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Abstract: Using tight focusing light, optical tweezers (OT) are tools that can manipulate and cap-
ture microscopic particles and biological cells as well as characterize a wide range of micro and
nanomaterials. In this paper, we focused on fibroblasts, which are widely used in the biomedical
area for a variety of purposes, including promoting human wound healing and preventing the early
proliferation of tumor cells. We first built an optical tweezer experimental platform, using an 808 nm
continuous-wave laser as the capture light source, to confirm that the device can precisely control
the movement of single or multiple particles as well as fibroblasts. Then, a 1030 nm femtosecond
laser was employed as the capture light source to study the manipulation of microparticles and
fibroblasts at different powers. Lastly, a protracted manipulation protocol was used to prevent the
fibroblasts from adhering to the wall. This method can be used to isolate and precisely block adherent
growth of fibroblasts in cell populations. This experimental result can be further extended to other
biological cells.
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1. Introduction

In the field of biomedical research, the study of biological tissue cells has long been
a focus. At the moment, optical tweezer (OT) technology has emerged as an efficient
tool for biological cell research, including immunological interactions and early disease
diagnosis [1-3]. As early as 1619, Kepler recognized the ability of light to exert forces on
matter when he described the deflection of the comet’s tail [4]. Nevertheless, the effects
of these forces were so negligible that they were considered irrelevant for any practical
application [4,5]. Until 1970, Arthur Ashkin demonstrated that optical forces can be used to
manipulate microscopic particles and individual atoms by altering their motions [6-8]. This
technology has been developed into optical tweezers [9,10], which are now widely used
in various research fields, such as micro/nano fabrication and assembly [11], microfluidic
flow manipulation [12], cell classification [13], tissue engineering [14] and intercellular
interaction [15]. Compared with traditional mechanical force, optical force has the charac-
teristics of non-contact, non-invasive, fast responding, and strong controllability [5,16,17].
Over the past few decades, optical tweezers have attracted great interest due to their po-
tential applications in biomedicine and biophysics, especially in monomolecular and cell
manipulation [18-20]. Examples include the study of the elastic properties and biological
properties of DNA molecules [21], the molecular characterization of protein folding [22],
and the elastic and viscoelastic properties of cellular or subcellular structures [23]. In
addition, a number of impressive studies, including the manipulation of red blood cells
within the capillaries of living animals [24], the measurement of intercellular adhesion
and anti-adhesion forces [25], and the use of lipid droplets as endogenous intracellular
microlenses for real-time monitoring of subcellular structures and extracellular signals [26],
have also been realized based on optical tweezers. As a result of scientific and technological
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advances, various kinds of optical tweezers, such as holographic optical tweezers [27],
plasmonic optical tweezers [28], fiber optical tweezers [29], and optothermal tweezers [30],
have demonstrated the ability to manipulate particles or cells directly or indirectly utilizing
optical forces and energy [31].

In this work, the manipulation of polystyrene (PS) particles and fibroblasts was per-
formed using a designed optical tweezer system, and the quantitative analysis of laser
power and target movement speed was conducted. In Section 2, the schematic diagram
of the experimental platform for laser manipulation of the target and the simulation of
the light field and optical force was illustrated. In Section 3, first an 808 nm continuous-
wave laser was utilized as the capture light source to manipulate the two-dimensional or
three-dimensional rotation motion of single and multiple PS particles. Second, a 1030 nm
femtosecond pulse laser was used as the capture light source to manipulate particles and
cells at different powers. It was found in the experiments that, at higher laser power
(higher than 2.5 mW and 12 mW for PS particles and fibroblasts, respectively), bubbles
were generated on the surface of the targets near the focal point due to the larger thermal
gradient force. And subsequently, the collapse of the bubbles caused the microspheres and
fibroblasts to produce undirected displacements, while the fibroblasts were damaged. At a
relatively low laser power (lower than 2.5 mW and 11.5 mW laser power for PS particles
and fibroblasts, respectively), the stable manipulation of PS particles and fibroblasts was
performed. At last, we exhaustively examined the greatest speed at which the two light
sources can be stabilized to manipulate particles and cells at different powers. Additionally,
fibroblasts often grow mixed with tumor cells at the same time, making it difficult to purify
tumor cells, and fibroblasts usually inhibit the growth of early tumor cells [32]. Therefore,
removal of fibroblasts is the key to tumor cell culture. Long-term manipulation (not less
than 25 min) of fibroblasts was experimentally demonstrated to delay the adherent growth
of fibroblasts without affecting the normal growth of other cells not irradiated by the laser in
the culture dish. This experiment showed that precise control of the time of cell adherence
growth could be realized.

2. Materials and Methods
2.1. Experimental Setup and Materials

As can be seen in Figure 1, an optical tweezer system was designed, and the sample
stage and microscopic imaging part of an ordinary inverted microscope was utilized.
Two different light sources were used, including an 808 nm continuous-wave laser (fiber-
coupled output continuous-wave laser, Beijing Honglan Optoelectronics, Beijing, China)
and a 1030 nm femtosecond laser (290 fs, 1030 nm, 1 MHz, 100 pJ, Hangzhou Yacto
Technology, Hangzhou, China). In order to make the optical path easy to adjust, compact,
and cost-effective, the L1 and L2 lens sets were used as well the adjustment mirrors to
match the beam to the rear pupil of the microscope and the well position to the imaging
plane to capture and aim at the target object. In addition, the L1 and L2 lens sets were
also used as the beam parallel adjustment. The dashed box is the location of the power
detector. A 12.5 uL volume of PS microspheres with a diameter of 10 um (produced by
Tianjin BaseLine Chrom Technology Research Center, Tianjin, China) were homogeneously
dispersed in 4 mL of deionized water as the target for optical trapping experiments. In
addition, we also cultured mouse fibroblasts (NIH 3T3) as the target of this study. The cells
were cultured in a 25 mL culture flask with culture medium added and placed in a carbon
dioxide incubator at 37 °C. The cell culture medium was composed of 89% Dulbecco’s
Modified Eagle Medium/F12(DMEM/F12) Medium with 1% penicillin-streptomycin and
10% fetal bovine serum added. Before the experiment, the cells were digested with trypsin
for 3 min to suspend them, and the digestion was stopped by adding the culture medium.
The fibroblasts were then transferred to a centrifuge tube and centrifuged for 5 min, then
the suspension was poured out, culture medium was added to the centrifuge tube, and the
cells were dispersed and resuspended with a pipette gun. Finally, fibroblasts suspended in
culture medium were used for capture experiments.
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Figure 1. Experimental optical trapping system design. The magnification of the objective lens is 100 x

L1 L2

and NA is 1.25. L1, L2, and L3 are lenses with focal lengths of 5 cm, 3 cm, and 10 cm, respectively;
M1, M2, mirror; BS, beam splitter, the transmission and reflection ratio is approximately 3:2.

2.2. Electromagnetic Theory Model

In this paper, the Lorentz force of an electromagnetic field acting on particles in the
electromagnetic model is utilized to study the light force on particles. The optical force
acting on the microsphere has been calculated numerically using Maxwell stress tensors,
defined as [33]:

T = ¢o[EE + ¢*BB — %(E-E—l—czBB)I] 1)

where gy denotes the dielectric constant of the target object, E is the electric field intensity,
B is the magnetic induction intensity, c is the speed of light in vacuum, and I represents the
unit tensor.

The simulation model based on the electromagnetic field momentum conservation
law and the finite element method was performed with COMSOL software (COMSOL
Multiphysics® 5.6, COMSOL Inc., Shinagawa City, Tokyo). The optical force was calculated
by integrating the Maxwell tensor in Equation (1) over the line of particles, as given

by [4,28,34,35]:
/fdv+%/jdv:—/V-Tdv:—]{T-ds @)
|4 14 14 S

where f denotes the momentum density of the charge system; j represents the change rate
of the momentum density of the electromagnetic field; and T is the momentum flow density
tensor of the electromagnetic field, or the electromagnetic field stress tensor. The area
integral represents the momentum flow from surface S of the scattering particles into the V
region. When the electromagnetic field is stably distributed, the second term on the left side
of Equation (1) is zero. The total force of the electromagnetic field acting in the V region
is equal to the area integral of the Maxwell stress tensor at the interface [36,37]. Figure 2
shows the light field distribution and optical force of light capture on the two-dimensional
plane. The incident light wavelength is 808 nm, and the direction of incidence is along
the x-axis. Figure 2a,b represent the electric field distribution near the focus of the 808 nm
laser with and without PS particles, respectively. Figure 2¢,d represent the optical trapping
force of the particles along the y and x directions, respectively. The horizontal axis d; and
dy are the distances between the microsphere center and the laser focus along the y and x
directions, respectively. Both Figure 2c,d indicated that there was a trapping force acting
on the microsphere near the laser focus.
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Figure 2. (a) Optical field distribution at 808 nm without PS particles. (b) The light field distribution
of 808 nm wavelength trapping of a 10 um diameter PS particle. The black circle represents a PS
particle. (c) Optical force acting on the microsphere along the y-axis. (d) Optical force acting on the
microsphere along the x-axis.

3. Results and Discussion
3.1. Capturing Objects with 808 nm CW Laser

The optical tweezer system we designed was able to experiment with different laser
sources. Firstly, an 808 nm fiber laser was used as the capture light source and a few drops of
evenly distributed PS solution was dropped on the glass slide, adjusting the lens to move the
laser spot to the vicinity of the particles. The particles would be attracted to the center of the
spot, and the experimental results showed that the time for the particles to be attracted to the
center of the spot decreased as the power increased. The laser power was measured at the
position before the beam entering the objective lens, as the dashed box in Figure 1. When the
power was between 12 mW and 40 mW, the device could stably manipulate the PS particles
to move in a directional manner, and the speed of movement of the microspheres increased
with increasing power. As shown in Figure 31, we manipulated individual particles to form
different shapes, such as the number “7” (Figure 3Ia), “hollow pentagon” (Figure 3Ib), and
“solid pentagon” (Figure 3Ic). In addition, the movement of a multi-particle group was
also achieved with our optical tweezer system, as shown in Figure 3. The figure shows
the process of manipulating a multi-particle group to rotate in different directions. The
red dotted circle is the controlled particles. Figure 3II-1V represent clockwise rotation,
counterclockwise rotation and directional movement, and counterclockwise rotation of
particles in a two-dimensional plane, respectively. Arbitrary rotation and movement of the
multi-particle group was demonstrated with our experimental configuration.
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Figure 3. The combined arrangement of single PS particles and the rotation of multiple particles in
the two-dimensional plane are controlled by the 808 nm continuous-wave laser. (I) Four particles form
a “7” shape in (a), five particles form a “hollow core pentagon” in (b), and six particles form a “solid
core pentagon” in (c). (ITI) Three-particle group rotating clockwise. (III) Two-particle group rotating
counterclockwise and shifting. (IV) Three-particle group rotating counterclockwise. (a—) show the
rotation process of a multi-particle group in a two-dimensional plane, respectively. Scale bar, 10 um.

When the power was greater than 40 mW, the rotation and displacement of a multi-
particle group in three-dimensional space were achieved. The captured PS particles were
pushed away from the focal plane position after being sucked into the laser focus, as shown
in Figure 4. The numbers marked on each particle in the figure represent the position
change of the particles during the rotation. When the PS particles were close to the focus,
the surface absorbed heat energy unevenly, which caused the thermal gradient generated
by the absorption of heat energy in the surrounding environment to be much weaker than
that generated by the non-uniform absorption of heat energy on the PS particle surface.
Therefore, the direction of the thermal gradient force pointed away from the center of the
well. PS particles moved to the well center under the influence of the optical gradient force;
when the PS particle was close enough to the well center, it was repelled by the strong
thermal gradient force and scattering force, causing it to leave the well center [38]. It can be
seen from Figure 4 that the multi-particle group near the laser spot was first sucked into
the focus. At this time, the particles were subjected to a large repulsion force, so that the
particles at the spot were pushed away from the focal plane to rotate. By slightly moving
the spot to another particle near the focal plane, the particles were sucked into the spot
and then pushed away from the focal plane. Repeating this process, it was possible to
manipulate the multi-particle group for three-dimensional rotation and displacement.

@

¢y

(1II)

Figure 4. The 808 nm laser controls the rotation and displacement of the multi-particle group in three-
dimensional space. (I) The process of the “one-shaped” three-particle group moving and rotating
near the laser focus (Video S1). (II) The process of manipulating the three-dimensional rotation of the
“angular” three-particle group (Video S2). (III) Three-dimensional rotation and movement process of
the “cone” four-particle group (Video S3). Scale bar, 10 um.
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3.2. Capturing Objects with 1030 nm Femtosecond Pulse Laser

We further used the 1030 nm femtosecond laser as a light source to manipulate the
target object. Fibroblasts play an important role in the repair of human wounds and
bones, so we chose fibroblasts with diameters of about 10 to 20 um as capture targets.
The temperature of the medium in the fibroblast trapping experiments was about 28 °C.
Table 1 lists in detail the maximum velocities of the two capture laser sources for stable
manipulation of microparticles and cells at different laser powers. We used a stepper motor
that could operate at a stable and uniform speed to control the translation platform and
achieve uniform motion of the captured target. By adjusting the number of input pulses
per second to the stepper motor at different laser powers, the maximum speed to stabilize
the control target at that power was obtained. The capture experiments were performed
with PS particles uniformly dispersed in deionized water and fibroblasts suspended in the
culture medium. The refractive indices of PS particles and deionized water were about 1.6
and 1.333, respectively, the relative refractive index was about 1.200. In the experiments
using cells as objects, the refractive indices of the fibroblasts and culture medium were
about 1.375 [39] and 1.337 [40], so the relative refractive index was about 1.028. As can be
seen from the table, since the relative refractive index of the cells and the culture medium
was smaller than that of the PS particles and the deionized water, the power required to
capture the cell was much larger than that required to capture the PS particles. Compared
with 808 nm laser capture, the power of the 1030 nm femtosecond laser to capture and
manipulate fibroblasts was almost an order of magnitude lower, but the speed was greater.
Therefore, using a 1030 nm femtosecond laser to manipulate and study biological cells
caused less damage to the sample [41].

Table 1. The manipulation velocity of PS microparticles and fibroblasts with 808 nm and 1030 nm
laser sources at different powers.

808 nm PS 808 nm Fibroblasts 1030 nm PS 1030 nm Fibroblasts
Power Velocity Power Velocity Power Velocity Power Velocity
(mW) (um/s) (mW) (um/s) (mW) (nm/s) (mW) (um/s)
15.34 1.719 62.88 0.879 0.96 2.344 4.30 1.758
18.65 1914 67.56 1.270 1.16 2.637 5.90 2.246
21.53 2.109 71.76 1.456 1.18 2.832 7.36 2.441
24.65 2.246 75.79 1.563 1.36 3.223 8.62 3.555
27.40 2.441 80.26 1.718 1.59 3.613 9.68 3.809
32.81 2.637 84.42 1.855 1.78 3.809 10.16 4.004
36.04 2.832 88.60 1.914 1.99 4.004 10.60 4.590
41.42 3.223 92.39 1.992 2.19 4.199 11.44 4.883
44.53 3.418 - - - - - -

Besides using the motor to control the moving speed, the mean velocity of manually
moving the laser focus to maneuver the target was calculated by recording video. A
Matlab script (Matlab R2020b, MathWorks. Inc., Natick, MA 01760, USA) was programmed
based on the Horn—-Schuck method to analyze the moving target in videos. The capture
process is shown in Figure 5. The white circle indicates the position of the target we
were stabilizing for manipulation. Figure 5LII show the directional displacement of PS
particles manipulated using 808 nm and 1030 nm lasers, respectively. Figure 5IILIV show
the directional movement of fibroblasts manipulated with 808 nm and 1030 nm lasers,
respectively. According to the experimental observation results, the average velocities of
PS particles were calculated to be 3.3 um/s and 2.7 pm/s, respectively, and the average
velocities of manipulated fibroblasts were 1.4 um/s and 2.5 um/s, respectively. This was
consistent with the speeds in Table 1.
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Figure 5. Directional movement of PS particles and fibroblasts manipulated by 808 nm and 1030 nm
laser beams. (I) Manipulation of PS particles to move downward and then rightward with 808 nm
laser. (II) Manipulation of PS particles to move leftward and then upward with 1030 nm laser.
(III) Manipulation of fibroblasts to move rightward and then upward with 808 nm laser (Video 54).
(IV) Manipulation of fibroblasts to move downward and then rightward with 1030 nm laser (Video S5).
White circles indicate the manipulated targets and arrows indicate the direction of movement. Scale
bar, 10 pm.

Capture and manipulation could be achieved with a 1030 nm femtosecond pulsed
laser at much lower laser power than with an 808 nm laser. A laser power of 1 mW with
the 1030 nm laser was sufficient to stabilize the manipulation of PS particles, whereas
the minimum power required for stable manipulation of PS particles using an 808 nm
laser was about 15 mW. And the velocity of the particles manipulated by the femtosecond
laser was about 2.34 um/s, which was greater than that of the 808 nm. Accordingly, the
minimum power of the 1030 nm pulsed laser for stable manipulation of fibroblasts was
much less than that of the 808 nm laser for cell manipulation, but the speed of fibroblasts
manipulated by the 1030 nm laser was faster than that of fibroblasts manipulated by the
808 nm laser. It was found that when the laser power was greater than 12 mW, bubbles
were instantaneously generated on the surface of the fibroblasts, which could increase to
tens of micrometers in diameter, and the bubbles gradually shrank when the laser was
turned off. For PS particles, similar processes were observed at powers above 3 mW. It
was found that the cell membranes of fibroblasts may be broken, while PS particles were
hardly damaged after repeating laser irradiation several times, as shown in Figure 6a—d.
In addition, the shrinkage of the bubbles caused the particles to be pushed away from
their original positions with extremely fast speed, as shown in Figure 6e,f. The direction
and velocity of the push caused by bubbles was related to the size and position of the
bubble, and the directed manipulation of the target object was expected by studying the
bubble dynamics [42]. The white virtual coils indicate the particles at the laser focus. It can
be assumed that this experiment was conducive to the parallel manipulation of multiple
particles in a large volume, providing a method for microfluids optical micromanipulation
and cavitation-assisted drug delivery [43].
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Figure 6. Process of bubble generation when the 1030 nm femtosecond laser spot is focused near
the surface of the particles. (a) Single PS particle before the laser is turned on. (b) After the laser is
turned on, a bubble is rapidly generated on the surface of the particle and expands to the maximum.
(c) After the laser is turned off, the bubble gradually shrinks. (d) About 5 s after the laser is turned
off, the bubble disappears. (e) Two PS particles before the laser is turned on. (f) After the laser is
turned on, a bubble is generated on the surface of one particle. (g) The bubble shrinks and pushes
two adhered particles to produce displacement. Scale bar, 10 pm.

Next, we demonstrate experiments utilizing a 1030 nm femtosecond pulsed laser for
continuous manipulation of fibroblasts to delay their adherent growth. The position and
orientation of the target cell (green dashed circle) relative to the reference cell (blue dashed
circle) is shown in Figure 7. Our experimental device was able to migrate the target cells
in an arbitrary direction for a long period of time. The white arrows show the changes in
the relative positions of the two cells over time, while the reference cell did not produce
displacement. It is clear that continuous manipulation of fibroblasts inhibited their adherent
growth for a prolonged period of time, and thus can be used to study the characterization
of cell membranes, cell attachment, and growth processes. In addition, the experiment
could also achieve precise removal of one or more of the cells suspended in vitro without
affecting other cells.

2 min

13 min

25 min

Figure 7. Changes in relative position and orientation of two fibroblasts over time. The blue dotted
circle is the reference cell and the green dotted circle is the manipulated cell. The arrows indicate the
changes in position and orientation of the manipulated cell relative to the reference cell. (a-i) Changes
in the position of manipulated fibroblasts relative to reference cells at different times. Scale bar, 10 um.
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4. Conclusions

In this paper, an experimental platform based on optical force effects was built, which
can be widely used with various laser sources to conduct manipulation experiments at
low cost. The experiments to capture and manipulate 10 pm diameter PS particles and
fibroblasts were performed. The velocity and laser power of the captured targets were
quantitatively analyzed. When the 808 nm laser power was between 62 mW and 92 mW,
the fibroblasts could be stably manipulated, whereas this was achieved with the 1030 nm
laser between 4 mW and 12 mW laser power. When the 1030 nm laser power was greater
than 12 mW, bubbles were generated when the laser spot was focused near the fibroblasts,
and the bubbles drove the target to move quickly during the collapse process. For PS
particles, bubbles were generated when the 1030 nm laser power was greater than 2.5 mW.
In addition, continuous manipulation experiments were conducted on fibroblasts to delay
their adherence, indicating that cell adherent growth was controllable. With the help
of optical force manipulation, cell sorting can be achieved during cell culture, such as
removing small amounts of suspended fibroblasts in tumor cell culture.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ photonics11030248 /s1, Video S1: The process of the 808 nm laser
manipulating the movement and three-dimensional rotation of the ‘one-shaped” multi-particle group.
Video S2: The process of the 808 nm laser manipulating the motion and three-dimensional rotation of
the “angular” multi-particle group. Video S3: The process of the 808 nm laser manipulating the move-
ment and three-dimensional rotation of the ‘cone” multi-particle group. Video S4: Manipulation of
fibroblast movement induced by 808 nm continuous-wave laser. Video S5: The 1030 nm femtosecond
laser manipulation of fibroblast movement.
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