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The techniques for inducing the death of specific cells in tissue has attracted attention as new methodologies for
studying cell function and tissue regeneration. In this study, we show that a sequential process of targeted cell
death and removal can be triggered by short-term exposure of near-infrared femtosecond laser pulses. Kinetic
analysis of the intracellular accumulation of trypan blue and the assay of caspase activity revealed that femto-
second laser pulses induced immediate disturbance of plasma membrane integrity followed by apoptosis-like cell

death. Yet, adjacent cells showed no sign of membrane damage and no increased caspase activity. The laser-
exposed cells eventually detached from the substrate after a delay of >54 min while adjacent cells remained
intact. On the base of in vitro experiments, we applied the same approach to ablate targeted single cardiac cells of
a live zebrafish heart. The ability of inducing targeted cell death with femtosecond laser pulses should find broad
applications that benefit from precise cellular manipulation at the level of single cells in vivo and in vitro.

1. Introduction

The spatial and temporal regulation of cell death and degeneration is
important of maintaining the normal physiology of cells in vivo. Cells in
vivo are arranged in particular spatial patterns in order to regulate their
interactions with adjacent cells and extracellular environments. Besides,
cells at designated locations need to degenerate at a given time through
programmed death in order to make space for adjacent cells to grow
[1-5]. Thus, development of an ability of selectively inducing cell death
with high spatial and temporal control may facilitate fundamental
research on and advance our understanding of cell-cell or cell-matrix
interactions in vivo. Toward this end, cryoablation has been applied to
induce cell death at the atrioventricular node of a guinea pig and for
investigation autonomic regulation of biological pacemakers [6].

The near-infrared (NIR) femtosecond (fs) laser (with a energy
ranging from subnano to micro J per pulse) has been applied to ablate
biological specimens of various types under physiological conditions.
Focusing the laser beam with an objective lens further enables one to
modify, stimulate and manipulate biological samples with high spatial
precision. For example, NIR fs laser has been utilized to cut protein
crystals in aqueous solution [7], to cleave chromosomes [8], to ablate

axons in live C. elegans [9], to disrupt organelles [10,11] and cells [8,
12], and to dissect tissues [13]. Besides, it has been applied to fabricate
adhesive substrates to pattern cells under a culturing condition, and to
control cell migration and cell-cell interactions [14-16]. Furthermore,
NIR fs laser pulses have been used to stimulate cells of varied types
(HeLa, PC12, P19CL6 and C2C12) and tissue regeneration was studied
[17]. Meanwhile, it has been shown that NIR fs laser pulses (single or
multiple pulses) of moderate energy (0.1-10 nJ/pulse) can generate
transient holes on the plasma membrane of cells, which then allows
introducing external macromolecules into living cells [18-21]. Besides,
it has also been reported that cell death can be induced with laser
ablation [12,22,23]. Despite these pioneering works, the ability of NIR fs
laser ablation on the manipulation of cells and related novel applications
remain not yet fully explored. Besides, details of the change of cells
subject to laser ablation has not been completely revealed yet.

Here we report NIR fs laser ablation of cells in vitro and in vivo. We
particularly imaged the temporal change of the targeted ablated cells
and cells adjacent to the ablated cells. We verified that NIR fs laser
ablation induced cell death with trypan-blue assay [24], and the cell
death exhibited apoptosis-like features based on the caspase assay.
Notably, the targeted cells eventually detached from the substrate about
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1 h post ablation whereas the adjacent cells remained largely intact but
migrated slightly towards the open space. These collective results
illustrate the ability to selectively induced apoptotic cell death at the
level of single cells. On the base of the in vitro experiments, we further
demonstrated NIR fs laser ablation of targeted cardiac cells in the atrium
of larval zebrafish.

We anticipate that our approach should find broad applications in
research fields that benefit from precise control of cells at the single-cell
level such as developmental biology, regenerative medicine or wound
healing.

2. Methods
Ethics approval

All experiments were performed in compliance with the relevant
laws and institutional guidelines and have been approved by the Animal
Investigation Committee of National Chiao Tung University.

2.1. Preparation of micropatterned domains for cell culturing

Plasma-cleaned glass substrates (Borosilicate, 24 mm¢, 0.12-0.17
mm thickness) were coated with cytophobic copolymer of 2-methacry-
loyloxyethylphosphorylcholine (MPC) followed by micropatterning to
form cell adhesion domains by NIR fs laser scanning as previously re-
ported [25]. In detail, NIR fs laser (1 kHz, 150 pW) was focused with a
water immersion objective (20x, NA. 0.5, Olympus, Tokyo Japan) onto
the MPC polymer layere in phosphate-buffered saline (PBS) supple-
mented with 0.1 mg/ml collagen I. The laser scanning rate was 100
pm/s. The MPC polymer film was ablated at 1 pm intervals to form
cytophilic domains (20 x 200 pm?).

2.2. Culture of cell lines

Normal HepG2 and recombinant HepG2 line (EGFP was expressed in
cytoplasm) were kindly gifted from Prof. K. Hasegawa of Institute for
Integrated Cell-Material Sciences, Kyoto University. C2C12 (RCB0978)
was obtained from RIKEN Cell Bank (Tsukuba, Japan). All the cell lines
were cultured to confluence on cytophilic domains or plain glasses in
Dulbecco’s Modified Eagle’s Medium (low glucose) with fetal bovine
serum (FBS, 10%) and antibiotic agents (100 units/ml penicillin, 100
pg/ml streptomycin) under COy (5%) and saturated water vapour at
37 °C.

2.3. Maintenance of zebrafish

Zebrafish strain (Tg(cmlc2:EGFP;cmlc2:H2AFZmCherry)cy13) was
obtained from Taiwan Zebrafish Core Facility at Academia Sinica
(TZCFAS) and was maintained according to standard protocols. The
strain expresses EGFP-fused cardiac myosin and mChery-fused cardiac
histone. Larvae aged at 4 days post-fertilization (dpf) were employed
throughout this work.

2.4. Induction of cardiac arrest in the heart of zebrafish

Nifedipine (ACROS Organics), a blocker of the calcium channel, was
employed to stop the heartbeat of larval zebrafish [26]. A stock solution
(100 mM) was prepared on dissolving nifedipine in dimethylsulfoxide,
and stored at —20 °C until use. The stock solution was then diluted to a
final concentration of 100 pM with water through vigorous mixing
immediately before experiments. To induce cardiac arrest, larval
zebrafish were immersed in the diluted solution of nifedipine until the
heart eventually ceased beating completely.
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2.5. Laser ablation of cultured cells in vitro or cardiac cells in living
zebrafish

Setup for NIR fs laser ablation was constructed with inverted mi-
croscopes. The laser beam (Ti:Sapphier, 800 nm, 130 fs, 1 kHz; Spitfire
Pro or 80 MHz; Tsunami, Spectra-Physics, Newport, USA) was focused
on the sample fixed in the culture dish on an inverted microscope
through a water immersion objective (20x, NA. 0.5, Olympus or 63x,
NA. 1.2, Leica). The energy of the light through the objective lens was
adjusted to arbitrary power by controlling a neutral density filter plate.

For in vitro cell ablation experiments on micropatterned domains by
single NIR fs laser pulse, the regenerated fs laser system (1 kHz, Spitfire
Pro) was employed and single pulses were pickuped by mechanical
shutter. In order that we can directly observe the processes of the living
cell images on real-time, we used a charge-coupled device (CCD) camera
(CV-AS55IRE, JAI). The sample was illuminated with white light (A =
400-750 nm) from a halogen lamp and the transmitted light was
detected with the CCD camera. An optical filter (Brightline 750/SP,
Semrock) was placed in front of the CCD camera to cut the scattered
light of the ablating laser beam, which has transmittance (>90%) only at
380-720 nm. A bright-field image in the area of 635 x 425 pixels was
sequentially captured with the CCD camera and stored in a computer.

The experimental setup for the ablation and imaging of fluorescence
cells and zebrafish heart was modified from a confocal microscope (TCS
SP5II, Leica). For ablation, the beam of a NIR fs pulsed laser (130 fs, 80
MHz, Tsunami) was introduced to the microscope through the back port,
and focused through a water-immersion objective lens (63x , NA. 1.2).
Fluorescence images were obserbed by the confocal microscope with
excitation lasers of 488 nm and 594 nm.

2.6. Caspase 3/7 assay

The active caspase was detected by CaspaTag™ In Situ Caspase-3/7
Detection Kit (APT423, Chemicon Int., Inc.) that uses fluorescence in-
hibitor, FAM-DEVD-FMK. The inhibitor covalently binds to reactive
cysteine residue of active caspase, thereby the FAM-DEVD moiety
retained in cytoplasm, emitting fluorescence (Excitation 594 nm, emis-
sion 510-540 nm). Assay was performed in accordance of the kit in-
struction. All process was in situ performed without detaching the cells.

3. Results and discussion

To demonstrate laser ablation of single cells in vitro, we first incu-
bated cells (HepG2) in PBS solution containing trypan blue and focused
the NIR fs laser to the cytoplasm, avoiding the nucleus, of a selected cell
(denoted a in the upper panel of Fig. 1A). After ablation, the cell started
to accumulate trypan blue and numerous membrane blebs formed.
Notably, the cells adjacent to the ablated cell remained largely intact
(denoted b and ¢, Fig. 1A).

To be quantitative, the temporal transmittance of light at varied
positions (denoted a—e, Fig. 1A) was measured. As shown in Fig. 1B,
either the transmittance at the soma (a) of the targeted cell or a bleb (d)
nearby the cell diminished dramatically soon after fs laser ablation, and
eventually reached a plateau about 10 min post ablation. In contrast, the
transmittance at the adjacent cells only decreased slightly within the
temporal window (20 min) of our observation (b and ¢, Fig. 1A). The
collective results indicate the possibility to induce death of single
selected cells while keeping the adjacent cells intact using NIR fs laser
ablation.

To provide evidence that the NIR fs laser irradiation induced death
specifically at the target cells, we performed experiments on two cell
types. First, we applied caspase 3/7 assay on mouse myoblast cells
(C2C12). As shown in Fig. 2A, only the cell (red arrow) subject to laser
ablation (yellow dot denotes the laser focus) became positive (green
fluorescence) within 1 h post ablation whereas the adjacent cells show
no sign of increased fluorescence (Fig. 2A). This result indicates the
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Fig. 1. Trypan blue exclusion test. A: bright-field micrographs showing HepG2
before and after laser irradiation. A cell a was exposed by NIR fs laser single
pulse (50 nJ/pulse, objective NA. 0.5). B: Graph showing time-dependent
transmittance changes at laser irradiated cell (a), adjacent cells (b and c),
bleb (d), and buffer (e). Reference time zero shows the laser irradiated period.
Error bars indicate the standard deviation of intensity observed from pixels.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

ablated cell underwent apoptosis like cell death while other cells
remained intact. Second, we examined a small colony of HepG2 that
expressed EGFP in the cytoplasm to assess cell conditions. As shown in
Fig. 2B, the cytoplasmic fluorescence of the ablated cell decreased to
about 10-15% of the baseline 2 min post ablation. In contrast, the
adjacent cells showed negligible change in their cytoplasmic
fluorescence.

Having demonstrated the ability of selectively inducing cell death,
we proceed to observe any further change occurring on the ablated and
adjacent cells. The result displayed in Fig. 3A shows that, while the

Biochemistry and Biophysics Reports 24 (2020) 100818

trypan blue assay showed that the ablated cell (denoted a) exhibited
evidence of cell death or injury several min post ablation, it slowly
shrank in size and finally detached from the substrate within a few hours
post ablation. The time lag between cell death/injury and cell detach-
ment indicates that the binding between receptors on the plasma
membrane and ligands of the extracellular matrix may persist for a
longer period of time after cell death/injury. The same result also shows
that cells (denoted b) adjacent to the ablated cell remained intact on the
substrate leaving an open space on the substrate (denoted c). A careful
inspection of the location of the adjacent cells clearly revealed that the
neighboring cells tended to migrate towards the open space left by the
detached cell (Fig. 3B).

We next examined how the laser energy affected the outcome. In
general, the higher the pulse energy, the greater probability of cell
detachment (Fig. 3C). Consistently, the duration before cell detachment
decreased with the pulse energy (Fig. 3D). Nevertheless, the chance to
induce cell death or detachment became rare as the pulse energy
decreased to 30 nJ or below.

While the above result shows that the one can manipulate the
probability of cell detachment and the temporal duration before
detachment by varying laser pulse energy, we found that ablation with a
greater pulse energy (single pulse of 200 nJ or 80 MHz pulse train of 70
mW 500 ms) generally ruptured the target cells and triggered death of
adjacent cells (shadow, Fig. 3C and D). Accordingly, we suggest that a
higher laser energy caused a more severe cell damage, and such the
damaged cell might release cytosolic granules, which resembled the
feature of necrotic cell death.

As described, the temporal duration required before cell detached
became longer when the pulse energy decreased. For instance, it took
longer than 5 h for the selected cell to detach for pulse energy approx-
imately 30 nJ (Fig. 3D). Nevertheless, the duration seemed to converge
to 54 min + 8 min at higher pulse energy (>100 nJ). This result indicates
that there seemed to have a cascade of cellular change that eventually
led to the breakdown of the binding between the membrane receptor
and the ligand of the matrix.

We next evaluate the ability to induce selective cell death in vivo by
focusing the 80 MHz fs laser to a cardiac cell in the atrial chamber of
larval zebrafish. To facilitate precise targeting and selective ablation of
cardiomyocytes in the larval heart, we halted the heartbeat temporarily
with nifedipine [26]. Furthermore, to facilitate tracking the morpho-
logical change and movement of the target and adjacent cells after
ablation in vivo, we particular employed a fish strain expressing
GFP-myosin and mCherry-histone (Fig. 4A).

As shown in Fig. 4A and B, shortly after laser ablation (30 s), the
green fluorescence of EGFP-myosin within an area conforming to the
dimension of single cell became diminished and completely disappeared
(yellow dotted circle); nevertheless, cells away from the ablated
remained intact showing no significant change of their fluorescence,
indicating that single cardiac cell was ablated. The observation of
diminishing EGFP-myosin fluorescence for the ablated cell and the
intact fluorescence of the adjacent cells is consistent with results ob-
tained the experiment performed on HepGz2 in vitro (Fig. 2B). In contrast
the drastically decreased EGFP fluorescence, the red fluorescence of
mCherry-histone did not change significantly after laser ablation. The
finding that the fluorescence of the cytosolic EGFP-myosin disappeared
whereas that of the nuclear mCherry-histone remained indicates that the
gentle ablation may cause only mild damage to the plasma membrane,
and the damaged plasma membrane only allowed permeation of small
EGFP-myosin molecules but not large mCherry-histone molecules.

Under such condition, we observed no leak of blood cells from the
cardiac chamber. These collective strongly results indicate that the
integrity of the cardiac chamber remained intact. Besides, the NIR fs
laser ablation caused no discernible sign of damage on the skin and other
tissues unless the exposure was prolonged. These results clearly
demonstrate the ability to utilize fs laser ablation to selectively damage
single cardiac cell of larval zebrafish in vivo.
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A Fig. 2. Apoptosis-like cell death induced by NIR fs

laser direct irradiation (80 MHz, 100 ms, 0.875 nJ/
lntact pulse, objective NA. 1.2). A: Caspase 3/7 activity of a
NIR fs laser-irradiated cell and the adjacent cells. Top
and bottom sets indicate the pictures before and
about after 1 h the NIR fs laser irradiation, respec-
tively. Left and right are blight field and confocal
fluorescence images, respectively. The caspase activ-
ity shown in right images was observed by a fluoro-
chrome inhibitor FAM-DEVD-FMK. The NIR fs laser
was irradiated to the arrowed yellow position. B:
Fluorescence from EGFP expressed in cytoplasm of a
laser-irradiated cell and the adjacent cells. The NIR fs
laser was irradiated to the arrowed yellow position.
Data A and B was observed at C2C12 and EGFP
expressed HepG2, respectively. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 3. Cell detachment from the micro-domain after NIR fs laser exposure. A: Bright-field micrographs of HepG2 before and after NIR fs laser ablation. A single pulse
of NIR fs laser (50 nJ/pulse, objective NA. 0.5) was focused to HepG2 cell indicated by allow a in a maintenance medium. B: Behavior of adjacent cells after
irradiation of the 50 nJ single pulse. Center photograph was observed immediately after the cell detachment. Black lines indicate space between adjacent cells. C: Cell
detachment probability at different laser pulse energy. D: Average cell detachment time of detached cells at different laser pulse energy. The cells not detached after
7.5 h were excluded in this data. Femtosecond laser-induced necrosis-like cell death at laser energy indicated with blue area. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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In addition, our result shows that the domain of disappeared fluo-
rescence appeared to shrink progressively, and the shrinkage of the
target cell caused adjacent cells (red circle) to move towards the target
cell (red arrows, Fig. 4B). This observation is in good agreement with the
result obtained from the in vitro experiments (Fig. 3B), and conforms to
the morphological characteristics of apoptotic cell death. Taken
together, these collective results demonstrate a prospective potential to
induce apoptosis of single cardiomyocytes in the myocardium of living
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Fig. 4. Closed ablation of zebrafish larvae atrium at
target cell level. A: Photographs display the same
heart obtained before (intact), after about 30 s, and
3 h since the NIR fs laser ablation, respectively (top:
bright-field images; middle: EGFP-myosin fluores-
cence; bottom: mCherry-histone fluorescence). The
yellow dotted circle encompasses the region of the
cells ablated, in which the NIR fs laser (80 MHz, 100
ms, 0.875 nJ/pulse, objective NA. 1.2) was focused
at proximity the center through the larvae skin. Italic
letters A and V indicate the atrium and ventricle,
respectively. Particles inside the atrium and ventricle
were blood cells (bright-field images). B: Overlaid
fluorescent images of the atrium of a larva acquired
before (left) and after (right) ablation (green: EGFP-
myosin; red: mCherry-histone, yellow: overlapped
regions of EGFP and mCherry). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

zebrafish by using NIR fs laser ablation.

The NIR fs laser used in this study has a wavelength (800 nm) in a
first biological window so the absorption of light by the tissue and the
physiological solution is minimum. Along with this, the extremely short
pulses (130 fs in duration) indicates that multiphoton ablation occurred
almost instantaneously relatively to the slow conduction of heat.
Furthermore, the tightly focused laser beam and the high threshold of
multiphoton ablation also ensure that the ablation occurred almost
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exclusively at the laser focus. Indeed, when the target cell was ablated
with femtosecond laser (single pulse of <15 nJ/pulse or pulses of 80
MHz for 0.1 s, 0.875 nJ/pulse), the damage to adjacent cells was
negligible.

For comparison, if we employ a CW NIR laser (A = 1460 nm, 300
mW, duration 3 ms of exposure) to induce injury at the heart of larval
zebrafish, it appears to be difficult to confine the damage to single cells
[27]. The extended damage area by the CW NIR laser can be explained
by the strong absorption of the 1460 nm light by water, which elevates
the temperature and causes thermal damage to nearby tissues away from
the focal zone. In other words, such limitation would inevitably preclude
a precise control of the lesion confining to single cells, and hinder
fundamental investigation of cardiac regeneration that may benefit from
a selected resection of single cardiomyocytes in vivo.

4. Conclusion

In summary, we demonstrate that the utility of NIR fs laser pulses to
induce the death and elimination of selected cells in vivo and in vitro. In
both cases utilizing single shot pulse with high pulse energy and 80 MHz
repetition pulses, the ablation is induced by non-linear multiphoton
absorption processes, so that the NIR fs lasers allow for ablation of target
cells in live body. However, it practically depends on transparency of the
specimens. The difference between the single shot pulse and high
repetition pulse irradiations is presumably in trade-off between heat and
mechanical damages of the cell at the laser focal point. Meanwhile, our
experimental result showed that neighboring cells have no signs of ex-
pected damages. We conclude that the high repetition pulse irradiation
is better for in cell ablation applications, because the pulse generation by
the fs laser oscillator is easy and stable compared with the single shot
pulse generation by regenerative fs laser amplifier. The single shot pulse
irradiation with high pulse energy would be valuable in the laser abla-
tion experiments for more complex and thick specimens. Such induction
of targeted cell death using NIR fs laser ablation should find broad ap-
plications that benefit from precise manipulation at the level of single
cells in both in vivo and in vitro.
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