam trapping mode, the two beams could be used to
rotate the cell around the axial axis that passed through the
center of the cell. This rotation was achieved by rotating the
phase map, which was used to generate the dual beams,
incrementally at 5° angle steps using the Cell Rotation button
on the Xbox controller. The two operations just described are
typically used to achieve fine adjustment at the final stage of
placing a cell to form an end-to-end cell connection.

Practically, at the beginning of the laser patterning process, the
stage was manually controlled using the Xbox controller joysticks
to move so that the outlet of the microfluidic channel and the site
where a cell was to be patterned were consecutively centered on
the screen. The corresponding coordinates were stored by first
holding the Mark Position button and then the desired Position
Memory buttons (A, B, X or Y, four positions that could be
memorized). A similar function was programmed to recall a
position using the Recall Position and Position Memory buttons.
Due to the limited field of view provided by the objective, these
features were necessary to store the patterning site and quickly
return to the outlet of the microfluidic channel and vice versa.
The distance between the two sites was typically more than
several millimeters and could never be visualized in the same
screen during the patterning procedure.

Regardless of where the stage was moved to, the laser beam
remained stationary in the live imaging field of view. Because IR
(infrared) filters were used in the imaging system, the multiple
laser focal points could not be seen. An in-house method to find
the focus of the laser beam, which was also used to achieve the
coplanarity of the laser’s focal plane and the imaging system’s
object plane, was to use the two laser beams to burn two
mediumdents on a black paper that was placed on the stage;
the dents were then marked on the screen using a colored pencil,
which signposted the center of the multiple focal points
(Figure 2C). To begin patterning, the stage was moved to the
outlet of the microfluidic channel in the vicinity of the focal point
marker on the screen. When cells were visually observed leaving
the outlet, a cell was selected. By pushing the Snap Shot button on
the Xbox controller, an image of the cell was acquired.

Immediately, the cell contour was traced to determine the
space parameters for the dual- and quad-beam configurations,
which were saved and could be recalled by using the Dual/Quad
Selection button. The dual beam trapping mode was selected first
to trap the cell. Then, the cell patterning site was recalled, and the
cell was moved toward the site. Determined by the practical
situation (e.g., the convection flow and cell shape), either lateral
or longitudinal movement could be used, and the moving speed
was adjusted manually using the Motion Speed Control button
(e.g., £10 um/s per step).

When the cell was moved by laser from the outlet of the
microfluidic channel to a position above the cell patterning site
using the dual-beam configuration, the quad-beam configuration,
shown in Figure 2C, was selected to guide the cell down through
the medium and onto the culture substrate. Meanwhile, the
chamber (controlled via the Z-Axis Control button) was
moved up to increase the cell deposition speed. In the quad-
beam configuration, laser beams passed through the cell edge
curvature and thus experienced concentrated scattering effects;
the beams therefore imparted more axial propulsion to the cell.
With beams positioned around the contour, the antagonistic
optical force confined the cell within the beam-array while
maintaining beam positions along high curvature regions to
achieve peak axial force. After the cell was pushed to be
landed on the substrate, the dual-beam configuration was used
to fine tune longitudinal alignment to achieve end-to-end
connection.

RESULTS

Generation of the Holographic Multiple

Laser Beams

For patterning adult cardiomyocytes, dual- and quad-beams were
generated. For dual-beam configuration, we designed a phase
map that generated a single first-order diffraction beam with the
zeroth-order beam forming the second beam. By selecting various
grating constants, a sequence of phase maps corresponding to
dual-beam configurations with varying beam spacing were
generated and stored in the memory to be uploaded to the
SLM when needed. For quad-beam configuration, phase maps
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FIGURE 3 | A typical laser patterned adult cardiomyocyte culture
imaged with the patterning microscope after 30 min culture in the on-stage
incubator upon completion of the pattern.

for generating three first-order diffraction beams were designed.
To properly share optical intensity between the zeroth and first
order beams, the polarization status of the incident beam was
adjusted prior to laser patterning. This allowed us to control the
power distribution between the Oth and Ist order. This
adjustment, however, did not provide absolute control over
the power at each beam spot for the quad-beam configuration:
The power uniformity at each first order spot also depends on the
algorithm used to generate the phase map. Because the cell-shape
and -size variations were not dramatic, we adjusted the phase
map with various polarization states to find an optimal phase map
for the beam configuration with the averaged beam distances and
used it in the experiment. The actual difference among the beams
was less than 5%. The typical intensity for each beam used in our
experiments was 100 mW for the dual-beam configuration and
50 mW for the quad-beam configuration, measured after the
objective. Focal point intensity plots, produced by plotting
laser intensity along a line intersecting first order airy disk
centroids, were used to measure the laser beam waists (wy).
Plots were normalized and evaluated using the transverse
distance between laser intensity points at 1/e* of the
maximum. Beam waist measurements were approximately 2 pm.

Using the GLMT simulation technique, we obtained a simulated
optical force on the order of 10 pN exerted on a 20-pum diameter
(spherical shape) neonatal cardiomyocyte in the laser patterning
medium described in this paper. This simulation used the same
laser beam employed in the research reported here: a 200 mW and
800 nm laser beam focused with wy equal to 2 um [9]. Practically,
we could laterally move a 20-pum spherical neonatal cardiomyocyte
with a constant speed of 50 ym/s using a laser beam of the same
parameters in the same laser patterning medium. By using the
Stokes drag force formulas, we could estimate that the drag force is
about 10 pn. Using a laser with the same parameters as were just
described and in the same laser patterning medium, we could trap
one end of a typical rod-shaped adult cardiomyocyte and pull the
cell along its longitudinal orientation with a speed of 50 um/s [29]
although we could not flexibly control its orientation. Thus, we can
estimate the drag force of such an irregularly shaped cell to be
similar to a spherical cell with a diameter of 20 um, which we could
move with a speed of 50 ym/s. The experimental data we report
here showed that we could use a multiple beam to move a typical
adult myocyte laterally, although the drag force might be a little
higher than the longitudinal movement. Actually, we did not fill the
entire back entrance of our 0.42 NA objective, otherwise, the waist
size should be smaller than 2 um, which might decrease the range of
the optical force as we discussed previously [9].

Multiple beam laser cell patterning

End-To-End Alignment of Irregularly

Shaped Adult Rat Cardiomyocytes
Supplementary Movie S1 shows a typical dual beam lateral
guidance of the rod-shaped cardiomyocyte with a maximum
guidance speed of approximately 30um/s. Supplementary
Movie S2 shows a typical dual beam longitudinal guidance
with a maximum guidance speed of approximately 50 um/s.
Axial laser guidance was achieved using a quad-beam
configuration around the cell contour with a maximum
guidance speed of approximately 30 ym/s. Figure 3 shows a
typical pattern imaged using the patterning microscope.

A roughly 1.0°C/100 mW temperature increase has been
report in a laser tweezers study using a 1,064 nm CW laser
with no observable DNA damage or changes in cellular pH
levels [30]. We experimentally estimated the absorption
coefficient for freshly isolated neonatal cardiomyocytes to be
0.039mm™" (at 800nm) using opal glass transition
spectrophotometry [31]. However, this technique cannot
completely compensate for sample scatter and so measured
values may be 2 to 10 times larger than their true values [31];
when taking this into consideration our measured values of
absorption coefficient for cardiomyocytes are likely between
0.004 and 0.02mm '. These values appear to agree with a
cardiac tissue absorbance (A = 660nm) of 0.006 mm
reported by Costantino and coworkers [32].

With the cell having an absorption coefficient estimated in our
experiments for the wavelength we used (800 nm), there was no
noticeable optical absorption of the laser patterning medium at
this power level (200 mW). When there was a significant degree
of absorption, the medium typically begins to heat and creates
strong convection currents. Because we did not see this effect
(e.g., Supplementary Movies), we extrapolated that there was

FIGURE 4 | Triple-stained fluorescence image of laser patterned adult
cardiomyocytes; the formation of mechanical connection between end-to-
end connected cells is indicated by N-cadherin.
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minimal laser-medium and laser-cell (a single cell in suspension
is transparent) heating. Further, a weakly focused beam was
typically placed on the edge of a cell, away from subcellular
components; there, the heating effect could be passively cooled by
the surrounding medium in the chamber we used, which had a
diameter of approximately 20 mm.

Mechanical Coupling Between End-To-End
Connected Adult Rat Cardiomyocytes

Supplementary Movie S3 shows the synchronized contraction of
three laser patterned cardiomyocytes; their dynamic connection
indicated the formation of mechanical connection between the
patterned cells. This movie was recorded using the patterning
microscope 30 min after completion of patterning. To further
confirm the mechanical connection after laser patterning, the
patterned cell cultures were removed from the patterning system
and placed into a conventional incubator to culture overnight.
The culture was then fixed and immunofluorescence stained for
cell nucleus, z disk, and N-cadherin. Figure 4 shows a typical
fluorescence image of the stained pattern; the formation of
mechanical junction is indicated by N-cadherin staining.

DISCUSSION

Cardiac-muscle tissue is composed of many interlocking
cardiomyocytes: Each cardiomyocyte expresses a rod-shaped
morphology, as depicted in Borg’s publication [33], and
contracts along its longitudinal axis. All cardiomyocytes in the
heart are connected end-to-end, forming a synchronously
contracting network to pump the blood in the entire body
through the heart in less than a minute, as illustrated in
Figure 4.3 in Dr. Donald Longmore’s book [34]. At the
interface of connected cardiomyocytes is a region known as
intercalated disks, which contain 1) tight junctions between
the cardiomyocytes to prevent cell separation during cell
contraction and 2) gap junctions to allow electrochemical
signals to pass rapidly so the cardiac muscle tissue can be
triggered simultaneously. Many heart diseases are related to
structural changes of the cardiac muscle. Due to the
complexity of in vivo cardiac muscle tissue, progress in
development of new knowledge on how structural changes in
cardiac muscle tissue affect heart function is heavily dependent
on culture of adult cardiomyocytes. Although adult
cardiomyocytes are known to be the most in vivo-like model
for study of cardiac muscle, they rapidly dedifferentiate, losing
their in vivo-like phenotype in culture [35]. Many efforts have
been made to maintain the in vivo-like phenotype of adult
cardiomyocytes by forming end-to-end cell connections
among adult cardiomyocytes in culture, including mechanical
stretching and magnetic alignment. Our laser cell-
micropatterning technique has demonstrated the potential to
achieve end-to-end cell connection [29]. Our previous
technique, for cell guidance, used only a single laser beam.
Although it could move large irregular cells, controlling cell
orientation prior to patterning on a culture substrate was
difficult due to the nonuniform hydrodynamic and optical

Multiple beam laser cell patterning

FIGURE 5 | Zoom-in images of multiple beam-patterned adult
cardiomyocytes with end-to-end intercellular connections in culture in the on-
stage incubator imaged with the patterning microscope 30 min after
completion of the pattern (scale bars = 10 um).

forces cells experience during laser patterning: Viscous drag
around the irregularly shaped cell body affects its 3D
orientation during optical guidance in the laser patterning
medium during transit from the cell injection biochip to the
point where the cell is pushed to the culture substrate. Particularly
during low translational velocities, the rod-shaped cell body
experienced optical forces that attempted to align its long axis
with the beam propagation direction. This axial orientation
(vertical to the cell substrate and the imaging plane), in
addition to resisting cell movement, made difficult the final
end-to-end alignment of the guided cell with the previously
aligned cell. Use of multiple laser beams provides the ability to
control cell orientation relative to the axis of patterned cells.
Because the cell body is kept level with the substrate and the
imaging plane, its long axis is completely in focus before
deposition. Therefore, orientation of a cell's long axis is
controlled by the torque induced across the cell body from
multiple optical forces along the length of the cell.

Our research demonstrated that two-stage multiple beam laser
guidance is effective: It allows 1) the horizontal translation of a cell
from the outlet of the microfluidic cell delivery channel to a position
above the cell deposition site without vertical movement of the cell
patterning chamber and 2) the rapid axial propulsion of the cell in
suspension to the culture substrate. During horizontal translation, a
dual beam configuration laterally pulls the cell above the site of
deposition. When the guided cell is positioned over the laser
patterning site, a quad-beam configuration propels, or guides, the
cell to the culture substrate as depicted in Figure 2. Due to the
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inherent shape of cells, their outer edges produce the maximum
optical force resulting from increased light diffraction at high
curvature boundaries. By adaptively positioning the laser beams
along the cell contour, the imparted optical force is controlled and
maximized. With a single beam divided into multiple first order
beams, optical intensity is shared among all generated beams.
Generating more or fewer beams around the cell contour
decreases or increases the beam power, respectively. The dynamic
and controlled optical-force distribution along a cell body defines its
resulting orientation within the beam matrix. When multiple beams
are used, irregular cell bodies experience an induced optical torque in
the form of roll, pitch, and yaw. Our research concludes that two
beams for laterally moving the cell and four beams to guide cell down
to the substrate are the optimal selection of the beam number.

Our previous study [15] suggested that breaking of intercalated
discs caused force imbalance on both sides of the Z-discs adjacent
to the cell ends, which played an important role in the
dedifferentiation accompanied by sarcomeric dissociation in
freshly dissociated adult cardiomyocytes. Consequently, our
intention here was to use multiple laser beams to restore cell-
cell connection. Our data (Figure 4) demonstrated that mechanical
junctions could be reinstalled between laser connected cells. In
Figure 5, cell manipulation-accuracy is seen at the submicron level
[36]; laser guidance achieved even end-to-end connection between
cells with irregular interfaces. Although our study revealed that
90% of the patterned cells maintained end-to-end connection
30 min after patterning, when a single cell in a set of patterned
cells started to contract, it could become disconnected from the
neighboring cells, as shown in Figure 3 (i.e., the lower right cell).
But, when we triggered patterned cells to contract synchronously,
they were observed to remain connected (data not shown). This
and our other studies on adult cardiomyocyte culture stimulated us
to hypothesize that, in addition to end-to-end connection, two
other conditions must be met to enable adult cardiomyocytes to
preserve their sarcomeric structures: 1) 3D gel culturing
environment and 2) constant electrical triggering. Systematically
studying these conditions is our future work.

We present the use of multiple beam laser guidance to
accurately laser pattern large irregularly shaped cells, which are
traditionally too big and cumbersome to pattern using single beam
systems. Multiple beam patterning techniques provide a higher
degree of control during laser patterning by applying optical forces
at key points along the cell contour for optimal force distribution.
For the application of patterning adult cardiomyocytes, only in-
plane translation and rotation are required. For the general
application of manipulating irregularly shaped cells, each focal
point of the multiple beams can be individually shifted axially to
generate a torque with respect to a horizontal axis to tilt the cell. For
producing a torque, the phase map for creating multiple beams
focused on different axial locations can be generated by using an
array of points centered on a 2D plane of defined inclination with
respect to the horizontal plane. Supplementary Movie 4 shows
five-beam guidance of five neuronal cells. Because the laser beams
are invisible, to demonstrate multiple beam manipulation, it is
better to use individual spherical cells trapped by different beams
than to use a single large cell. The movie demonstrates that, in
addition to in-plane translation of the cells and rotation of the

Multiple beam laser cell patterning

outside four cells relative to the center cell, the four outside cells can
be moved axially out of the plane where the center cell is trapped.

While multiple beam laser patterning is suitable for studying
cell-cell interactions that require very high temporal and spatial
resolution, the technique is nevertheless incapable of construction
of tissues composed of thousands of cells, vasculature and
extracellular matrix. Laser patterning requires constant user
input; therefore, the time required to recreate large multicellular
tissues depends on a user’s proficiency and availability.

CONCLUSION

The single-cell laser patterning of large irregularly shaped cells was
demonstrated using adult cardiomyocytes, which we aligned end-
to-end at the single cell level by incorporating techniques used by
multiple beam optical force microscopes. Our continued research in
the utility of laser-guidance has realized a valuable tool in creating
spatially configured cell cultures by providing increased control and
patterning rates in comparison to conventional laser tweezers.
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