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Abstract: In this paper, we propose a new system for studying cellular injury. The system
is a biophotonic work station that can generate Laser-Induced Shockwave (LIS) in the cell
culture medium combined with a Quantitative Phase Microscope (QPM), enabling the real-time
measurement of intracellular dynamics and quantitative changes in cellular thickness during the
damage and recovery processes. In addition, the system is capable of Phase Contrast (PhC) and
Differential Interference Contrast (DIC) microscopy. Our studies showed that QPM allows us to
discern changes that otherwise would be unnoticeable or difficult to detect using phase or DIC
imaging. As one application, this system enables the study of traumatic brain injury in vitro.
Astrocytes are the most numerous cells in the central nervous system (CNS) and have been shown
to play a role in the repair of damaged neuronal tissue. In this study, we use LIS to create a precise
mechanical force in the culture medium at a controlled distance from astrocytes and measure the
quantitative changes, in order of nanometers, in cell thickness. Experiments were performed in
different cell culture media in order to evaluate the reproducibility of the experimental method.

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

1. Introduction

Single-cell manipulation is increasingly utilized in biological research for analysis of cell
characteristics such as the cell adhesion, interactions between cells, and intracellular movement
of individual organelles such as chromosomes during cell division [1-4]. Biophotonic tools
such as laser tweezers and/or scissors utilizing focused lasers to manipulate single cells are
key developments for future studies in cell biology [5,6]. In this burgeoning field, LIS and its
mechanical impact on cells is an area of significant interest [7].

Hosokawa et al. used a femtosecond laser to generate LIS in the medium containing mouse
NIH3T3 fibroblasts cultured on a collagen matrix. The study has shown that using LIS, cells can
be detached without any injuries, leading to a promising way to fine manipulation of the cells [5].
An Nd:YAG laser-driven flyer-plate technique has been used to generate LIS on endothelial cells
as a reproducible method to study cellular membrane injuries and cell detachment from a surface
[8].

LIS has been also shown to increase the plasma membrane and stratum corneum permeability
in cells. This is a promising method to introduce various chemicals into cells non-invasively and
may be of use for drug delivery and potentially for gene transfection [9,10].

With respect to the studies reported here, LIS has been shown to be an effective way to model
traumatic brain injury (TBI) in vivo and in vitro [11]. For instance, LIS has been applied on
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the skin surface of the left parietal region of the mouse brain, in vivo. The brain tissue has then
been excised for further analysis. It was not possible to study the cellular changes during and
immediately after the injury with this model [12].

LIS has been used to subject brain cells, in vitro, to a similar condition that cells experience
during blast-induced traumatic brain injury by applying exact and controllable shear stress to the
cells [13,14]. The response of hippocampal brain cells to injuries caused by LIS and sub-axotomy
have demonstrated similar responses in terms of cytoskeletal dynamics. Although a wavelet
algorithm has been used to quantitatively measure the induced damage to the cells, precise direct
quantitative measurement of LIS damage has not been possible [15]. The study we report here
addresses that methodological deficiency.

When an injury occurs to the brain, neuronal cells interact with each other to maintain the
brain’s normal function. Astrocytes, the most numerous cells in the CNS, play a crucial role in
maintaining equilibrium between ions and maintaining homeostasis of water and the blood flow
needed to maintain healthy tissue [16,17].

In the 1930s, Zernike created a technique, calling it phase contrast imaging, for imaging phase
objects with high contrast without the requirement for labeling, which revolutionized intrinsic
contrast imaging [18]. The phase contrast microscope is now is widely employed to observe
living, unlabeled cells and other transparent objects in great detail [19]. Scientists can extract
useful information from phase changes of light as it interacts with cells. Previous studies have
used a variety of different techniques to acquire phase images of cells in order to extract valuable
information about them [20]. For instance, one study has used digital holographic microscopy
(DHM) to quantitatively measure cellular morphology, and proved that the early detection of
neuron cell death is possible using quantitative phase images [21]. Another study has also
used DHM and has shown that quantitative phase measurements of cells can be used to fully
characterize cellular behaviour, like cellular height and volume, during exposure to pollutant
metals like cadmium [22]. Cell volume changes under blue light exposure were also measured in
another study. In this study, the blue laser light was used as a tool for holographic microscopy
and also for inducing toxic effects on cells [23].

Quantitative phase imaging (QPI) is an emerging label-free method to study transparent cells
and tissues without photo-bleaching effects often encountered with conventional fluorescence
imaging. This modality uses interferometry to precisely quantify the phase shifts caused by
the sample. This allows for imaging and quantification transparent features in cells, measuring
movements of organelles, and quantification of cellular dynamics including membrane motility
[19,24,-26]. In this study, we introduce a QPI system which enables quantitative phase imaging
of cells before, during and after LIS exposure. We capture 3D images of LIS injury and
quantitatively measure membrane changes, as well as internal cell structure in two types of cells.

2. Method

2.1. Theory
2.1.1. Laser-Induced Shockwave (LIS)

If a fluid is irradiated by pulsed laser light with an irradiance beyond its optical breakdown
threshold, nonlinear absorption leads to photo-ionization and plasma formation. The difference
in pressure and temperature of the plasma and the fluid causes the plasma to expand creating
a cavitation bubble. The bubble expansion causes a shockwave, propagating several hundred
microns within the fluid. This phenomenon can be used to damage cells by the mechanical force
of the shockwave [15,27]. The bubble’s expansion and contraction can put significant pressure
on adjacent structures, particularly cells and the size of the bubble can be changed by the laser
irradiance at the focus point [28,29]. The pressure gradient as a function of the distance from the
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center of the shockwave has been measured allowing for the calculation of the exact pressure the
cells are exposed to [27,30].

2.1.2. Quantitative Phase Microscopy

Imaging of living cells is limited without using labeling techniques since they do not naturally
absorb or scatter much light. However, we can extract valuable information from the phase
changes of light as it interacts with the cells [20].

QPM is a new promising approach to study cell morphology including surface fluctuations of
cells with nanometer resolution. In this system, light with the center wavelength of A, passes
through a Linnik interferometer which divides it into two beams: one beam passes through
the sample, while the other one is used as the reference beam. Both are reflected onto a CCD
camera for interferogram acquisitions. The system used in this study uses a quarter-wavelength
phase-shifting algorithm to calculate the phase-contrast images. The optical path-length is
periodically shifted by A./4 resulting in 4 interference images. The phase (0) is calculated by the
intensity /(g) of these 4 consecutive images based on Eq. (1) [30]:

0= tan™' lon =1 (1
Io) = In)

Based on the phase, the optical height (OH) is measured as follows in Eq. (2) [31]:

AT ?)

OH = —
2 2

The real height (RH) of the cells is related to the optical height (OH) with the estimation of mean
refractive index of the cells (7iqe;; = 1.37) [31] and the medium (7,eqin =~ 1.337) [32] based on
the Eq. (3) [31]:
ri= —2 @
Reell — Nmedium
A more detailed description on the QPM setup and the phase unwrapping process can be found
in [31,33].

2.2. Setup

Our system is comprised of a laser that is introduced into a quantitative phase microscope (Fig. 1).

2.2.1. Microscope setup

The QPM setup, as depicted in Fig. 1(a), is based on Linnik interferometry, consisting of
two identical objective lenses (PLN 20X, Olympus, Shinjuku City, Tokyo, Japan) for 20x
magnification, or two identical water-immersion objective lenses (LUMPLFL 40X, Olympus,
Shinjuku City, Tokyo, Japan) for 40x magnification. For interference image acquisition, light is
emitted from a red-light LED (4 = 633 nm) through a Linnik interferometer, that divides the
beam into two pathways. Two separated beams are focused with the two identical objective
lenses on the sample and the reference mirror. The red-light power on the back aperture of the
sample objective lens is 0.32 mW. The beams are then reflected onto the 12-bit CCD camera
(acA1920-40um, Basler AG, Ahrensburg, Germany) with the maximum frame rate of 41 fps. The
camera data is sent to a PC (Processor core i7, 3.40 GHz) for phase unwrapping analysis. The
QPM also has a feedback control system to adjust the Optical Path Difference (OPD) with high
resolution, comprised of a laser source (4 = 1.3 um)(S1FC1310, Thorlabs, Newton, NJ, USA),
an infrared Photo-Detector (PD) (62-271, Edmund Optics, Barrington, NJ, USA), a Piezoelectric
Transducer (PZT) (AE0505DO08F, NEC TOKIN, Shiroishi, Miyagi, Japan), and a DSP-based
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Fig. 1. (a) Quantitative phase and fluorescence microscope setup. PD:Photodiode, LED:
light-emitting diode, LD: Laser diode, RM: Reference Mirror, HM: Half Mirror, DM:Dichroic
Mirror, M: Mirror, TL: Tube lens, Obj: Objective Lens. To avoid confusion, the reflected
beams are colored with strip pattern [33]. (b)Schematic of the LIS setup, BB: BeamBlocker,
BS: Beam Splitter, BE: Beam Expander, NM: NIR Mirror, PD: Photodiode, ’% plate:
half-wave plate, PBS: Polarized Beam Splitter.

signal demodulation circuit. The PZT on the reference arm can adjust the OPD with a high
resolution of <1 nm and a maximum variation of 440 nm, at a frequency of about 500 Hz [31].

For fluorescence microscopy, a blue light LED (A = 475 nm) is added to the system. To excite
the sample, the LED is placed in front of a condensing lens and a mirror with 20% reflectance, to
guide the light through the same objective lens that the QPM light passes. The fluorescence light
power on the back aperture of the sample objective lens can be up to 4.4 mW. Changing the LED
and the mirror is possible based on the desired dye used in the experiment. The emitted light is
captured by the camera after passing the objective lens and mirrors.

The system can switch between QPM and fluorescence imaging at a high speed. The software
controls the exposure of the LED for the QPM and fluorescence excitation, in short, alternating
intervals (every one second) so only one LED is on at a time. The blinking LED also helps to
avoid photo-bleaching. Images are processed according to the mode used for image capturing.
Cells are cultured on custom-made dielectric mirror bottom dishes (D = 35 mm). The dielectric
coating fabricated by Hamamatsu at the bottom of the dish reflects 50% of the visible light. The
transmission percentage of the coating at 1030 nm is approximately 92%. The imaging dish
is placed in a heating chamber connected to a digital temperature controller (ESCC, OMRON,
Kyoto, Kyoto, Japan), to keep the cell medium temperature at 37°C.

2.2.2. LIS setup

A Q-switched diode-pumped solid-state (DPSS) laser (Flare NX, Coherent, Sana Clara, CA,
USA) producing pulses of 1.5 + 0.2 ns at 4 = 1030 nm is used to generate LIS. The laser pulses
can be generated with a frequency of up to 2000 Hz. To generate laser pulses, the device is
connected to a function generator (GFG-8015G, GW Instek, New Taipei City, Taiwan), that can
produce a 5 volts square wave with 0.2-2 MHz. The pulses can be generated with a 120 us delay
with each trigger of the function generator.

Laser power is controlled by passing the laser beam through a beam expander and a half-wave
plate polarizer. The beam then passes through a polarized beam splitter that directs a portion of
it into a photodiode (PDA100A - Si Switchable Amplified Gain Detector, Thorlabs, Newton, NJ,
USA) for laser power measurement. The output of the photodiode is connected to a 500 MHz, 2
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channel digital oscilloscope (TDS3052B, Tektronix, Beaverton, OR, USA). The rest of the beam
is reflected by a NIR mirror and is focused on the cell culture medium from the bottom via a 40x
water immersion objective lens (C Achroplan NIR 40x/0.80 W, Zeiss). Also, for measuring the
laser power entering the objective lens, a photodiode power sensor (S120, Thorlabs, Newton, NJ,
USA) connected to a power and energy meter console (PM400, Thorlabs, Newton, NJ, USA)
can be placed in the beam path. For focusing the laser light on the cell medium, another camera
(acA1300-30um, Basler AG, Ahrensburg, Germany) is placed under the dish to capture the image
of the sample using the same objective that focuses the laser light. The light from the QPM
passes through the medium, and since the reflecting mirror is not 100% reflective, a portion of
the light passes through the sample and the bottom objective, and is focused with a converging
lens, on the second camera. The schematic of the LIS setup can be seen in Fig. 1(b).

Based on the current setup the pulse energy is estimated to be 7.5 * 107> J, the input power is
0.1132 W, and the optical power per unit area at the focus is 2.68 = 108%.

2.3. Cell preparation

Cortical mouse brain tissue was acquired commercially from Brain Bits, LLC (BrainBits animal
protocol #32-08-013 was approved by the Southern Illinois University School of Medicine
Laboratory Animal Care and Use Committee on 5/18/11). The Brain Bits procedure prior to
being shipped to our lab from the company involved dissociation of primary astrocytes from the
cortex of E18 mice by an 8-minute incubation with 2 mg/mL papain (Sigma, St. Louis, MO, USA)
in Hibernate E (without Calcium and B27, BrainBits, Springfield, IL, USA) medium. Astrocytes
were resuspended in a co-culture medium and seeded onto matrigel-coated glass-bottomed dishes.
Potorous tridactylis rat kangaroo established epithelial kidney (PTK2) cells stably expressing
GFP-gamma tubulin were plated onto 35 mm imaging dishes. Cells were cultured in advanced
MEM media as described previously [34]. Cells were in culture in 5% CO2 at 37° for a minimum
of 5 days prior to the experiments.

2.4. Image acquisition

The image acquisition was done with a resolution of 1920%1200 and the frame rate of 13.33
fps. As each phase image was constructed from 4 consecutive raw images, the phase image
acquisition was done with the frame rate of 3.33 fps and a resolution of 1920*1200. The spatial
resolution for the 20x objective lens is 0.30 microns per pixel and for the 40x objective lens is
0.15 microns per pixel.

3. Results

A laser-induced shockwave was applied in the astrocytes medium while the QPM was recording
both quantitative phase and phase-contrast (PhC) images of the cells at 40x magnification. The
recording started from 20 minutes before LIS to 80 minutes after the application of LIS. The
real height of the cells at each time point can be calculated by using the phase values, taken
from quantitative phase images, and inserting them in Eq. (2) and (3). To assess the cell injury
caused by LIS, the height changes can be measured by taking the difference between the resulting
height values before and right after LIS. The phase contrast (PhC) images and the differential
interference contrast (DIC) images were obtained computationally, by differentiating the phase
map generated by the QPM [35], and subtracting a wavefront shearing operation from the original
wave [36], respectively.

Figure 2(a), displays a phase-contrast field of view (FOV) of astrocytes 80 minutes after LIS.
LIS has happened on the right side of the FOV, and the red circles shown are concentric with
LIS with radii of 75um and 150um. Figure 2(b-¢) display the PhC image of the cell in the black
rectangle, at different time points with respect to LIS; the negative sign is the time before LIS.
The phase-contrast images of the indicated cell before and right after LIS, show no significant
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injury. However, the phase-contrast images are not adequate to confirm that the cell has not
been affected by LIS, as they cannot quantitatively show height changes. Quantitative phase
images of the cell were used to measure the cell height at different time points with respect to
LIS. Figure 3 displays the height change measurements for the cell; the purple and green lines
show the cell border in former and later time points. Comparing the images from 20 minutes
before LIS does not show any flattening or upward movements in the cell (Fig. 3(a)). Comparing
the height of the cell just prior and after the LIS suggests no significant changes resulted from the
shear stress of LIS (Fig. 3(b)). On the other hand, after 80 minutes, significant morphological
changes were detected in this cell (Fig. 3(c)). This figure demonstrates a significant change in
the cell morphology in a prolonged time period after LIS. It appears that the cell has flattened
morphologically and moved toward the neighboring dying cell. The interactions between these
cells may suggest phagocytosis. Phagocytosis response in astrocytes to injured neighboring
cells have been also shown in the previous studies [16,37]. 3D video displaying the interactions
between this cell and its neighboring cell (Supplement 1, Visualization 1) and a montage of the
cell junction at different time points can be seen in supplementary data of the paper.

t=-20 min  -300 ms<t<0 LIS 0<t<300 ms t=30 min

Fig. 2. PhC image of astrocyte cells. (a) Whole FOV of cells 80 minutes after LIS. The red
circles are care concentric with LIS and have radii of 75 ym and 150 um. (b-e) The PhC
image of the cell in the black rectangle, at different time points with respect to LIS. The
negative sign means the time before LIS.

To demonstrate the ability of the system to generate repetitive injuries, two consecutive
laser-induced shockwaves, with a 1-second interval between LIS exposure, were generated at
the same location in the astrocytes medium. Figure 4 illustrates a series of reconstructed 3D
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Fig. 3. Height changes in the cell, indicated with a black rectangle in Fig. 2, (a) from 20
minutes before to right before LIS, (b) from less than 300 ms before LIS to less than 300 ms
after LIS, (c) from right before to 80 minutes after LIS. All of the figures are calculated by
taking the differences of the cell’s height at two indicated time points. The purple and green
lines show the cell border in former and later time points.

images of the whole FOV encompassing the pre- and post- LIS effects on cells in response
to laser-induced shockwaves ¢, is the time of the application of the first LIS and £, is for the
second LIS). 3D images were made using quantitative phase images, with ImageJ’s interactive
3D surface plot plugin. In this series, little or no effects of LIS are detected after the first LIS, but
after the second LIS, considerable effects are noticed in the central cell (labelled cell #1), that are
magnified in Fig. 4(a,d-f). Figure 4(d) displays the deformation caused by the shear stress right
after the second LIS. Moreover, significant changes can be seen in the nucleus and cytoplasm of
the cell #2. In this cell, there are distinct changes in the cytoplasm that appear as granulation or
fragmentation of cellular components. Though no distinctive internal cellular changes are seen
in the QPM images following the first LIS, considerable changes are observed in the nucleus
(center) of the cell following the second LIS. A more detailed height change measurement of the
cells after the second LIS can be found in the Supplement 1 of the paper.

LIS was also applied to culture medium containing PTK?2 cells (Fig. 5). The recording started
from 15 minutes before LIS to 45 minutes after the application of LIS. PhC, DIC and QPM
images were taken under 20x magnification, while the LIS was applied. Figure 5(a-d) show the
PhC and DIC images before and after LIS, respectively. Figure 5(e) displays the quantitative
height changes caused by LIS in PTK?2 cells. The gradual decrease in the height changes in the
cells can be seen as we move further from the center of LIS. It seems that cells indicated with a
black rectangle are in the telophase of the mitosis cycle. Although based on the PhC and DIC
images, it appears that there is no significant change in the indicated cells, the QPM image shows
a significant height change in these cells caused by LIS. Figure 5(f) displays the height profile of
the cell along a radial vector, shown with a black line in Fig. 5(e), from the LIS epicenter, before
and after the LIS. Using plot profile exact height changes of the cells in the direction of the LIS
can be measured.
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Fig. 4. Reconstructed 3D image of the cells in the field of view. The center of the LIS has
been shown with a white star. Cell #1 and cell #2 are magnified in some of the sub-figures.
The t indicates the time that each figure has been recorded, that is (a) less than 300 ms before
the first LIS, (b) less than 300 ms after the first LIS, (¢) 1 s after the first LIS and less than
300ms before the second LIS, (d) less than 300 ms after the second LIS (This image shows
how cell #1 has been pushed away from the center of the LIS instantaneously.), (e) 1 s after
the second LIS, (e) 41 s after the second LIS. Vacuoles that have been formed in the cell #2

can be clearly seen in this image.
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Fig. 5. Images of PTK2 cells with 3 different modalities. The center of the LIS has been
shown with a white star. (a) PhC image before LIS, (b) DIC image before LIS, (¢) PhC
image after LIS, (d) DIC image after LIS, (e) Quantitative height changes from before to
after LIS. Significant height changes from LIS can be seen in the cells indicated with a
black rectangle; these height changes cannot be detected in PhC and DIC images. (f) The
height profile of the cell along a radial vector, shown with a black linee in (e), from the LIS
epicenter, before and after the LIS.
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4. Discussion

In this paper, we describe a method to observe and study LIS-induced injury to cells. This
method is promising for several reasons. Firstly, QPM allows high-resolution imaging of the
cells in 3 dimensions. Using real-time phase values, changes in the membrane dynamics, as
well as changes in the thickness and structure of the nucleus and cytoplasm, can be measured
quantitatively. Secondly, cells can be imaged almost simultaneously with the application of
LIS. Cellular changes can be captured immediately after LIS, only limited by the frame rate of
the camera. When using methods like LIS, it is crucial to be able to quantify the amount of
damage, in order to correlate the cellular responses to the injury. For instance, using QPM, no
significant height changes were measured during the application of LIS in the cell indicated in
Fig. 2. However, over time, significant changes in the cell’s morphology were measured. This
suggests that the reaction seen in this cell may probably not be in response to the injury to the
cell itself, but it may be in response to its neighboring dying cells; however, more experiments,
are needed to confirm this hypothesis. Figure 5 also demonstrates the importance of using QPM
while applying LIS. Though no changes were observed in the indicated cells in PhC and DIC
images, QPM images revealed a significant amount of change in the cells’ thicknesses caused
by LIS. As these cells seemed to be in the telophase of the mitosis cycle, this may suggest that
the cells in this cycle may be more prone to deformation in response to shear stress. Our future
studies will involve more experiments to confirm/reject this hypothesis. Third, cells can be
imaged from any period before LIS, continuously to any time after LIS allowing studies on
cellular repair over extended periods.

Based on the results presented here, several technical issues can still be improved. Future
studies will address the thickness of the mirror placed under the sample dish. The current
relatively high thickness of the mirror not only results in laser power attenuation but also damage
to the mirror itself, making precise control of laser energy in the focal point difficult. The
relatively high mirror thickness also limits the choice of the objective lens that focuses the laser
beam. The working distance of these objectives must be greater than 1 mm, thus limiting the
optical resolution of the cells and their internal organelles.

The system described here is capable of capturing quantitative phase images, phase-contrast
images, and also fluorescence images. The experiments on the fluorescent beads can be found in
the Supplement 1 of the paper (S5). With respect to fluorescence images, we should be able to
correlate different protein signaling with the changes in the membrane, cytoplasmic, and nucleus
dynamics in response to the injury.

5. Conclusion

By integrating QPM with laser-induced shockwaves, we have developed an additional method to
study cellular injury. This system allows the application of various degrees of shockwave injury
while simultaneously monitoring changes in cell membranes, cell shape, and real-time analysis
of intracellular damage and recovery. This system is a promising method to study the role of
astrocytes in response to TBI.
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