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Abstract: Beam shaping techniques have been widely used in holographic optical tweezers
to accurately manipulate tiny particles and hologram optimization algorithms have also been
widely reported to improve the optical trapping performance. In this paper, we presented a beam
shaping laser induced forward transfer (BS-LIFT) technique to isolate complex-shaped cells. To
do this, we built up a BS-LIFT instrument which combined beam shaping methods and laser
induced forward transfer using liquid-crystal-on-silicon spatial light modulator. The laser beam
was modulated into multiple desired points at the focal plane employing the Gerchberg–Saxton
(GS) algorithm. Feasibility was verified through transferring various samples. To our knowledge,
this is the first demonstration of BS-LIFT applied to the transfer complex-shaped cells. We
successfully transferred cells whose size ranged from 1 µm to 100 µm. Our design will provide a
novel approach for the application of this beam shaping technique and the isolation of single
cells with variable shapes.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Single cell research is becoming an ever more important approach in the life sciences and the
deterministic isolation of single cells is a critical step in such an approach [1]. However, the size
of cells ranges from nanometers to micrometers and there can be large variability in their shapes.
There are considerable challenges in isolating one single cell or bacterium from its environment
based on existing isolation methods, such as Fluorescence-Activated Cell Sorting (FACS) [1,2],
Magnet-Activated Cell Sorting (MACS) [3,4] and Laser Microdissection (LMD) [5], especially
when the cell shape is complex. A widely applicable cell sorting method would be of great
significance to single cell research.

Laser induced forward transfer (LIFT) has been employed to isolate single cells including
bacteria in recent years [6,7]. Based on the principle of laser-material interaction, the biofilm
absorbs the laser and produces an expansion force to push the cells that are adhered to the biofilm.
For simple cells, like a spherical shaped cell, a single beam can accomplish the LIFT process.
For cells with complex shapes, we combined image recognition and beam shaping algorithms to
generate the light field corresponding to the target cell shape. Under the expansion force, the
target cell is pushed into a receiver for subsequent research. We report the first demonstration of
laser induced forward transfer of a single cell using a spatial light modulator, which could isolate
complex-shaped single cell or bacteria by modulating the beam shape, shown in Fig. 1.

Adaptive optics, which employs adaptive elements to control the light field, has become
a valuable tool in scientific research and industrial applications. These adaptive elements
include liquid crystal spatial light modulators (SLMs), digital mirror devices (DMDs) and
deformable mirrors (DMs). They can modulate the properties of a beam across its profile through
modification of the phase, amplitude or polarization of the beam [8]. In laser material processing,
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Fig. 1. Beam shaping laser induced forward transfer isolating complex-shaped bacteria
cells.

adaptive elements were employed to correct the aberrations when focusing inside the workpiece
[9], modulate the intensity distribution of focal plane to improve processing accuracy [10,11],
fabricate particular shaped objects [12,13] or perform parallel processing [14]. In the field of
optical microscopy, adaptive elements can mostly be used in two ways: in the illumination
path and/or in the imaging path [15]. In the first case the illumination beam was shaped by
adaptive elements for different applications, such as correcting aberrations in the scanning spot in
confocal laser scanning microscopes [16], replacing the mechanical scanning by shifting the focal
position in fluorescent probe scanning [17], or allowing 3D super-resolution imaging in stimulated
emission depletion (STED) microscopy by producing an aberration corrected diffraction-limited
ring-shaped focus to suppress the fluorescence of out-of-focus molecules [18,19]. In the second
case, by using adaptive elements as programmable Fourier filters, the Fourier components of the
light from the sample could be manipulated to influence the image contrast, which gives one
complete freedom to implement new contrast mechanisms such as spiral phase contrast (SPC)
[20,21], quantitative imaging and interferometry [22]. Besides, adaptive optics has also been
widely used in optical tweezers [23,24], controlling the light distribution to form desired trap
patterns, which could be employed to manipulate bacterial, cells [25] or ultracold atom [26] for
different applications.

2. Methodology

2.1. Experimental set-up

The BS-LIFT instrument is shown in Fig. 2. A 40 µJ, 2 ns duration, 532 nm single pulse laser
was focused on the surface of the LIFT chip, which included a 25 nm-thickness aluminum film
on the glass surface. A pure-phase reflective liquid-crystal-on-silicon spatial light modulator
(LCOS-SLM) with a pixel pitch of 8 µm and a resolution of 1920× 1200 pixels was employed in
this system, so that the laser beam on the focal plane, within known physical constraints, could be
shaped to arbitrary desired forms. Both the LIFT chip and receiver were mounted on a translation
stage. When we observed the bacteria or cell on the LIFT chip, the receiver was moved outside
of the light path. After we had determined the target cell, the receiver was moved to the right
place to receive the ejected cell.

2.2. Gerchberg–Saxton (GS) algorithm

Commonly-used algorithms that perform hologram calculation to obtain the target distribution
of focal field could be divided into direct and iterative algorithms [24]. Direct algorithms
include random mask (RM) encoding algorithm [27], superposition of prisms and lens (S)
algorithm [28], and random superposition (SR) algorithm [29]; while iterative algorithms include
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Fig. 2. (a) Light path diagram of the beam shaping laser induced forward transfer instrument.
(b) The layout of the instrument, including ① the laser, ② the SLM unit, ③ the imaging
microscope objective mounted on a Z-direction stage, ④ the ejecting chip mounted on a
XY-direction stage, ⑤ the ejecting microscope objective controlled by another Z-direction
stage, ⑥ the receiver mounted on another XY-direction stage. Laser: λ= 532 nm, 2 ns
FWHM (full width half maximum), maximum pulsed energy of 40 µJ (Changchun New
Industries Optoelectronics Technology Co., Ltd, China); SLM: maximal pattern rate of
60 Hz at 1920 × 1200 pixels with a pixel pitch of 8 µm, EXULUS-HD2 (Thorlabs, America);
Imaging objective lens: 50×/NA0.6 TU Plan ELWD (Nikon, Japan); Ejecting objective lens:
10×/NA0.4 UPlanXApo (Nikon, Japan); Lens: all the lenses except Lens 8 are mounted
achromatic doublet lens, 400–700 nm, Lens 1: f=15 mm, Lens 2: f=150 mm, Lens 3–6,
f= 150 mm Lens 7: f=125 mm, Lens 8, ACL25416U-A (Thorlabs, America); Mirrors: all
the mirrors used were protected-sliver coating mirror, PF10-03-P01 (Thorlabs, America);
Half-wave plate: WPHSM05-532 (Thorlabs, America); Polarizing beam splitter: PBS251
(Thorlabs, America); Beam splitter: BSW10R (Thorlabs, America); LED: MNWHD2
(Thorlabs, America); CMOS camera: U3P630-H (Shenzhen DO3THINK Technology Co.,
Ltd, China).

the Gerchberg–Saxton (GS) algorithm [30], the adaptive-additive Gerchberg–Saxton (GAA)
algorithm [23] and the weighted Gerchberg–Saxton (GSW) algorithm [31]. In practice, all
the iterative algorithms can modulate complex and higher-quality light fields, but have higher
computational cost than direct algorithms [24]. The GS algorithm was chosen in this research to
modulate the light field on the focal plane into the target distribution.

2.3. Determination of the target laser intensity

The images of bacteria or cell could be obtained by the bottom microscope objective and imaging
system. To modulate the beam into the shape of target cell, it’s important to generate a binary
graph containing the target point that corresponds to the target cell. For the determination of
the target, we used two kinds of methods: image recognition and user definition. The image
recognition could be summarized in 4 steps as follow.

Step1: Image binarization. The algorithm changed the picture into a binary graph only
containing “0” and “1” according to each pixel’s grayscale value, the threshold value needs to be
carefully determined to present the outline of the cell.
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Step2: Filtering. The binary graph typically contains noise after binarization. We performed
median filtering to remove salt and pepper noise, and mean filtering to remove Gaussian noise.

Step3: Expansion and corrosion. To make the cell’s boundaries in the picture clearer, we
performed expansion and corrosion algorithms on the image.

Step4: For long-shaped or large-area cells, generating a same spot shape with the cell is
feasible, but generating multiple spots corresponding to the cell profile is more efficient. For
the latter, the algorithm marked the “position” of “1” which represented the cell in the picture,
then averaged the width and divided the length of the cell into multiple points. The number of
points was user-defined, as shown in Fig. 3. We used 20 points including the end points in the
experiment of ejecting Anabeana. Determination of target point. For multiple tiny cells such as
yeast shown in the results, Fig. 4, the picture after expansion and corrosion could be used as the
beam shaping target.

Fig. 3. Procedure of laser induced forward transfer (LIFT) combined with image recognition
and beam shaping (see Visualization 1). a) Microscope imaging; b) Image binarization
and filtering, the binary graph here “1” presents the outline of the cell; c) Determination of
target point; d) Phase retrieval algorithm to calculate the phase graph corresponding to the
target amplitude distribution; e) Modulate the laser beam into the target distribution; f) After
ejection of the target cell.

The user definition method is designed for some complex-shaped cells or for images with
non-uniform backgrounds, for which the image recognition could not perform very well. In the
user definition mode, one could operate more freely by simply clicking the mouse at key points
based on the microscope image, so that the algorithm could mark the points as the targets.

https://doi.org/10.6084/m9.figshare.16708510
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Fig. 4. Beam shaping laser induced forward transfer different size and shapes cell (seven
single yeast cells, LGG and Anabeana cell) combined with image recognition algorithm.
The bar represents 10 µm.

3. Results

3.1. Procedure of LIFT combined with beam shaping

The picture in Fig. 3. a was obtained by the bottom imaging system, and was then binarized to
give the image in Fig. 3. b. Using the image in part b, the algorithm calculated the geometric
center of the target and generated a target pattern that would produce several laser focal points (20
points in this case) in the focal plane. Then the picture was used as the target beam shape and a
phase hologram was calculated by the Gerchberg–Saxton (GS) iterative algorithm to retrieve the
phase distribution, as shown in Fig. 3. d. Then the phase pattern was loaded onto the LCOS-SLM
which produced the target laser beam shape at the focal plane of the objective.

3.2. Image recognition and beam shaping for cells with different size and shape

Through beam shaping LIFT, we could modulate the light distribution of the focal plane into any
patterns, within known physical constraints, according to the target such as yeast, Anabeana and
LGG as shown in Fig. 4. The size of the target cells ranged from one micrometer to about one
hundred micrometers. Furthermore, with a clean background, the image recognition algorithm
performed well, as it could tell the yeast cell from E. coli by giving the size range that we know.
The same method could also distinguish the E. coli cell from a more non-uniform background, as
shown in Fig. 5.

3.3. User defined beam shaping for samples with complex background

For the sample with non-uniform background, which creates more difficulties for image recogni-
tion, we could determine the target light patterns distribution by selecting the key points through
clicking the mouse (shown in Fig. 6). This user defined beam shaping method gives user more
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Fig. 5. Image recognition and beam shaping for different size cells and non-uniform
background. The first line shows the algorithm can distinguish the yeast cell from the E. coli
according to their size. The second line shows the algorithm can distinguish the E. coli cell
from the yeast, the opposite process of the first line. The third line shows the algorithm can
distinguish the E. coli cell from a non-uniform background. The bar represents 10 µm.

freedom for different kinds of cells in more complex samples. Glycerin was used to maintain the
flagellate’s viability, and the glycerin was also transferred with the flagellate, so the spots around
the received flagellate (Fig. 6. f or Fig. 6. l) were the splashes of glycerin that landed on the
receiver.
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Fig. 6. Transfer and capture complex-shaped flagellate (see Visualization 2), the bar
represents 10 µm. a): Image of flagellate before ejecting. b): The “ejecting position” defined
by user’s mouse clicks in the software. c): The laser was modulated by SLM and formed
multiple focal points, which corresponded to the ejecting position. d): The flagellate was
transferred, leaving some black holes visible on the chip. e): Nothing was visible on the
receiver before transferring. f): The transferred flagellate was captured by the receiver. g):
Image of flagellate before ejecting. h): The “ejecting position” defined by user’s mouse
clicking in the software. i): The laser was modulated by SLM and formed multiple focal
points, which corresponded to the ejecting position. j): The flagellate was transferred and
some black holes were visible on the chip. k): Nothing on the receiver before transferring.
l): The transferred flagellate was captured by the receiver.

https://doi.org/10.6084/m9.figshare.16708507
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4. Conclusion and outlook

We have demonstrated the procedure of LIFT combined with beam shaping and image recognition,
and proved the feasibility of this technique for transfer complex-shaped cells such as long cells,
which occupy a certain proportion of cells in nature and are difficult to be isolated by other
method such as flow cytometry. Compared with other isolation methods, laser-based isolation is
more precise and it can isolate the cell range from 1 µm to 100 µm in size. What’s more, it is
much easier to integrate into commonly-used commercial microscopes. However, there are still
some aspects that can be improved. First, the GS type methods of beam shaping usually give
speckle patterns within the illuminated area, which could be clearly seen in Fig. 6. Although
our results have shown that we could avoid the impact of this on this work by increasing the
ejecting points, a better algorithm that produces more uniform light field distribution could
be beneficial for future study. Second, both the mechanical model of particles or cells in the
liquid environment, and the relationship of laser parameters (energy and ejecting points) and
the sample’s shape and size, need to be systematically studied for a wide range of applications.
Third, control software could be further developed to combine the different packages needed for
development of automated cell identification and isolation.
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