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1. Introduction      

Laser beam, first introduced in the field of ophthalmology in 1964 has been a powerful tool 
in medicine, plastic or general surgery, dermatology, gynaecology, oncology, in vitro -
fertilization and numerous other clinical areas (Nelson & Berm, 1989; Senz & Miiller, 1989).  
Furthermore, it is also a useful tool for studying basic cellular and biochemical processes. 
Fluence, energy per unit area, is one of the most important and critical aspects of the laser 
treatment (Sidhu et al., 2009). Depending upon the laser fluence, either transient or 
permanent changes can be induced in various cellular compartments including cell walls, 
plasma membranes, and even organelles with high resolution under physiological 
environment. For instance, Higashiyama et al. performed a selective ablation of a target 
compartment of the embryo sac with ultraviolet (UV) pulsed laser to investigate the 
contribution of each gametophytic cell to pollen tube attraction and found that the synergic 
cells adjacent to the egg cell plays an important role in attracting the pollen tube 
(Higashiyama et al., 2001).  
Laser pulses with a sufficient spatial resolution can introduce a physical gate in either a 
membrane or a cell wall under physiological environment such that one could deliver a 
foreign material into the cell and bring about selective manipulation of subcellular 
components without demolishing the cell’s integrity.  It has been reported that in Japonica 
rice (Oryza sativa), which was pre-treated in a hypertonic buffer containing an exogenous 
gusA/npt II chimeric gene, however only five out of 1000 treated cells exhibits the gusA gene 
expression in embryogenic calli (Hoffmann, 1996). In case of tobacco leaves, it has been 
recently reported that the transferred gene into the tobacco cells via nanosecond laser pulse 
was stably maintained even during the meiosis. However, the previous reports from 
nanosecond laser pulses treatment in UV region illustrated a rather limited transformation 
efficiency of less than 0.5 %. The shortage in transformation efficiency can be overcome by 
utilizing opto-acoustic shock pressure induced by fundamental output from Nd:YAG 
pulsed laser (Tang et al., 2006). Since pollen grain is a haploid and is known to be 
regenerated into a plant, this laser application draws a great interest from the application 
point of view in plant transformation and genetic engineering. Nevertheless, the cell wall of 
plant cell including pollen is not easily accessible because it forms a potential barrier for the 
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 ISBN 978-953-307-088-9, pp. 838, April 2010, INTECH, Croatia, downloaded from SCIYO.COM

www.intechopen.com



 Advances in Lasers and Electro Optics 

 

810 

active or passive transport for the molecules. This problem can be resolved via utilizing the 
cell protoplast as a carrier for the molecules, but this step may add the numerous other 
problems such as, tissue disintegration and difficulties in plant regeneration (Krautwig & 
Lörz, 1995). More recently, ultrafast laser-based gene transfer has been considered as a 
break-through in the current hiatus of non-viral mediated gene therapy (Greulich & Weber, 
1992). Compared to relative intensive work on mammalian cells, application of 
femtosecond-laser optoperforation in plant cells is quite limited. However, the application 
of the recently found ultrafast laser ablation technique in the plant cells is expected to bring 
about a significant increase in gene transfection efficiency by eliminating physical barriers 
such as the hard cell wall or the turgor pressure (Tirlapur & König, 2002).  
It is important to understand the developmental process of a pollen including germination 

of a receptive stigma and consequent tube growth as a basic sexual mechanism in flowering 

plants for the manipulation of plant production (Taylor & Hepler, 1997). Pollen 

transformation is also considered as an alternative strategy for the genetic engineering. 

Pollen acts as a natural vector for direct gene transfer due to its involvement in the normal 

sexual process in flowering plants and hence, transformed pollen has been used to generate 

numerous transgenic plants such as Tobacco, Scots pine etc., (Van der Leede-Plegt et al., 

1995; Touraev et al., 1997; Aronen et al., 2003). In addition to several other potential 

advantages of this technology like rapid propagation with reduced somaclonal variation, 

pollen transformation does not require any in vitro regeneration process that is typically 

essential for genetic engineering. For instance, for the restoration of American chestnut 

which is difficult to regenerate, in vitro, pollen transformation based on particle 

bombardment method was successfully applied to transiently express green fluorescence 

protein (GFP) with an efficiency of 4.1 % (Fernado et al., 2006).  

In first section of this chapter, we are discussing the application of ultrafast laser 

optoperforation to make a transient hole on lily (Lilium hybrid cv Shiberia) pollen wall to 

deliver the desired foreign material into the pollen, which furthermore improve its transfection 

efficiency and also eliminates the tedious in vitro regeneration or tissue disintegration 

problems. The presence of apparent holes on the cell wall, after single-shot laser irradiation, 

was confirmed by measuring the AFM topography of the processed pollen surface. Laser 

exposer with a moderate to high laser fluence induces a massive extrusion of the pollen’s 

interior contents through the hole. However, the in vitro germinability of perforated pollens 

was comparable to those of the untreated ones. If one of the two nuclei compartments of the 

pollen grains, which are tentatively assigned to be a generative cell, was excluded out from the 

pollen wall through the transient hole, the second one (vegetative cell) moved along the tube 

tip endorsed to follow the normal pollen tube growth dynamics. This reveals that during the 

germination, coherent movement of both the nuclei is not a necessary requisite for normal 

pollen tube growth. Meanwhile, we have tried and successfully able to deliver a foreign 

materials into the pollen grain, which results in a transient red fluorescence protein (RFP) 

expression with a high efficiency. The use of such an optoperforation followed by the delivery 

of foreign material into the pollens holds an imperative approach in the field of pollen 

germination, growth of the pollen tube and the pollen transformation. 

We will devote the latter part of this chapter to explain the ultrafast laser-assisted 
optoperforation of endothelial cell membrane. In order to induce the transient perturbation 
on the live-cell plasma membrane for the efficient delivery of foreign materials, including 
drugs or genetic material, into the live cells (such as embryonic stem cell), numerous 
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chemical or physical methods have been employed (Kobayashi et al., 2005). Also, it’s an ever 
chasing challenge waiting for us to elucidate the mechanism involved in the self-healing 
process of the perforated live cell plasma membranes. The mechanism for laser-mediated 
foreign material transfer as well as other perturbation methods was hypothesized with a 
limited understanding of the structure and functions of membrane lipids (Engelman, 2005). 
Recently, the fundamental mechanisms of fs-laser interaction with an aqueous media are 
extensively studied by Vogel et al. (Vogel et al., 2005). The most frequently invoked 
explanation was based on the assumption that the physicochemical methods used in the 
specific cases may either perforate the surface of the cell membranes or enhance the 
permeability of the foreign materials, enabling a transient transfer of foreign molecules into 
the cytosol (Kobayashi et al., 2005; Zeira et al., 2003). Manipulation and operation using 
ultrafast laser pulses have been introduced as a promising tool for the cellular nanosurgery 
and the transfer of foreign molecules into live cells under in vitro and in vivo conditions 
(Zeira et al., 2003; Tirlapur & König, 2002; Shen et al., 2005; König et al., 1999). Ultrafast 
laser-based gene transfer has been considered as a break-through in the current hiatus of 
non-viral-mediated gene therapy (Zeira et al., 2003). Lastly, in this chapter we are discussing 
the experimental results on the optoperforation of retina blood vessels with minimizing any 
probable damage outside laser focusing area.  

2. Ultrafast laser optoperforation of lily (Lilium hybrid cv Shiberia) pollen  

2.1 Materials and method 
Mature pollens were obtained from the anthers of Lilium hybrid cv Shiberia. After collection, 
the pollens were air- dried and stored at 4o C. Before in vitro culture, pollens were 
rehydrated in deionized water under humid atmosphere for about 30 min and spread on the 
culture medium (pH 5.8) comprising of 145 mM sucrose, 1.6 mM H3BO3, 1.8 mM Ca(NO3)2 
and 0.4 % phytagel (Sigma).  
Near-infrared laser beam from amplified Ti:sapphire femtosecond laser at a repetition rate 
of 1 kHz (Quantronix) was focused on the pollen exine through objective lens (N.A. = 0.6) so 
that we could selectively puncture a wall inside an ornament. Petri dish containing the 
pollen grains was mounted on a motorized XYZ – translation stage, which is used to 
manipulate the sample to expose a fresh pollen grain surface at each laser pulse. The images 
obtained during the fs-laser irradiation on the pollen’s surface were fed into a personal 
computer for further data analysis. Laser fluence was attenuated by a variable neutral 
density filter. All the laser exposers were conducted under a single shot configuration by 
using a fast mechanical shutter with a opening time constant of 0.6 ms, which is 
synchronized with the laser. After optoperforation, the viability of the operated pollen 
grains was checked by measuring the germination rate of pollen tube by intrusion of 
propidium iodide (PI). The glass coverslips with grids marked on the surface, were used to 
cover over the pollens for the localization of the irradiated pollen grains.  
For the pollen transformation study, a foreign DNA with a construct, encoding F1TPae-γ 
mitochondrial targeting sequence fused to RFP; was added into the culture medium before the 
laser optoperforation (Lee et al., 2001). MitoTracker Green FM (Molecular probes, invitrogen) 
was further used to confirm the RFP expression. MitoTracker Green FM is a conventional 
fluorescent marker used for tracking of the mitochondria (Lovy-Wheeler et al., 2007). 
Pollen germination as well as its response to optoperforation was characterized with an 
optical microscope and a fluorescent microscope (Axioskop, Zeiss). In order to confirm the 
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hole size, the intact pollen surface treated with laser beam was imaged by atomic force 
microscope (XE-120, PSIA) without any further treatments.  

2.2 Results and discussion 
It was observed that size of lily pollen grain increased during pollen re-hydration process. 
Before pollen tube starts to grow, a laser beam was precisely focused into the interior of the 
ornament of pollen surface. Figure 1 shows sequential optical microscopic images captured 
from the movie file obtained during fs-laser optoperforation of lily pollen walls. 
Immediately, after laser pulse irradiation on pollen wall surface, a cytoplasmic content of 
the pollen oozes out from the pollen grains. 
 

(a) (b) (c)

(e)(d) (f)

0.00 s 0.06 s 0.40 s

1.00 s 1.40 s 1.67 s

(a) (b) (c)

(e)(d) (f)

0.00 s0.00 s 0.06 s0.06 s 0.40 s0.40 s

1.00 s1.00 s 1.40 s1.40 s 1.67 s1.67 s

 

Fig. 1. Sequential images of hydrated lily pollens before (a) and after fs-laser treatment (b-f). 
The contents of pollens were burst out just after laser irradiation on the selected surface with 
a time span of 0 to 1.67 seconds.  The arrow indicates the point of focusing. 

This observation is consistent with the previous reports stating that UV laser pulses 
treatment causes release of cytoplasmic content either from the pollen itself or its tube 
(Hoffmann, 1996). This abrupt extrusion of cytoplasm from the treated pollen can be 
explained in terms of a high turgor pressure inside the hydrated pollen, which ranges 
between 0.1 and 0.4 MPa, and the mean value being 0.21 ± 0.06 MPa. (Benkert et al., 1997). 
Unless the buffering osmotic pressure is against the turgor pressure, the pressure inside the 
cell will no longer sustain due to the presence of hole on the wall. Following the cytoplasmic 
extrusion, a large vesicle with a diameter of about 10 μm was also flushed out from the 
pollen grain through the hole. The excluded large structure was apparently distinct from the 
concomitant flushed contents, as seen under optical microscope. The distinct boundary was 
rather rigid in nature and it remains intact without any bursting phenomenon.  
The extrusion of pollen’s cytoplasmic contents and the large organelle was strongly 
dependent on laser fluence. Figure 2 shows a series of optical microscopic images and a 
graph that represents the normalized germination percent of the pollen grains  as a function 
of the laser fluence (0.11 – 7.10 J/cm2). With changing the laser fluence energy from 0.11 
J/cm2 to 7.10 J/cm2, we perforate the pollen walls with single fs-laser pulse. Figure 2(a) 
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Fig. 2. The percent germination threshold of the hydrated (single pulse laser irradiated) lily 
pollen grains (a) Optical microscope images (b) Germination of the pollen grains after laser 
irradiation at varied fluence range (0.11 ~ 7.10 J/cm2). (c) Graphical representation of 
Normalized germination percent of the pollen grains as a function of laser fluence. The 
pollen wall ablation threshold was found to between 0.71 ~ 1.42 J/cm2.  
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shows the exclusion of pollen’s cytoplasmic contents at progressive laser fluence energy 
levels. We observe that the hydrated lily pollens mostly begin to exclude cytoplasmic 
contents at the laser fluence energy level of 1.42 J/cm2. Sometimes we can observe the 
extrusion of the cytoplasmic contents even at the laser fluence less than 1.42 J/cm2. We have 
also compared the germinabilty rates of treated vs non-treated pollen grains at above 
mentioned laser fluence energy levels. With the optical setup used in the current work, the 
threshold laser energy for making a physical hole on the wall was found to be about 0.5 
J/pulse , where there is no observable extrusions of any cytoplasmic contents were seen out 
the pollen grains. Figure 3 shows the AFM topography of perforated pollen surface. The 
diameter and depth of the hole is found to be 1.1 μm and 0.9 μm, respectively. 
 

 

Fig. 3. Inset represents the AFM image of hole after being perforated at 0.5 mW fs-laser 
pulse. The extrusion of any cytoplasmic contents out of the pollen grains was not observed 
at the said fluence. 

We have cross-checked the viability of the pollen grains after optoperforation by the 
observation of intrusion of the PI (Propodium Iodide). About 150 out of 300 opto-perforated 
pollens were not stained with PI despite of the massive exclusion of the cytoplasmic 
contents, indicating that the fs-laser optoperforation of lily pollen wall hardly harms its 
viability. More interestingly, the excluded large organelle was not stained with PI, even 
though the organelle was not likely surrounded by pollen wall. This observation led us to 
assume that the organelle excluded from the pollen grains by the fs-laser processing still 
maintained its biological integrity without any observable perturbation.  

Figure 4 exhibit a series of optical microscopic images during the in vitro germination of 
pollen after optoperforation at a time lapse of 0, 4, and 11 hrs. The pollens operated with the 
fluence of 8 μJ/pulse are indicated with asterisk. Even though the contents of pollen 
including the large organelle were massively excluded just after optoperforation of cell wall, 
still 19 % of the operated pollens (480 pollens in total) were tend to germinate the pollen 
tubes successfully. This germination efficiency is very close to the value of 24 % as observed 
under the control experiment (420 pollens in total).  
Subsequently, we emphasized our study on nucleus staining of the treated pollens to have a 
deeper understanding on the nature of excluded large organelles. Figure 5 shows bright-field 
optical image (a) and fluorescence image (b) of pollens stained with nucleic acid specific dye 
acridine orange after the fs-laser treatment (1, 2, and 3 labelled pollens). Cellular contents were 
massively extruded from all of the treated pollens upon illuminating rather at the  
high laser fluence (~8 μJ/pulse). Amongst them, only pollen “1” has been successfully 
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((aa))  ((bb)) ((cc))  

Fig. 4. Sequential images of pollen tube growth before (a) and after fs-laser treatment (b-c). 
fs-laser beam was focused into the interior of the wall inside pollen ornament. The pollens 
marked with asterisks were irradiated with laser beam with the fluence of 8 μJ/pulse. Seven 
pollens out of 26 treated pollens in this run were eventually geminated to grow the pollen 
tube. 

germinated to grow the pollen tube. It should be noted that an apparent fluorescent spot 
(arrow), indicating the presence of nucleic acid, was observed in the excluded contents in all 
the treated pollen grains. A faint emission indicated by an arrow head, which supposed to 
be a vegetative nucleus, was clearly observed in the pollen tube geminating from pollen “1”. 
Meanwhile, the nuclei excluded from the same pollen were obviously seen outside the 
pollen grain. Thus, it is most likely to state that the excluded large vesicle from the pollen 
“1” must either be a generative cell with its own nucleus or a sperm cell after the second 
mitotic division. In other words, the vegetative nucleus of treated pollen “1” is well 
trapped/tracked inside the tube, while the regenerative nucleus or sperm cell stayed outside 
the pollen. Vervaeke et al. suggested that the vegetative nucleus (VN) and the generative 
cell (GC) form a functional assemblage to generate callose plugs (Vervaeke et al., 2005; 
Strubinska & Sniezko, 2000). However, our findings clearly indicate that the close physical 
contact between the vegetative nucleus and the generative cell is not a necessary requisite 
for the pollen germination. Instead, it suggests a kind of chemical connection between the 
two constituents. Even if it is not known as how the two constituents are connected 
physically or chemically, the extrusion of generative cell from lily pollen grains by fs-laser 
optoperforation does not alter the growth of pollen tube or vegetative nucleus movement to 
a greater extent.  
We have further performed the transformation studies for the fs-laser treated lilium pollen 
grains. Initially the pollen grains were soaked in hypotonic solution having a foreign DNA 
with a construct encoding F1TPae-γ mitochondrial targeting sequence fused to RFP. An 
apparent expression of RFP from the optoperforated pollens as shown in fluorescence 
microscopic images (Figure 6) reveals that the current optoperforation method could be 
successfully applied to transfer the foreign genetic materials into the lily pollens. Figure 7(a), 
after 72 hours, represents the successful germination of the pollens, treated with an fs-laser 
beam. From the fluorescence image of germinated pollens (Figure 7(b)) measured at 650 nm 
(wavelength corresponding to the emission from RFP), we deduced that the DNA delivered 
into the pollen grain was effectively expressed in pollen tube during the germination due to 
successful transformation. We have further confirmed transformation of the lily pollen by 
staining the transformed pollen tube with MitoTrack Green FM, which selectively stains the 
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Fig. 5. Bright field (a) and fluorescence label (b) of germinated pollens (“1”, “2”, and “3”) 
stained with nucleic specific dye, acridine orange after fs-laser treatment. Interior 
cytoplasmic contents were massively excluded from all the treated pollens due to rather 
high laser fluence. Amongst them, only pollen “1” successfully germinated to grow the 
pollen tube. It should be noted that an apparent fluorescent spot (arrow) due to the presence 
of nucleic acid was observed from the excluded contents from all the treated pollen grains. 
A dim emission part (arrow head), which should be vegetative nucleus, was observed in the 
pollen tube geminating from treated pollen “1”. The nucleus excluded from the same pollen 
was very well seen. 

mitochondria and results in the expression of green fluorescence. Exact matching of RFP 

fluorescence image with that of mitochondria in pollen tube led us to conclude that, the 

foreign DNA with a construct encoding F1TPae-γ mitochondrial targeting sequence fused 

RFP was delivered into pollen and expressed as designed. Statistically, 42 pollens out of 206 

treated pollens were germinated. Amongst the germinated pollens, foreign DNA expression 

in mitochondria delivered by fs-laser optoperforation was observed in 9 pollen tubes out of 

42 germinated pollens. As a result, the transformation efficiency of lily pollen by fs-laser 

optoperforation was about 4.4 %. However, in case of germinated pollens, the efficiency was 

about 21.4 %. This transformation efficiency was higher than that of American chestnut 

pollen transformation based on particle bombardment method to transiently express GFP 

with an efficiency of 4.1 % (Fernado et al., 2006). 
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Fig. 6. The red fluorescence images were taken at 0, 12 and 25 hr periodic intervals of time. 
The fluorescence signal at the membrane site was thought to be due to expression of foreign 
DNA. 

 
 

(b)

(c) (d)

(a) 

 
 

Fig. 7. Direct proof for the selective transformation of a foreign DNA with a construct 
encoding F1TPae-γ mitochondrial targeting sequence fused to RFP in the mitochondria of a 
pollen tube. (a) DIC microscopy, (b) RFP fluorescence, (c) MitoTracker green fluorescence 
and (d) merge b and c 
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3. Ultrafast laser optoperforation of endothelial cell membranes 

3.1 Experimental techniques and materials 
The perforation of the plasma membrane of live cells was performed with a femtosecond 
amplifier system (Integra, Quantronix) with maximum output energy of 1 mJ/pulse at 780 
nm, of which the pulse width and the repetition rate is 150 fs and 1 kHz, respectively 
(Jeoung et al., 2005). The laser beam was tightly focused on the membrane with a high-
numerical-aperture objective lens (Nikon, X100, N.A = 1.3, oil immersion lens) mounted to 
an inverted microscope (Axiovert 200M, Zeiss). All the experiments were done under single-
shot configuration by using a fast electrical shutter with an opening time constant less than 
0.5 ms. In order to eliminate any desperate loss of laser energy during these experiments, the 
fast electrical shutter was perfectly synchronized with the laser. The laser energy before the 
objective lens was kept to be about 5 ~ 7 nJ/pulse by attenuating it with a neutral density 
filter. 
The changes in the topography and the optical images of plasma membrane induced by the 
ultrafast laser irradiations were simultaneously monitored with both an atomic force 
microscope (AFM) and a charge coupled device (CCD) detector, respectively. AFM (XE-120, 
PSIA) was slightly modified and combined to an optical microscope. AFM probe was 
carefully aligned to be aimed at same position of the focus of fs-laser beam. Contact imaging 
of the AFM was performed using a silicon nitride bio-cantilever (Bio-lever, Olympus, 
Japan), of which nominal force constant is 0.03 nN/m. The topographies have been obtained 
by optimising the AFM running parameters that gives the identical results to that of the 
two-way scanning configuration (Parpura et al., 1993 & Velegol et al., 2003). The set point 
for loading force was kept to be very weak between 0.65 nN and 1 nN, to minimize the 
damage or the attractional movement caused by attraction force of the AFM tip. A 
successive scanning of the live cells exhibit no observable changes in its phenotypes.  
The measurements of the velocity field responsible for the membrane motility after fs-laser 
perforation have been measured by a micro particle image velocimetry (μ-PIV) (Yahng et al., 
2005). The visualization of membrane movements was figured out by attaching a fluorescent 
polystyrene bead (diameter ~ 200 nm) on the plasma membrane of a target cell. Just after the 
fs-laser irradiation on the surface of plasma membrane, two successive ns-laser pulses with 
a time lapse of 10 ms were employed to capture the two fluorescence images. Thereafter, the 
velocity fields of membrane motility were obtained by a cross correlation calculation with 
the two images. We have confirmed that there is no damage on the cells with the current 
volumetric excitation with the ns-laser pulses, where the laser fluence is kept explicitly low. 
Neuroblastoma (Neuro2A) cells were used to investigate the dynamics of its plasma 
membrane and self-healing process. During the experiment, live cells were kept inside a 
sterile miniaturized cell chamber filled with Dulbecco's Modified Eagle's Media (DMEM, 
Gibco BRL) containing 10 % Fetal Bovine Serum (FBS, Gibco) and 1 % 
penicillin/streptomycin (Gibco) under humid atmosphere at 5 % CO2 partial pressure. 
Although the lid glass of the cell chamber was removed for AFM imaging or other 
measurements, no apparent change in its phenotypes was observed within time span of (1.5 
hr) the current experiments. 

3.2 Results  
As a consequence of single-pulse ultrafast laser irradiation on the cells surface (ca. 5 ~ 7 nJ), 
a circular area appears to be observed on its plasma membrane as shown in Fig. 8(a). The 
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injured area increased relatively fast over several tens of seconds comparable to the 
percentage of cellular size. It is interesting to note that the initial circular type of injured 
membrane area changes to an elliptical one with a long axis parallel to the cell. After 
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Fig. 8. Transparent photomicrographs (a-d), which were taken 0 sec, 38 sec, 229 sec, and 414 
sec, respectively, and topographical images (e-g) taken 1, 30 and 43 minutes, respectively, 
after ultrafast laser-induced injury in a single Neouro2A cell. The height profile along the 
broken line in (e) is shown in (h). The image sizes in (a-d) were 50 μm x 50 μm. The 
hollowed black area is a remnant of fs-laser ablated region, which was processed on the 
substrate as a guideline before seeding of the cells. 
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reaching at its maxima of about 6.4 x 4.9 μm2, within several tens of seconds (Fig. 8(b)), the 
area starts decreasing spontaneously and then completely faded out in next 7 minutes (Fig. 
8(c-d)). We have checked the cell viability using trypan blue-dye extrusion and found no 
evident change in laser treated cells compared to that of intact cells. AFM topography 
shown in Fig. 8(e-g) were taken with a time-laps after irradiation. Fig. 8(h) exhibit a typical 
cross-sectional height profiles along dotted line in Fig. 8(e). It shows the presence of a deep 
hole on the irradiated plasma membrane, of which diameter is about 1.6 μm at a full width 
at maximum. Meanwhile, the estimated initial size must be the upper limit due to the 
limitation of spatial resolution for optical detection as well as the limitation in scanning 
speed for topographical imaging by the AFM. However, the laser beam irradiations on the 
fixed cells under the similar experimental conditions leads to a submicron-sized selective 
ablation (for dissection) and hole drilling on the plasma membrane surface. With a repeated 
scanning of the injured membrane, the topographical image shows not only the spontaneous 
movement of the ruptured region on the plasma membrane but also the dynamic changes in 
its shape as well as its size. 
While the presence of injured area was completely faded out in the optical images within a 

time span of several minutes after the perforation, further changes on the membrane surface 

were still observed in AFM topographical images as shown in Fig. 8 (f). The observations 

from the topographical images reveals that the highly localized irregular ruffled features 

along with small irregular movements after the laser irradiations are in-part an experimental 

observations for the self-healing process of the plasma membrane (Fig. 8 (f)). After about 1 

hour, the plasma membrane was found to be fully recovered in its topographic feature and 

looks almost similar as that before the perforation. Accompanied with these dynamic 

changes in plasma membrane, a trace tailed to the operated cellular parts, which is initially 

absent as shown in Fig. 8 (e), appeared on the substrate surface after several minutes of the 

perforation. Close examination of the shape and position of the trace for laser perforations 

indicates a little cellular or cytosolic extrusion along with the progressive increment in hole-

size. 

Figure 9 exhibits the temporal behavior of the geometrically averaged radius of the hole 

induced by fs laser ablation. The temporal behavior of the injured area was found to be 

strongly dependent on the pulse energy and the irradiated position. 

For all the cases, where the laser energy is in between 5 nJ and 7 nJ, a very small quantity of 

the cellular contents are extruded from the injured cells before complete disappearance of 

the changes at site of injured area. With the progressive rise in the laser fluence, initially 

there is a successive increase in the injured area verified by the increments in radius of 

perturbation. However, at the higher fluence levels, the cell contents are massively extruded 

from the cells results in the complete rupturing of the injured cells without any initiation of 

self healing process. Upon irradiating the cells towards the site of nucleus, the laser fluence 

even lower than 5 nJ results in complete rupturing of the plasma membrane. These 

observations suggest that geometrical factors of the plasma membrane of the live cells plays 

an important role in the dynamics of ruptured membrane of live cells, assuming that the 

physicochemical nature of the plasma membrane is isotropic across the entire live cell.  

We have an access to the velocity field by attaching the fluorescent beads (diameter ~200 

nm) on the surface of the plasma membrane with several time lapses (Fig. 10). After 

incubation of the cells with the beads for about 12 hours, a strong correlation between 

fluorescence and topographical image from the beads, led us to know that the beads were 
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Fig. 9. Temporal behavior of the geometrically averaged radius of hole on the plasma 
membrane perforated by fs laser. The growth of the holes was fitted with the proposed 
model using Eq. (3) with the parameters of ri, rc, and time constant t of 0.3 μm, 3 μm and 12 
sec, respectively. For the closure of the hole, the least-square fitting procedure on the 
experimental data gives the speed of about 0.007 μm/sec. 

not delivered into the cytosol but remain attached on the surface of plasma membranes. 
With an aid of applied force to the beads by AFM tip, we found that interaction force 
between the beads and plasma membrane is fairly high enough to visualize the membrane 
dynamics without any detachment of the beads during the dynamic membrane movements.  
Just after the laser irradiation, the velocity field is found to be radial in approximately with a 

direction towards the edge of the cells. The magnitude of the velocity field decreased with 

increasing the distance from the position of irradiation. This suggests that all the lipids 

collected from the growing hole are almost homogeneously spread throughout the 

remaining area of plasma membrane. Furthermore, the absence of any rim collecting the 

lipids associated with a long-range flow of the membrane indicates a viscoelastic behavior of 

the membrane opening process. The velocity field of the membrane closer to the initial 

ruptured area turns to the opposite direction in next 0.7 seconds after the perforation, while 

the plasma membrane at a long distance from the irradiated area is keeps on expanding. 

Afterwards, the movement of velocity fields for the membrane looks randomized, as shown 

in Fig. 10(d) and (e). Followed to these interesting dynamical behaviors of the live cell 

membrane, overall pattern of the velocity field in both direction and magnitude resumed 

again, as observed just after the perforations previously (Fig. 10(f)). At a short span of time, 

the repeated change in direction of velocity field accompanied with an ultimate hole-size 

increment seems to be due to an elastic propagation. It behaves like a rubber, with fairly a 

high elastic modulus. After a long overall hole opening time, the velocity fields of 

membrane movement turned its direction towards the initially injured area, possibly be 

associated with the self-healing process of the created holes. 
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Fig. 10. Time sequence of the measured velocity components and contours of the plasma 
membrane associated with the hole opening of the plasma membrane of live N2A cells. The 
red circle indicates the point of laser irradiation. 

3.3 Discussion 
The simplest explanation for the mechanism of laser-mediated foreign material transfer is 

based on the assumption that the foreign material added to the transforming medium 

passively enters into the cell through the laser-induced membrane perforation. Furthermore, 

it successfully undergone with a rapid self-sealing process follows immediately with no 

subsequent and irreversible injury to the cell (Zeira et al., 2003).  The results demonstrated in 

the current study made the above assumptions true for the Neuro 2A cells, where the cells 

were irradiated with an ultrafast laser in near infrared (NIR) region. 
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The dynamic behavior of the rapidly generated pores, either in organic films or in lipid 
vesicles has been widely studied (Debregeas et al., 1995 & Sandre et al., 1999). These 
synthetic materials are quite different in many aspects from the current plasma membranes 
of the live cell. Especially, they are quite inhomogeneous in distribution of viscosity, having 
a different elastic modulus and three-dimensional shape, and lastly have a different lipid 
composition. Meanwhile the previous investigation suggests that the viscosity of the films 
plays a very important role in opening and closing dynamics of the perforated holes (Sandre 
et al., 1999). If viscous dissipation is associated with the generation of transient pores 
dominates the inertia due to the very high viscosity, the leak out or extrusion of the cytosolic 

components slows down; the pore reaches the size up to 10 µm. The immersion of vesicles in 
a viscous environment allows visualization of transient pores in a membrane stretched by 
intense illumination or laser irradiations. Therefore, we have adapted a simple model to 
describe the dynamics of holes in the plasma membrane of live cells by an analogy with the 
opening of holes in viscous suspended long-chain polymer films and the dynamics of 
transient pores in stretched giant unilamellar vesicles (Sandre et al., 1999). The growth law 
of the hole is derived from a transfer of surface energy into viscous losses: 

 4 2
dr

d rf
dt

πη π=  (1) 

where ηd is the surface viscosity, and f is the surface tension acting on the film. The growth 
of pores in tense vesicles is more complex, because (i) the tension of the membrane relaxes to 
zero as a pore expands, and (ii) the line tension cannot be neglected. It is the driving force to 
close the pores. Including these two effects, we write the driving force f per unit length of 
the hole as 

 
2

0 2
(1 )

c

r S
f

r r
σ= − −   (2) 

where ┫0 is the membrane tension before the opening of the hole and rc is the maximum 
radius of the hole. The first term describes that the surface tension decreases linearly with 
the area of the pore. The second term is the restoring force that tends to close the pore 
because of the line energy S per unit length. 
Following the model, we are proposing the dynamics of live-cell plasma membrane 

associated with perforation of a hole with an initial radius of ri, with further increment, 

closing and finally complete sealing of hole in the ruptured plasma membrane (Fig. 11). In a 

period of opening of the hole, the dynamics could be described in terms of a relaxation of 

surface tension, which is the plasma membrane tension before the perforation, due to the 

size increment of the hole. The growth of a hole is ruled by Eq. (1) with f ≈ ┫0 (1- r2/rc2). This 

leads to: 

 
2 2

2 2
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ln ln  
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i c i

r r r t

r r r τ

−
− =

−
  (3) 

where ┬-1 = ┫0/ηd. 
With opening of a hole at the radius r, extending to, in the presence of surface tension leads 
to an extrusion of the intracellular contents (Fig. 8(c)); finally reducing with the relaxation of 
the surface tension to zero. The increase in the radius as well as relaxation of the tension is 
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Fig. 11. Schematic diagram for the self-healing process after the fs- laser irradiation on live-
cell plasma membrane. Plasma membrane healing process consists of the following four 
successive processes. Opening: when the plasma membrane is ablated by fs-laser, a 
submicron-sized hole was created on the membrane surface. Increment: due to the presence 
of surface tension of the films, which consist of plasma membrane and cytoskeleton network 
such as F-actin, the radius is increased with radial flow of the plasma membrane. Extrusion: 
with growth of the hole size, the cellular contents extrude with a relaxation of the initial 
surface tension. Closure: after reaching the maximum radius of the hole, the restoring force 
for the surface line energy dominates the dynamics to reduce the radius of the hole. Sealing: 
Finally the cellular structures come close to each other and support the closure of ruptured 
hole where the intracellular supporting networks as well as the lipid molecules have been 
reconstituted completely. 

associated with the domination of restoring force of the hole due to the increment of line 
energy S per unit length. This finally induces the closure of the transient hole in order to 
reduce the line energy. Taking Eq. (1) into account, with the restoring force f = -S/r, the 
closing speed shall be approximately described as following: 

 
2

dr S
V

dt dη
= − =   (4) 

Based on the above simple model, the dependence of the radius r of the hole on time-lapse t 
was fitted in both region of opening and closing of the holes using Equations (3) and (4), 
respectively. It is quite appealing that the observed temporal behavior of the hole radius is 
fairly well fitted with the parameters of ri, rc, and time constant t of 0.3 μm, 3 μm and 12 sec, 
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respectively. In the first order of approximation, the estimated speed of plasma membrane 
in opening region is found to be 0.2 μm/sec. For the closing period, the fitting of the 
experimental data results in the speed of about 0.007 μm/sec.  
For comparison, the opening time constant and closing speed for a synthetic unilamellar 
vesicles made of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) adhering on the 
substrate were reported to be 0.8 sec with ri ~ 1.3 μm and rc ~ 8.0 μm and 1.8 μm/sec, 
respectively (Sandre et al., 1999). It is remarkable to compare the closing speed (S/2ηd) of the 
live cell membrane, which is found to be 250 times slower than the synthetic vesicles. And 
also, the comparison on the time constant responsible for the opening of hole indicates that 
the opening process observed from live cell membrane is much slower than that for 
unilamellar stretched vesicles. These differences might be explained in terms of higher 
surface viscosity and/or the lower surface tension as well as lower surface line energy in the 
live cells. Without any exact physical constants for live cells including the above parameters, 
it is difficult to give any conclusive remarks on the dynamics observed from the current 
work. Assuming the viscosity of the viscous films on the surface of live cell and its energy 
loss per unit length to be curved at the edge of the holes is not quite different from those for 
the previous synthetic vesicles, however, the films in the flow field associated with the hole 
closing of the live cell must be of two orders of magnitude thicker than that of a synthetic 
unilamellar vesicles. This interpretation is contrary to the fact that the thickness of cellular 
membrane based on the fluid mosaic model should be of same order of magnitude as that of 
the synthetic one (Singer & Nicolson, 1972). It’s a well known fact that the cytoskeleton 
bound to membrane is a deformable intracellular support network made of interconnected 
filamentous biopolymers and its main constituent is the network of helical actin-filaments 
(F-actin) (Engelman, 2005; Singer & Nicolson, 1972). So, it is reasonable to suppose that the 
nature of the films composed with membranes itself and the bound cytoskeleton structure 
due to its relatively long filament half-life of order of 10-1 ~ 1 min, must be considered as 
parameters to explain the live cell membrane dynamics induced by the current ultrafast 
perforations (Oliver et al., 2005). In other words, the presence of the cytoskeleton bound to 
cell membrane results in the increment of effective thickness in the flow field of live cell 
membrane for hole growth and closure processes. In fact, typical thickness of actin cortex in 
motile osteoblasts was reported to be the order of 10-1 ~ 1 μm (Oliver et al., 2005). The rather 
thick intracellular supporting network compared to a unilamellar membrane of synthetic 
vesicles should play an important role in the growth and closure dynamics of transient hole 
in the live cells and thus results in much higher surface viscosity of the films. 
Finally, we would like to discuss some explanations for the irregular features observed from 

the topographical studies during the self-healing process (Fig. 8(f)). The topographical 

features were maintained for quite a long period even after the disappearance of optical 

signature of presence of holes on the cell membranes. The long lasting irregular ruffled 

structures of the membrane are likely to be associated with the final reconstruction of live cell 

membrane, to that of similar nature as present at the initial stages. Following the previous 

interpretations on the nature of films in the dynamic hole opening and closing behavior, the 

intracellular support network as well as the lipid molecules have been not reconstructed 

completely even though the cellular structures get close enough to do so. The chemistry and 

physics associated with the reconstruction process is still far from its complete 

understanding. We can suppose that a non-homogeneous reconstruction process at a 

relative slow reconstruction speed may result in the generation of irregular topographies at 
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Fig. 12. Bright field (a) and fluorescence image (b) of injured cell stained with Alexa fluor 
635 Palloidin (Molecular Probe) to visualize the distribution of F-actin. The cells were fixed 
and stained after completing the hole closing process under bright field images. The 
emission intensity near to the ablated region (arrowed) is less than that for other parts. The 
hollowed black area in the bright-field image (a) is a remnant of fs-laser ablated region, 
which was processed on the substrate as a guideline before seeding of the cells. 

the edge of colliding films on the surface of cells. In order to obtain qualitative information 

concerning on this supposition, the cells just after completing the closing process under 

bright field images were stained to know the actin network distribution. As shown in Fig. 

12, the fluorescence image shows the lower intensity of Alexa Flour 635 Palloidin expression 

near to the perforated region rather than other parts of the cells. This observation partly 

supports our proposition that the reconstruction process of F-actin network might results in 

several tiny slices of lipid during sealing and interconnecting the dissected cell membrane at 

the final stage of self-healing process. Another possible interpretation on the observations 

might be the self-healing process of damaged surface membrane of live cells such as 

urchin’s egg and muscle cell by, so called, surface precipitation reaction mechanism 

proposed several tens of years ago (Heilbrunn, 1956; Gonzalez-Serrators et al., 1996). If this 

is the case, the piece of the lipid assembly should be together spontaneously to recover the 

injured surface membrane of live cells and resulted in the surface irregularity detected with 

only AFM techniques as shown in Fig. 8 (e)-(f). Even though no any conclusive remarks on 

the nature of the final reconstruction process of the damaged surface of the live cells will be 

given with the available information on the process, the irregular features observed should 

be strongly associated with reconstruction of not only the plasma membrane itself but also 

the actin network as an cytoskeleton structure of the live cells. 

4. Ultrafast laser- assisted optoperforation of primary retinal blood vessels 

4.1 Experimental techniques and materials 
Furthermore, these extensive studies on single cell and plasma membrane dynamics open 

up the new scenarios, to apply this technology in a real surgical world, such as retinal blood 

vessel occlusions.  
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Experimental porcine eyes obtained from a local abattoir were deposited in ice cold Hanks’s 
Balanced Salt Solution (HBSS) and transported to the laboratory on ice (4 oC) within 1 hr 
after the slaughter. After a precise incision of the porcine eyes behind the ora serrata, cornea 
and lens, the retina tissues were carefully peeled off from pigmented epithelium and put it 
onto the Whatmann 2 paper. Before proceeding further for the fs-laser irradiations, the 
retina segments with size of about 3 X 5 mm2 were prepared and to closely mimic the in vivo 
retinal conditions and to prevent the drying off the samples, we covered the tissues with 100 

µl of vitreous humour during the experiments. 

The fs-laser system used in this study consists of a regenerative amplified Ti: Sapphire (λ = 
810 nm) laser, delivering a 150-fs pulse at a repetition rate of 1 kHz (Quantronix, USA). The 
laser beam is focused on the retina surface with an objective lens of N.A. 0.4 and the 
estimated laser beam diameter at the retinal surface is about 1.3 μm. Similar to the previous 
setups, the retina tissues are mounted onto a motorized XYZ translation stage, which is used 
to manipulate the samples to expose a fresh area of tissue to each laser pulse (Fig. 13). The 
laser fluence used in the current work is in the range of 1.4 J/cm2 ~ 99.4 J/cm2. With 13 
different porcine eyeballs, 20 - 25 laser treatments for each eye ball were conducted at 

intervals of 100 µm on the surface of retinal blood vessels. Blood vessels used in the 
experiments were primary in nature and were classified on the basis of the location and the  
 

 

Fig. 13. (a) Schematic diagram of the experimental setup for fs-laser treatment of porcine 
retina blood vessels (b) The image from a fundus camera (Carl Zeiss Meditec, AG, Germany) 
shows the organization of blood vessels following the direction of blood flow from the 
center of the retina, i.e., the fovea region, to the peripheral retina: Key: P = Primary, S = 
Secondary, T = Tertiary and Q = Quarternary Blood Vessels. (c) The inset shows a typical 
cross-sectional image of the primary blood vessel, including the underlying multilayered 
structure of the porcine retina. 
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diameter of the vessel. All the experiments were conducted under a single-shot 
configuration by using a mechanical shutter with an opening time constant of 0.6 ms, which 
is synchronized with the laser, allows an accurate delivery of single pulse- irradiations into 
the samples. (Sidhu et al., 2009) 
After optoperforation of blood vessel epithelium, the location of each laser lesion was 
carefully mapped. Just after laser treatment, the retina segments were immersed and fixed 
in 2% p-formaldehyde at 4 oC for one hour. In next step, the retina tissues were submersed 
in 30% sucrose for about one hour to retain the cell shape. The fixed and retained samples 
were embedded in Jung’s Tissue Freezing medium for an hour at room temperature and 
later on transferred to a refrigerator at –20 oC for 4-6 hrs. Transverse cryo-sections with a 

thickness of 20 µm (Microtome, LEICA) were made of the lesion area at –15 oC. The slices 
were stained with Haemotoxylin and Eosin Red (H & E) to assay the laser lesions at the 
peripheral Inner Limiting Membrane (ILM : upper layer of cells covering the entire retina 
surface along with the blood vessels) and the blood vessels epithelium of the retina tissue. In 
order to determine the percent probability of damage for the blood vessels, we examined 
about ~1002 sampled (6 times) at various laser fluences in the range of 1.4 J/cm2 – 99.4 
J/cm2. 

4.2 Results 
With changing laser fluence from 1.4 J/cm2 to 99.4 J/cm2, we produce a series of lesions on 

the blood vessel walls with a single fs-laser pulse. Laser irradiation on the surface of the 

retinal blood vessels with the fluence higher than about several tens of J/cm2 results in an 

apparent disruption of the vessel walls, followed by a continuous outflow of blood within 2 

~ 3 seconds, as shown in Fig. 14. The red color of the vessels fades out after about 5 minutes. 

After ~ 10 minutes, the bleeding is almost stopped. However, at lower laser fluence, the 

bleeding is stopped within one minute after extrusion of a little blood. (Sidhu et al., 2009) 
 

 

Fig. 14. Captured optical images of blood flow from a retinal blood vessel after exposure to a 
single fs-laser pulse at 810 nm with time scale from 0 to 10min. The laser beam is focused at 
the position indicated by the arrow head. Just after laser irradiation, a continuous outflow of 

blood is observed for 2 ~ 3 seconds. The scale bar is 100 ㎛. 

To examine the blood vessels of a porcine retina after fs-laser irradiation, we sequentially 

sectioned the retina segment with primary blood vessels with a thickness of 20 µm. Figure 
15 represents histological images of the sectioned slices. The laser irradiations at lower 
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fluence cause damage on the surface of the blood vessels with a low probability. At higher 
laser fluence, however, almost all the retinal segments exhibit apparent disruption of the 
ILM, which mainly consists of a Glial cell layer. Apparent disruptions of the ILM in the 
sectioned slices of the retina treated at 14.2 J/cm2 could be observed in the first and the fifth 
slices without any visible alterations in other sequential slices. No apparent disruption in the  
 

 

Fig. 15. Sequential sections of a blood vessel lesion caused by a single fs- laser pulse 

irradiation. The thickness of the sectioned slices is 20 µm. Figures on the right-hand side 
represent laser fluence. The arrow head indicates a lesion observed on the blood vessels. The 
scale bar is 100 μm. 
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surface of the blood vessels endothelial layer and no bleeding after laser irradiation were 

observed. If the slice thickness of 20 µm in the sectioning procedure is considered, the 

interval between slices with an apparent disruption is 100 µm, which is quite consistent with 

the distance between laser-irradiated points on the retina tissue. This observation suggests 

that from the histological analysis, the lateral damage of the retina upon fs-laser exposure is 

limited to 20 µm range. In fact, the diameter of the laser lesions on the surface of treated 

retina, examined via scanning electron microscopy, is found to be less than 4 µm (Fig. 16). 

With increasing laser fluence to 28.4 J/cm2, single-pulse laser irradiation induces complete 

optoperforation on the blood vessel wall. With further increment in the laser fluence to 52.6 

J/cm2, the frequency of sequential slices with observed prominent damage on the blood 

vessels increases. This reveals that the diameter of the induced lesion is larger than 20 µm 

under these rather higher laser fluences. The data suggest that up to 85.2 J/cm2, there is no 

observable alteration in underlying retina cell layers, except for disruptions in both the 

blood vessel walls and the ILM. Under a higher fluence of 99.4 J/cm2, however, a slight 

distortion is observed in the underlying tissue (Fig. 15(J)). (Sidhu et al., 2009) 

 

 

Fig. 16. Scanning electron microscopic images for a laser-irradiated retina surface (white 
circles) with two different laser fluences 99.4 J/cm2 (A) and 7.1 J/cm2 (B). The insets show 
SEM images with lower magnification. 

The cryosections of the retina segments irradiated with a single-shot ultrafast laser were 

tentatively grouped into three types of lesions: no change, ablation only at the ILM and 

optoperforation of blood vessel walls (Fig 17). Correlation statistics of these different types 

of lesions is shown in Fig. 18 as a function of laser fluence. The optoperforation probability 

of blood vessels increased in the fluence range of 3.6 J/cm2 ~ 99.4 J/cm2. We determined the 

laser fluence to damage the ILM layer, found to be in the range between 1.4 J/cm2 and 3.6 

J/cm2. However, perforation of the blood vessels is apparently caused by femtosecond-laser 

irradiation with a higher fluence between 3.6 J/cm2 and 7.1 J/cm2. If the percent probability 

at low fluence is extrapolated, the fluence at zero probability of alteration of the ILM and the 

perforation of the blood vessels are estimated to be 2.19 ± 1.08 J/cm2 and 5.85 ± 1.49 J/cm2, 

respectively. (Sidhu et al., 2009) 
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Fig. 17. Representation of retinal segments irradiated with a single-shot ultrafast lasers. They 
were tentatively grouped into three types of lesions: A. No change, B. The ablations at the 
ILM and C.  The optoperforation of blood vessel walls. The arrow head indicates the point 
of irradiations on the blood vessels. 
 

 

Fig. 18. Linear plot of the percent probability for inner limiting membrane (ILM) damage 
(solid rectangles) and vessel perforation (solid circles) as a function of the laser fluence. The 

ablation threshold fluence for ILM and blood vessels was found to be 2.19 ± 1.08 J/cm2 and 

5.85 ± 1.49 J/cm2, respectively. With increasing fluence, the percent probability of blood 
vessel perforation monotonically increases. The lines represent an extrapolation to 
determine the ablation thresholds for perforation of retinal primary blood vessels and for 
ILM damage of a porcine eye. 

4.3 Discussion 
Recent development in advanced laser technology transiently facilitates to perform 
transaction, ablation, and coagulation of tissues via delivery of laser irradiation into a small 
focal volume are providing an attractive possibilities for new laser surgical technologies. 
The laser beam is a potential candidate that has already undergone a multi-center clinical 
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trial to evaluate the feasibility for its use in vitreoretinal surgery (Schastak et al., 2007). 
Limited precision and significant damage by lasers with relative long pulse durations does 
not allow partial or selective tissue ablation with high precision. If such damage is to be 
overcome, infrared laser sources, such as CO2, Er:YAG and Holmium:YAG lasers, have 
undergone several trials via optical fiber delivery in intraocular surgery. However, apparent 
collateral damage to surrounding tissue due to significant thermal and shockwave effects 
have been reported (Paula- Yu et al., 2006).  
Laser ablation of tissues could be described using either an optical breakdown model or a 
thermal confinement models. The optical breakdown model considers plasma formation 
and subsequent shock wave formation, cavitation, and tissue disruption. The thermal 
confinement model recognizes the competing thermal effects of the vaporization of water 
driving an explosive ablation and thermal diffusion leading to collateral damage. This 
model accounts for the observation that collateral damage is limited if the pulse duration is 
less than the thermal relaxation time of the ablated tissue volume (Vogel et al., 2003; Apitz et 
al., 2005).  
 

 

Fig. 19. Interplay of photoionization, inverse Bremsstrahlung absorption, and impact 
ionization in the process of plasma formation. Recurring sequences of inverse 
Bremsstrahlung absorption events and impact ionization lead to an avalanche growth in the 
number of free electrons. (Vogel et al., 2005) 

The process of plasma formation through laser induced breakdown in transparent biological 
media is schematically depicted in Fig. 19. It essentially consists of the formation of quasi-
free electrons by interplay of photoionization and avalanche ionization. It’s a well known 
fact that the optical breakdown threshold in water is very similar to that in ocular and other 
biological media (Docchio et al., 1986). Irradiation by an intense ultrafast laser beam further 
leads to multiphoton excitation of a target material. The absorbed energy might be 
transported to the electrons without thermal diffusion to adjacent material because the pulse 
width is shorter than the vibrational relaxation time constant of several picoseconds. As a 
result, thermal damage on the surrounding tissues could be minimized, and the biological 
tissue remains unaffected by the subsequent photoinduced mechanical shock process. This 
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effectively renders the fs-laser surgical process non-thermal. The formation of a high density 
of free electrons could result in a local plasma formation in the targeted materials. This hot 
plasma formation results in a permanently damaged region, even inside a cell with a sub-
micron size (Vogel et al., 2005). Furthermore, a previous  on tissues like the corneal stroma 
revealed that the ablation threshold fluence decreased with increasing pulse width of the 
applied laser (Preuss et al., 1995). These uniquely show that ultrafast lasers can be utilized 
for precise treatment of tissues while minimizing any apparent thermal damage or shock 
pressure to biological tissues (Kohli et al., 2005). The results illustrated in the current work 
made the above hypothesis true for the retinal tissues, where retinal blood vessels were 
selectively perforated with wide range of laser fluence (1.42 ~ 99.4  J/cm2) with an ultra fast 
laser in near infra red region.  
From the past literature values for the ablation thresholds for various tissues, including the 

corneal stroma, axons, the eye’s anterior chamber, and hard tissue (under a single-shot 

configuration, as in current work), the ablation threshold of the corneal stroma for an 

ultrafast laser is in the range of 1 J/cm2 to 2 J/cm2. Meanwhile, the ablation threshold for 

axons of C. elegans is reported to be about 4.4 J/cm2. It is of great interest to note that the 

value for the femtosecond laser ablation threshold of the ILM of the porcine retina, 2.19 ± 

1.08 J/cm2 as determined in the current work, is in the same range of reported values for the 

soft tissues. It is also interesting to compare the ablation threshold of the retina upon 

irradiation by a femtosecond laser to the values for irradiation with an ultraviolet (UV) laser 

with a nanosecond pulse width, including ArF excimer lasers and higher-harmonic Nd:YAG 

lasers. The ablation threshold is reported to be in the range of between 0.6 J/cm2 and 1 

J/cm2 when irradiating single-pulsed UV light into the retina tissue, which is slightly lower 

than that for femtosecond laser ablation threshold. Considering the remarkable difference in 

the linear optical absorption coefficients of the retina tissue in the UV and the NIR ranges, it 

is reasonable to suppose that an ultrafast laser operating in the NIR region would be able to 

ablate the ILM layer in the retina with much lower deposited energy per unit volume 

compared to UV nanosecond lasers. The perforation threshold of the underlying primary 

retinal blood vessels (5.85 ± 1.49 J/cm2) is significantly higher than the literature values. 

The thickness of the ILM, which is essentially a basement membrane consists of retina 

müller cells, is only 6 µm to 10 µm. The thickness of the ILM is thinnest at the fovea region 

of the retina. However, the thickness is larger at the posterior pole of retina (Hoerauf et al., 

2006). Furthermore, the ILM is also present over the retinal blood vessels. If only the ILM is 

to be ablated selectively without any alterations in the underlying layers, the energy 

delivered by the laser irradiation must be confined in thin layers without any apparent 

diffusion of the deposited energy into other parts of the retina. To evoke this topic, we have 

examined the dependence of the ablation depth for transparent materials, like retinal tissue, 

on the laser fluence (Fig.  20). If there is high free electron density due to optical absorption 

processes, we suppose that the underlying mechanism for the ablation by fs-laser irradiation 

is not directly governed by the optical and the electronic properties of the materials. Even if 

the absorption mechanism of the NIR fs-laser is dependent on the optical band gap of each 

material, two different slopes under fs laser irradiation have already been reported for 

metals, semiconductors, and dielectrics (Nolte et al., 1997; Furusawa et al., 1999). For a lower 

laser fluence, F, the ablation depth can be described by the expression L = δln(F/Fth(δ)), 

where δ is the optical penetration depth and Fth(δ) is the threshold laser fluence of ablation 

[Preuss et al., 1995, Jia et al., 2006]. A fit to the experimental data results in Fδ
th = 2.2 ± 0.9 
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J/cm2 and δ = 8.2 ± 2.2 µm. It should be notified that the optical penetration depth is 

governed by a nonlinear optical transition, if multi-photon absorption plays an important 

role in photo-excitation of the materials. Therefore, the optical penetration depth estimated 

from the current work is difficult to reconcile with the literature value of the optical 

absorbance of retina tissue at a wavelength of 810 nm. Due to the strong dependence of the 

multiphoton absorption on the energy density, the value of δ should be relatively small. At 

any rate, it is of great interest to compare the observed optical penetration depth with the 

thickness of the ILM in the porcine retina. This comparison led us to propose that the energy 

delivered by femtosecond laser irradiation under the controlled laser fluence can be 

confined in the ILM layer, followed by a selective ablation of the layers only if the optical 

penetration depth of 8.2 ± 2.2 µm is comparable to the thickness of the ILM of the retina. 
  

 

Fig. 20. The lesion depth of a porcine retina caused by fs-laser irradiation as a function of the 
laser fluence. The blue solid and the red dotted lines represent linear fit. About 300 
sectioned slices from more than 10 eyeballs were examined for each laser fluence. 

With increasing laser fluence, however, the mechanism underlying the retina ablation can 
no longer be expressed by the optical penetration depth. As shown in Figure 16, the retina 
surface treated with a high laser fluence of 99.4 J/cm2 is very much roughened compared to 
the surface treated with a low fluence of 7.1 J/cm2. Based on the changes in the slopes of the 
semi-logarithmic plot of the ablation depth as function of the fluence, we have supposed 
that at laser fluence higher than 25.3 J/cm2, the electronic heat diffusion process plays an 
important role, even in an ultrafast laser ablation. The ablation depth in this region can be 
described with the expression of L = l ln(F/Fth(l)), where l is the electronic heating depth, and 
Fth(l) is the corresponding threshold fluence. The electronic heating depth and Fth(l) are 

estimated to be 69.7 ± 8.7 µm and 25.3 ± 13.9 J/cm2, respectively, which means that the 
thickness of the retina tissue affected by fs-laser irradiation might be abruptly increased for 
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the laser fluence higher than 25.3 J/cm2. As a result, we have to control the laser fluence 
very precisely to achieve a selective peeling of the ILM layer without any visible thermal 
damage being induced by the laser irradiation.  
The probability of retina blood vessel damage shows a linear relationship with the laser 
fluence. With the progressive increase in the laser fluence, selective ablations of concerted 
retina layers even including primary blood vessels is possible without any apparent damage 
to the underlying layers of the porcine retina. The threshold fluence to perforate the walls of 
the primary blood vessels embedded in the porcine retina is estimated to be 5.85 ± 1.49 

J/cm2. If the ablation depth depends on the laser fluence as δln(F/Fth(δ)), the thickness of the 

tissues ablated by a single-shot fs-laser pulse can be estimated to be 8.0 ± 3.0 µm, by using 

the parameters of δ and Fth(δ) from this work. Meanwhile, the thickness of the tissues 

covering the primary blood vessels is tentatively determined to be about 25 µm by 
examining the sectioned slices shown in Fig. 15. If the current interpretation for the ablation 
depth of the tissues by fs-laser irradiation is correct, the fluence to perforate the primary 
blood vessels should be about 46 J/cm2. However, the ablation depth per pulse in the high-
laser-fluence region should be described in terms of electronic heating depth with the 

relation of L = δln(F/Fth(l)). With the parameters of l and Fth(l),  we are able to estimate the 
fluence to fully perforate the primary blood vessels of the retina to be 36.2 J/cm2. This value 
for blood vessel perforation is very close to the laser fluence at 1/e2 percent perforation 
probability, as shown in Fig. 18. 

5. Conclusion 

In summary, all the observations from the present work reveals that fs-laser irradiation on 
pollen walls to make an evident physical hole with an outside diameter of about 1 μm well 
conserves the physiological state of the cell including its viability and pollen tube 
germination capability. Furthermore, from the successful delivery of foreign DNA into 
pollen through the hole reveals that the current method has an evident potential in the field 
of plant genetic engineering. 
Topographical imaging as well as optical imaging of the plasma membranes led us to 
observe a self-healing process for live cells within several minutes of time after the fs-laser 
ablation on the live cells. A simple viscoelastic model for both the hole opening and closing 
process was found to be applicable to interpret its dynamics. The very slow dynamics could 
be explained in terms of high surface viscosity due to the presence of cytoskeleton network 
bound to the plasma membrane. The irregular feature in plasma topography observed in the 
final stage of the healing process might be due to a slice of the assembled lipid, which 
resulted from the reconstruction of not only the plasma membrane itself but also F-actin 
network as a cytoskeleton structure of live cells. Although two-dimensional plug flow 
model adapted in the current work fairly well interpret the experimental observations in 
macroscopically, the presence of transmembrane proteins, transbilayer interactions, and 
adhesion sites, etc., in addition to the bound cytoskeleton structure, produces a variety of 
restrictions on the flow dynamics of the plasma membrane through an alterations in many 
microscopic physico-chemical properties including thickness and hydrodynamic properties 
of the fluidic films.  
We have developed a new method for elucidating more exact mechanism on the interesting 
topic of self-healing process based on ultrafast laser perforation of the plasma membrane of 
the animal cell. A mechanical stimulus to live-cell plasma membrane by the induced surface 
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tension as well as surface line energy can be also applied by the current methods with high 
spatial resolution and unattainable speed of perforation. So interesting is the spatiotemporal 
characterization of the plasma membrane movement associated with the healing process 
that is closely related with the cell migration and transmission of the mechanical stimuli into 
biochemical signals, which might be mainly governed by cytoskeleton structure (Wang et 
al., 2005; Yamazaki et al., 2005; Supatto et al., 2005). 
We have also successfully applied the current fs- laser technology to selectively perforate the 
retinal blood vessels without any apparent damage in the concerted retina layers. It 
provides a major breakthrough for the retinal vein occlusion therapy and removal of 
abnormal blood vessels (Choroidal Neovascularization (CNV)) grown during numerous 
retinal diseases. 
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