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ulsed-laser-induced damage in rat corneas:
ime-resolved imaging of physical effects and acute
iological response
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Abstract. Laser-induced damage is studied in the rat corneal epithe-
lium and stroma using a combination of time-resolved imaging and
biological assays. Cavitation bubble interactions with cells are visual-
ized at a higher spatial resolution than previously reported. The shock
wave is observed to propagate through the epithelium without cell
displacement or deformation. Cavitation bubble expansion is damped
in tissue with a reduction in maximum size in the range of 54 to 59%,
as compared to 2-D and 3-D cultures. Bubble expansion on nanosec-
ond timescales results in rupture of the epithelial sheet and severe
compression of cell layers beyond the bubble rim. In the stroma, the
dense collagen lamellae strongly damped bubble expansion, thus re-
sulting in reduced damage. The acute biological response of this tis-
sue to laser pulses is characterized by confocal fluorescence micros-
copy. A viability assay of the epithelium reveals that only cells around
the immediate site of laser focus are killed, while cells seen to un-
dergo large deformations remain alive. Actin morphology in cells fac-
ing this mechanical stress is unchanged. Collagen microstructure in
the stroma as revealed by second-harmonic imaging around the abla-
tion site shows minimal disruption. These cellular responses are also
compared to in vitro 2-D and 3-D cell cultures. © 2008 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.2907214�

Keywords: laser-induced damage; ablation; time-resolved imaging; cavitation;
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Introduction
he complexity of laser-tissue interactions has led to the con-

inuing study of this subject since the introduction of lasers in
urgery.1 In particular, pulsed laser-tissue interactions have
een the topic of detailed study due to their widespread use
or tissue ablation.2,3 This topic has also received recent atten-
ion due to the increasing use of picosecond and femtosecond
uration lasers for precise tissue ablation due to the reduced
ollateral damage observed with ultrafast lasers as compared
o nanosecond lasers.4 In cell biology, laser microdissection
nd catapulting with UV or visible laser wavelengths for iso-
ation of a group of cells from a tissue sample, intracellular
urgery, and single-cell analysis are also finding increasing
ses.5–8

Laser-induced plasma formation or optical breakdown is
he primary mechanism of interaction when pulsed lasers are
sed for surgery or in cellular micromanipulation. At nanosec-
nd pulse durations, plasma formation is initiated when the
ntensity of the laser beam in the focal spot crosses a critical
hreshold �lth�1010 W /cm2� necessary for generation of
eed-free electrons. Acoustic phenomena seen after plasma
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el: 91–80–23636220; Fax: 91–80–23636662; E-mail: kaustubh@ncbs.res.in
ournal of Biomedical Optics 024009-
initiation such as shock wave radiation and cavitation bubble
generation have been the subject of detailed study in homog-
enous media such as water or tissue phantoms such as gelatin
and polyacrylamide gels.9–14 These have provided us with a
clear understanding of this process and related physical pa-
rameters such as pulse energy dependencies, time scales, cavi-
tation, and shock pressures. The dynamics of these processes
have also been studied in tissue such as enucleated bovine
corneas.15–19 In studies by Juhasz et al. time-resolved imaging
was used to determine shock wave and cavitation bubble dy-
namics when bovine corneas were irradiated with picosecond
and femtosecond duration laser pulses.15,16 It was seen that
shock wave dynamics were similar to those in water, with
shock pressures in the gigapascal range close to the irradiation
site. Cavitation bubbles attained a smaller maximum size in
cornea as compared to expansion in water. While these studies
made it possible to quantify the cavitation dynamics, the low
spatial resolution did not allow visualization of the cavitation
bubble-cell interactions, and thus their impact on cellular
damage could not be ascertained. Extensive studies by Vogel
et al. have also provided a clear exposition of the damage
process in tissue and the contributions of the individual me-
chanical processes such as cavitation bubble collapse and jet

1083-3668/2008/13�2�/024009/10/$25.00 © 2008 SPIE
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ormation to it.17–19 In a number of studies on the impact of
aser pulses �nanosecond to picosecond in pulse duration� in
x vivo corneas, time-resolved imaging was used to examine
he bubble dynamics.18 These images showed that similar to
he Juhasz et al. studies, cavitation bubbles attained a smaller

aximum size due to the collagen organization in the stroma.
he tissue morphology was examined by histology and sec-
ndary electron microscopy providing information on large-
cale damage effects of cavitation forces such as jet impact
nd shear flow.17 Studies by other groups on the effects of
emtosecond laser pulses in tissue by using histopathology
nd scanning electron microscopy �SEM� to determine the
orphological changes after irradiation have also been

eported.20–23 These studies were primarily conducted to de-
ermine the suitability of using ultrafast lasers for corneal re-
ractive surgery by determining the characteristics of the ab-
ation pattern and hence the cavitation dynamics were not
tudied.

Parallel to ablation studies in the cornea, researchers, have
lso examined the wound healing response of corneal tissue.
njury to the cornea during laser-assisted in situ keratomilen-
is �LASIK�. Photorefractive keratectomy �PRK�, or femto-
econd laser surgery has been determined by a variety of
ound healing assays that examine the production of

ytokines,24 laying down of matrix proteins such as fibronec-
in and tenascin, and the migration of keratocytes into the
ound site.25 In a majority of these studies, the mechanism of
amage is not due to cavitation �e.g., LASIK and PRK�.
here this is the case �e.g., femtosecond laser surgery�, the

avitation dynamics have not been studied and thus cannot be
elated to the observed biological response.26,27

In this study we examined cavitation damage produced
sing nanosecond laser pulses at �=532 nm in ex vivo
amples of rat corneas. As already detailed, ablation with
anosecond laser pulses has received considerable attention.
owever, there have been few high-resolution investigations
f cavitation bubble-cell interactions in tissue and none where
he biological response to the cavitation was examined in de-
ail. As highlighted in a recent study of laser ablation using a
anosecond source, the physical properties of tissue, specifi-
ally the elastic/plastic response, play an important role in
etermining damage, emphasizing the fact that complete un-
erstanding of this topic is still lacking.28 Our objective thus
as to conduct a basic study of tissue ablation to study the
ubble dynamics and cellular response. To accomplish this,
e combined time-resolved imaging to capture the cavitation
ynamics in corneal tissue and confocal fluorescence micros-
opy to determine the biological response postirradiation. The
igh-spatial-resolution imaging system employed for this
tudy visualized cellular response to cavitation in greater de-
ail than earlier reports.15,16,18 Postirradiation, these tissue
ere examined to determine changes in cell viability, actin

ytoskeleton, and collagen microstructure, enabling us to ex-
mine the microeffects of cavitation forces on cells. As con-
rol samples we also conducted ablation studies on in vitro
-D and 2-D cultures. In conjunction with corneal tissue, the
n vitro samples enabled us to determine the role of the matrix
nd cell organization in determining damage during cavita-
ion. The results of our study would also be relevant to tissue
blation with picosecond or femtosecond laser pulses and pro-
ide a basis for further studies using ultrafast lasers.
ournal of Biomedical Optics 024009-
2 Materials and Methods
2.1 Rat Corneas
Freshly dissected rat eyes were obtained from Wistar rats sac-
rificed for neurobiology experiments at our institute. The cor-
nea was excised from the eyeball using a surgical blade and
washed thrice with minimal essential medium �MEM�. It was
then dissected into four equal parts with one part being used
for the experiment. The sample was placed in 35-mm plastic
tissue culture dishes with the epithelium facing down �in con-
tact with the coverslip�, immersed in MEM and used for irra-
diation experiments. Viability assays on control samples indi-
cated that epithelial cells remained viable after 6 h at room
temperature.

2.2 3-D Cell Cultures
Reconstitution buffer was made with 2.2 g NaHCO3 and
4.77 g HEPES in 100 mL, 50-mM NaOH and sterilized by
passing through a 0.22-�m filter. Seven parts of rat-tail col-
lagen Type I �BD Biosciences� were mixed with two parts of
5� Dulbecco’s modified Eagle’s medium �DMEM� and one
part of reconstitution buffer and neutralised with 1-M NaOH
to pH 7.4�0.2. NIH 3T3 fibroblasts were added to this solu-
tion to a final concentration of 4�105 cells /mL. Then
200 �l of this solution was added to 35-mm petri plates and
incubated at 37°C in 5% CO2 for 1.5 h. Subsequently, 2 mL
of growth medium was used to cover this sample and it was
used for irradiation experiments.

2.3 2-D Cell Cultures
HeLa cells were cultured in DMEM supplemented with 10%
fetal bovine serum �FBS�, 20 IU of penicillin/mL, 20 IU of
streptomycin/mL, and 0.4 mM L-glutamine at 37°C in 5%
CO2. Cell cultures at 70% confluence were used in the irra-
diation experiments.

2.4 Laser Microbeam and Imaging system
The laser microbeam and imaging system was similar to a
previously described setup.29 An inverted microscope �Olym-
pus iX71� was used as the experimental platform. A Nd:YAG
laser �Spitlight 600, Innolas, Munich, Germany� with a pulse
duration of 6 ns at �=532 nm was used for irradiation. A
combination of a � /2 wave plate and a polarization-sensitive
beamsplitter �PBS� was used to split the laser output into two
beams. The beam reflected by the PBS was expanded �2� �,
recollimated, and introduced into the back port of the micro-
scope, wherein it was reflected upward into the back aperture
of the objective by a dichroic mirror. A bright-field objective
�40�, 0.8 numerical aperture �NA�� was used for focusing the
laser beam 20 to 30 �m into the sample and also for visual-
ization. The pulse energy was varied by introducing a linear
polarizer in the path of the laser beam. Laser pulse energy at
the microscope was measured by removing the objective from
the turret and allowing the beam to illuminate an energy de-
tector �J3-05, Molectron, Santa Clara, California�. We used
this indirect method because the large divergence angle of
laser light exiting the objective made light collection difficult
postobjective. The manufacturer specified transmission of our
objective at 532 nm is �90%. The plasma threshold �defined
March/April 2008 � Vol. 13�2�2
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s the 50% probability of generating plasma� was measured to
e 6 to 7 �J, similar to the value reported earlier.29

Time-resolved imaging was done by using ultrashort illu-
ination pulses and an intensified CCD camera. At nanosec-

nd time delays ��100 ns� the Nd:YAG laser beam trans-
itted by the PBS was used to pump a dye solution to excite
uorescence. The fluorescent emission of the dye �LDS 698,
xciton� provided illumination at �=698�20 nm with full
idth at half maximum duration of 15 ns. The dye fluores-

ence was focused by a 10� objective into a multimode op-
ical fiber �400 �m diameter, Thor Labs� with the fiber distal
nd being placed directly onto the sample. A small water drop
laced on the fiber end enabled focusing of the illumination
ulse into the sample. Adjustment of the fiber length by using
ifferent fiber optic lines provided the desired time delay be-
ween delivery of the pulsed laser microbeam to the target and
llumination for imaging. At time delays �100 ns, an ul-
rashort flash lamp, that was externally triggered by an inten-
ified CCD �ICCD� camera �Andor iStar� was used to provide
llumination. The flash lamp �KL-L, High Speed Photo Sys-
eme, Germany� provides a broad spectral output ��=400 to
00 nm� with a flash duration of 40 ns �FWHM�. The flash
amp output was coupled into a 10� objective that was fo-
used onto the sample. The ICCD was mounted on the micro-
cope side port and triggered electronically from the laser
-switch with a rise time of �1 ns. We used a camera gate

uration of 10 ns for the fiber optic illumination and a gate
uration of 100 ns for the flash lamp illumination.

.5 Confocal Fluorescence Microscopy

.5.1 Corneal epithelium and stroma
ll fluorescent assays were on done on freshly prepared rat

ornea. Cell viability was assessed using propidium iodide
PI� and cell morphology by staining actin with fluorescently
abeled phalloidin in whole tissue. After laser irradiation, the
ornea was incubated for 20 to 30 min in minimal media
ontaining PI �8 �L /mL�. The sample was then fixed with
% paraformaldehyde �PF� for 1 h, permeabilized for 45 min
sing lgepal �0.37% in PBS� and actin cytoskeleton was
tained with fluorescently labeled phalloidin �Molecular
robes� for 45 min �1:50 dilution in PBS�. In some cases,

issues were processed for cryosectioning by 8-h fixation in
F and overnight incubation in 30% sucrose. Tissue slices 25

o 30 �m thick were cut using a cryotome �Leica CM 1850�
nd stained for fluorescence microscopy as already indicated.

.5.2 2-D and 3-D cultures
eLa cell monolayers or 3-D cell cultures plated in 35-mm

over slip petri dishes were fixed with 4% PF for 10 min.
ixed cultures were permeabilized with lgepal �0.37% in PBS,
igma-Aldrich� for 15 min. Actin was stained in fixed cells
sing phalloidin �Alexa Fluor 488, Invitrogen Inc., 1:50 dilu-
ion�. After laser pulse delivery, cell viability was assessed by
taining with calcein-AM �1:200 dilution in PBS� and PI
2 �mL in PBS� for 15 min.

Fluorescent images were acquired by Olympus Confocal
V1000, Zeiss LSM Meta 510 confocal and TE2000 U Nikon
pifluorescent microscopes. Excitation for second-harmonic
eneration �SHG� in collagen was achieved using a Ti:sap-
hire laser �Tsunami, Coherent Inc.� �180 fs, 80 MHz� at a
ournal of Biomedical Optics 024009-
wavelength of 800 nm �40�, 1.3 NA objective�, and emis-
sion was collected in backscattered geometry. A bandpass fil-
ter in the wavelength range of 390 to 460 nm was placed in
front of the photomultiplier tube to block IR radiation. Image
processing was done with Adobe Photoshop �Adobe Systems�
and Metamorph �Universal Imaging Corporation� softwares.
In all images, brightness and contrast were adjusted using the
levels menu in Adobe Photoshop.

3 Results
3.1 Corneal Epithelium
Cavitation-induced damage was studied in ex vivo samples of
rat corneas in the epithelium and stroma. Figure 1 shows re-
sults of time-resolved imaging for laser pulses focused into
the corneal epithelium at a pulse energy of 21 �J �3� the
plasma threshold�. We mainly chose this energy to be consis-
tent with earlier studies on laser induced cell lysis in 2-D
cultures.29 The laser-generated plasma devolves into a cavita-
tion bubble within 30 ns of the laser pulse delivery. The rapid
bubble expansion results in rupture of the epithelium that can
be observed through the bubble. During expansion, we can
observe severe compression of cells at the bubble rim, while
cells in the next layer appear to be unaffected �inset at time
points 57, 97, and 211 ns�. As the bubble grows larger in size,
two to three cell layers beyond the bubble are compressed
�609 ns, 1.4 and 2.9 �s time points�. The compression of
these cell layers probably caused a change in refractive index,
enabling us to visualize the border of this zone. The bubble
maximum radius of 75 �m was reached �1 �s at this pulse
energy. During bubble collapse, we observed recoil, only on a
few occasions. The compressed cell layers also appeared to
relax back since we could not see the “zone of compression”
during the collapse phase �4.4 �s time point�. After the final
collapse, sometimes a small bubble persisted at the site for a
few seconds.

Due to the rapid dispersion of the shock wave in tissue we
could not image the shock wave at a pulse energy of 21 �J

Fig. 1 Time-resolved images of laser-induced cavitation in the corneal
epithelium. Insets at time points of 57, 97, and 211 ns show magni-
fied fields around the expanding bubble, so that compressed cells can
be clearly visualized. Scale bar=50 �m.
March/April 2008 � Vol. 13�2�3
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Fig. 1�. To observe shock wave interactions within the cor-
eal epithelium, we irradiated these samples with a pulse en-
rgy of 40 �J �Fig. 2�. As seen in Fig. 2, the shock wave
adiated outward into the tissue and did not result in any dis-
lacement or deformation of the cells. This confirms earlier
bservations of laser-induced cell lysis in adherent cell cul-
ures, where the shock wave was also observed not to contrib-
te to cell lysis.29

.2 Corneal Stroma
ime-resolved studies of cavitation-induced damage in the
troma are shown in Fig. 3. The cavitation bubble expansion
as damped by the dense collagen fibers of this layer as com-
ared to the epithelium and thus it grew to a smaller maxi-
um radius of 59 �m. The few keratocytes near the site of

ubble growth appeared to be unaffected by the expansion.
he bubble growth was also not completely symmetric, as
ompared to the corneal epithelium. The unsymmetric expan-
ion could be due to differences in collagen organization at
ifferent locations. The maximum bubble radius of 59 �m
as attained within �2 �s, and bubble splitting could also be
bserved �1.955 �s time point�. Instances of bubble splitting
an also be observed during the bubble collapse phase.
ubble collapse occurred within 3 �s and in most cases it led

o a residual cavity that slowly dissolved over a few minutes.
We also conducted ablation studies in 3-D cultures to de-

ermine the effects of the matrix on bubble dynamics �Fig. 4�.
he cavitation dynamics for this sample are less damped as
ompared to the corneal stroma with the bubble achieving a

ig. 2 Time-resolved imaging of shock wave radiation in the corneal
pithelium. Arrows indicate the propagating edge of the shock wave.
he shock wave does not cause any cell deformation �clearly seen in
he inset at the 20-ns time point�. Scale bar=50 �m.

ig. 3 Time-resolved images of laser-induced cavitation in the corneal
troma. The bubble expansion is not symmetric, with bubble splitting
eing observed at later time points. The dense collagen fibers cause
amping of the bubble growth, reducing its maximum size. Kerato-
ytes close to the bubble do not appear to be affected.
ournal of Biomedical Optics 024009-
maximum radius of 128 �m. Bubble growth and collapse is
symmetric, indicating the largely isotropic nature of the col-
lagen gels. Certain features such as cell compression at the
bubble rim �arrows at the 7.87- and 15.84-�s time points�
could also be seen.

3.3 Bubble Size Quantification
To help in the comparison of the bubble dynamics in different
tissue we have presented the data in a graphical form in Fig.
5. Three time-resolved images of cavitation bubble expansion
in the corneal epithelium and stroma and in 3-D cultures were
used to determine the average bubble size. Figure 5�a� pre-
sents results of bubble expansion for 2-D and 3-D cultures.
The data for 2-D cultures are from Fig. 3 of Ref. 29. We
observe that in 3-D cultures the maximum bubble radius
�128 �m� is reduced due to the damping provided by the
collagen matrix and the bubble collapse time is also shortened
as compared to the 2-D case. These effects are heightened
when we consider cavitation in the corneal epithelium and
stroma �Fig. 5�b��. The maximum bubble radius was 75 �at
0.9 �s� and 59 �m �at 1.955 �s� for the epithelium and
stroma, respectively. Bubble collapse in the tissue was also
significantly shorter as compared to in vitro samples. Bubble
collapse in the epithelium occurred within �4.5 �s with con-
siderable variations in bubble size during collapse. We did not
plot bubble collapse sizes in the stroma, since the bubble did
not assume a spherical shape during collapse and thus size
was difficult to ascertain.

3.4 Characterization of Damage by Phase-Contrast
and Fluorescence Microscopy

The site of ablation in the corneal epithelium was character-
ized by phase-contrast and confocal fluorescence microscopy.
Figures 6�a�–6�d� present phase contrast images of control
and ablated samples. In irradiated samples we observe that the
top layer is peeled off, exposing this secondary layer due to
the cavitation bubble expansion �Fig. 6�c��. Cells surrounding
this region and within two to three layers are compressed
�Fig. 6�d��.

Confocal fluorescence microscopy of the ablated site re-
vealed the cell morphology postablation. In Figs. 6�e�–6�h�,
confocal sections at different depths at the ablation site after
staining actin with fluorescently labeled phalloidin revealed
different cell morphologies in each epithelial layer with large
flat cells at the air interface decreasing in size toward the
interior. It was also observed that the diameter of the ablated
site reduced deeper in the epithelial layer. The change in cell
morphology could account for reduction in damage deeper
into the epithelium. Cell viability was also examined by stain-
ing dead cells with PI. In Fig. 6�i� and 6�j� a top view of two
ablation sites shows that PI staining is restricted to the dam-
age site and no dead cells are observed in layers that experi-
enced compression during cavitation bubble expansion. A
cross section through an ablated region �Figs. 6�k� and 6�l��
enabled visualization of the complete damage site and showed
extensive PI staining in the damage zone. The site of damage,
measured to be �38 �m in radius, was smaller than the av-
erage maximum bubble size of 75 �m, indicating that the cell
damage occurred within 100 ns. Cross sections at control
March/April 2008 � Vol. 13�2�4
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ites did not show any Pl staining, indicating that our sample
andling protocol did not result in cell death.

Ablation effects were studied in the stroma by SHG imag-
ng of collagen. Figure 7 presents SHG images collected at a
ontrol and ablation site in a 30-�m horizontal section of the
troma. At the control site �Fig. 7�a��, the stroma is revealed to
e comprised of regularly spaced collagen fibers as seen in
arlier reports.30 Keratocytes were also imaged after staining
ctin with fluorescently labeled phalloidin �Fig. 7�b��. The cell
orphology appeared flat and spread out with dendrites ema-

ating at various points. At the ablation site �Fig. 7�c��, the
blated zone appears sharp, indicating rupture of collagen fi-
ers at that point. The collagen layers around this main dam-
ge site also appear compressed due to the expanding cavita-
ion bubble. The average radius of this ablation region in the
troma was 17 �m, i.e., much smaller than the maximum
ubble radius of 59 �m. Keratocytes present beyond the pri-
ary damage site were ruptured, indicating the lower damage

hresholds for these cells.
We also determined cell viability and cytoskeletal changes

or ablation in 2-D and 3-D cultures. These results are pre-
ented in Fig. 8. In both 2-D and 3-D cultures, we observe
hat cells in the central region around the site of laser focus
re cleared out due to stresses generated during bubble expan-
ion �Figs. 8�a�, 8�b�, 8�d�, and 8�e��. However, cells experi-
ncing large stresses at the edge of the cleared regions remain
iable. The radius of the ablated zone was �150 �m in the
ase of 2-D cultures. The ablation zone was difficult to define
or 3-D cultures due to the random arrangement of cells

ig. 4 Time-resolved images of laser-induced cavitation in 3-D cultu
nabling the bubble to grow to a larger maximum size. Bubble growth
ompressed, indicated by arrows at the 7.87- and 15.8-�s time point
ournal of Biomedical Optics 024009-
within the collagen matrix. However, based on patterns of
staining of live cells we measured the ablation region to be
�71 �m in radius �dotted oval in Fig. 8�d��. Staining the
actin cytoskeleton enabled us to visualize the effects on cell
morphology. In 2-D cultures, cells at the edge of the primary
damage zone did not show any change in morphology even
after being exposed to large shear stresses �Fig. 8�c��. This
cellular response appeared similar to that seen in the corneal
epithelium. In 3-D cultures, we could not observe any ablated
region in the collagen matrix, probably due to faster “healing”
as compared to the stroma. Damage to the cell dendrites was
visible, but cell rupture was not seen in any samples �Fig.
8�f��.

4 Discussion
Laser-induced damage was studied by a combination of time-
resolved imaging and fluorescence microscopy in ex vivo
samples of rat corneas. Our time-resolved imaging system
enabled visualization of the cellular response to cavitation
bubbles in rat corneal tissue. Note that these had not been
observed before at such high spatial resolution. Studies in the
corneal epithelium and stroma revealed the difference in cavi-
tation dynamics depending upon the tissue organization. In
general, the images revealed that �1� the cavitation bubble
growth is significantly dampened due to the tissue matrix and
cell organization as compared to in vitro 2-D and 3-D cultures
and �2� the size of the damage zone as defined by cell viability
was smaller than the maximum bubble size, indicating that

e collagen matrix provides less damping as compared to the stroma,
llapse are also symmetric. Cells close to the expanding bubble appear

bar=50 �m.
res. Th
and co
s. Scale
March/April 2008 � Vol. 13�2�5
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amage occurred on nanosecond timescales. The reduction in
aximum bubble radius was in the range of 54 to 59% for

ubble expansion in tissue as compared to 2-D or 3-D cul-
ures.

In the epithelium, primary damage occurred due to rapid
ubble expansion and caused cell rupture and peeling of cell
ayers �Fig. 1�. Beyond the primary damage site, cells under-
ent large deformations �compression� due to the expanding
ubble but remained intact. This compression could extend
wo to three cell layers beyond the bubble rim. Such a defor-

ation mode has not been observed in earlier studies of laser
blation of tissue. During the collapse phase these cell layers
elaxed back to their original positions. At the end of collapse,
e either observed a residual cavity or, in some cases, a
eeled off layer of cells. In an earlier study on laser ablation
f in vitro epithelial cell cultures it was observed that cells
xperiencing large fluid shear stresses �180 to 220 kPa� due to
avitation bubble expansion in the medium could remain in-
act and viable.29 In this study, while the mode of deformation
s compressive, cellular resistance to these large forces ap-
eared to be at the same level. This indicates that cells might
ave a general mechanism enabling them to withstand large
tresses on small timescales.

ig. 5 Quantification of bubble growth in �a� 2-D and 3-D cultures
nd �b� ex vivo corneal epithelium and stroma. Note the different y
xis scales in �a� and �b�. Data for 2-D cultures are from Fig. 3 of Ref.
9.
ournal of Biomedical Optics 024009-
In the stroma, the layered collagen fiber organization as
revealed by SHG imaging provided even more damping to the
cavitation bubble than in the epithelium. Thus, the bubble
expanded to a smaller maximum size �59 �m� as compared
to the epithelium �75 �m�. Other effects such as bubble split-
ting were also observed, which could be due to the specific
arrangement of collagen fibers affecting the bubble growth.
Keratocytes close to the site of bubble expansion appeared to
be unaffected, but due to the low cell density in the stroma it
was difficult to specifically note cell damage. Stromal effects
already noted were further highlighted by examining cavita-
tion dynamics in 3-D cultures. These cultures differ from the
stroma in their random arrangement of collagen fibers and
sparser packing of these fibers.31 Due to this, the cavitation
bubble experienced less damping and grew symmetrically to a
larger maximum size �128 �m�. This indicated that the vis-
cous damping experienced by the bubble was less than even
that in the epithelium.

Recently, Brujan and Vogel produced a detailed analysis of
bubble dynamics in tissue phantoms made from polyacryla-
mide gels �PAA� with varying mechanical properties.28 They
observed that optical breakdown led to the generation of a
tensile wave that could also be responsible for tissue damage.
The magnitude of the tensile wave was dependent on the laser
pulse energy used to create cavitation bubbles. In our experi-
ments, the effects of this tensile wave on tissue damage can-
not be separated from damage due to bubble expansion. The
magnitude of the tensile wave would also be extremely low
due to the low pulse energies used to create optical break-
down in our studies as compared to those of Brujan and Vo-
gel. Their study further highlighted the importance of consid-
ering the dynamic mechanical properties of the tissue since it
would behave as a stiffer material at short timescales. We
experimentally observe that cells do withstand considerable
compressive stresses on nanosecond timescales without any
physical damage. However, quantification of these stresses
would be outside the purview of this study, since a detailed
force analysis would be necessary.

Phase contrast and confocal fluorescence microscopy on
ablated regions enabled us to determine the acute impact of
laser pulses in corneal tissue. Phase-contrast imaging of dam-
aged regions in the epithelium showed that the cavitation
bubble led to rupture and peeling of the primary epithelial
layers �Figs. 6�a�–6�d��. In some cases, cells experiencing
compression due to the expanding bubble retained their com-
pressed appearance after bubble collapse. At other times we
could observe the cell sheet being restored to its original
shape. Whole tissue and cryopreserved tissue sections were
used to determine cell viability and cytoskeletal morphology
using confocal fluorescence microscopy. An interesting obser-
vation was that the size of the damage zone decreased deeper
into the epithelium �Figs. 6�e�–6�h��. Since the laser was fo-
cused into the epithelium, we expected a symmetrical damage
zone in the layers above and below the site of laser focus.
However, we observed that damage to the exterior epithelial
layers �near the air interface� as characterized by peeling off
or by the size of the cavity was always greater than to the
interior layers. This indicated that the different cell layers in
the epithelium had different mechanical properties. The exte-
rior cell layers were flat and of a larger size, while the inner
cell layers had smaller cuboid cells with many cell-cell junc-
March/April 2008 � Vol. 13�2�6
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ions. The tighter packing of the inner cell layers may have
ontributed to their resilience. Also, the collagenous stroma
ight offer some damping to the inner cell layers accounting

or their lower damage potential. The actin cytoskeleton of the
ells neighboring the ablation site did not show any disrup-
ion. This was surprising given the large deformations that
hese cells were subject to during cavitation bubble expan-
ion. Further, we observed cell death only adjacent to the site
f laser focus and the size of the ablated region was much
educed compared to the average maximum bubble size �38
ersus 75 �m, respectively� �Fig. 6�i��. This was also clearly
een in tissue cross sections, where cellular disruption and cell
eath was localized to a small region �Figs. 6�j� and 6�k��.

In the stroma, we could observe the collagen structure by
sing the intrinsic second-harmonic signal. Examining the
ontrol site, we see that the stroma is a laminate structure with
attened keratocytes occurring in layers between the collagen
bers32 �Figs. 7�a� and 7�b��. Laser ablation in the stroma
esulted in a damage zone with sharp edges due to collagen
ber rupture �Fig. 7�c��. Again, the size �radius� of the dam-
ge region was smaller than the maximum bubble radius �17
ersus 59 �m�. Keratocytes present around this ablation zone
ere completely cleared out with only partial cell remains

ig. 6 Laser-induced damage in the corneal epithelium imaged by pha
ontrol ��a� and �c�� and ablation sites ��b� and �d�� show that the prima
urrounding this damage region have a compressed appearance �d�. C
ctin with fluorescently labeled phalloidin ��e� to �h��. The imaging de
eeper into the epithelium. Cell morphology is also strikingly differen
abeled phalloidin marked the actin cytoskeleton �i� and dead cells we
s smaller than the maximum bubble diameter in the epithelium. �k� a
ifferent epithelial layers using actin staining with phalloidin �k�. In th
ize. Cells two layers away from the primary ablation site are also stain
ubble expansion.
ournal of Biomedical Optics 024009-
being seen �Fig. 7�d�, arrows�. This is expected given the
large difference in mechanical properties of keratocytes �E
=1 to 10 kPa� and collagen �E=1 to 3 GPa�.33 Moreover,
although it is known that keratocytes are mechanically at-
tached to collagen this does not appear to provide any buffer-
ing to these cell.34

These cellular responses are further highlighted if we con-
sider the ablation characteristics in 2-D and 3-D cultures �Fig.
8�. Cavitation damage in confluent HeLa cell monolayers was
seen to produce a circular zone that was cleared of cells. The
size of this damage zone �150 �m� was much larger than in
the corneal epithelium. �Note that the ablated region for HeLa
cells was much larger than observed in the earlier report on
laser-induced damage in PtK2 cells.29 We believe this differ-
ence could be due to cell type and the nature of cell-substrate
and cell-cell adhesion�. Since the cavitation bubble attains a
larger maximum size in culture medium29 �180 �m� as com-
pared to the cornea �75 �m�, the damage potential is also
higher. Cytoskeletal morphology of HeLa cells and the outer
layers of the corneal epithelium appeared similar, character-
ized by dense actin bonds at the edge of large flattened cells.
Similar to HeLa cells, the corneal epithelial cells in the outer

trast and confocal fluorescence microscopy. Phase-contrast images of
r of epithelial cells is cleared off in the ablated sample. The cell layers
l fluorescence microscopy sections of one ablation site after staining
iven in the lower left corner. The size of the ablation zone decreases

fferent layers. �i� and �j� Top view of two ablated sites. Fluorescently
ked with propidium iodide �j�. The ablated region seen by PI staining
Cross sections of ablated corneal samples enable visualization of the
d region, dead cells are stained with PI �l�, providing a measure of its

h PI, indicating that these layers are also affected due to the cavitation
se-con
ry laye
onfoca
pth is g
t in di
re mar
nd �l�

e ablate
ed wit
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layer also exhibited an increased propensity to cavitation
damage as compared to the inner layers. This lowered resis-
tance to cavitation damage could be due to less number of
cell-cell contacts, indicating that this might be a major deter-
minant of cell survival to cavitation forces. In both cases �epi-
thelium and 2-D cultures�, the cells that did survive the
cavitation-induced stress showed little disruption of actin cy-
toskeleton. Thus, the main difference between the cellular re-
sponse in 2-D cultures and epithelial tissue is the significant
reduction in primary damage in tissue due to the resistance
offered to bubble growth. Cells surviving deformation due to
bubble expansion show morphology similar to control cells,
indicating that cellular resistance might be due to factors other
than the actin network. A likely possibility is that the interme-
diate filament network maybe responsible for absorbing the
cavitation-induced stress. Intermediate filaments have lower
stiffness and are known to be involved in controlling cell
morphology during exposure to shear stress.35 Comparing 3-D
cultures to the stromal response, we see that the damage zone
in 3-D cultures �shown by Pl staining� was larger �71 versus
17 �m�. Collagen fibers in 3-D cultures are not regularly
stacked as in the stroma, nor is the density as high.31 Further-
more, the bubble grew to a maximum radius that was much
larger in 3-D cultures �128 �m� compared to the stroma
�59 �m�, indicating that the collagen did not provide much
damping in 3-D cultures. These factors contributed to the
higher cell damage seen in 3-D cultures as compared to the
stroma. The cell morphology in 3-D cultures was also differ-
ent compared to the stroma since fibroblasts were not stacked
in ordered layers like in the stroma. Therefore, we believe that
comparing results between 3-D cultures and stroma would not
be valid, and also sound a cautionary note for the use of these
3-D cultures as tissue equivalents.

Finally, our results could also be of interest to the study of
ultrasound-mediated drug delivery. As shown by our experi-
ments, it is possible to image cavitation effects in tissue to
determine cellular response. In ultrasound drug delivery, mul-
tiple cavitation bubbles are produced that expand and collapse
on similar timescales to produce tissue damage and permeabi-
lization. The range of cavitation damage and the cellular re-
sponse have not been imaged on nanosecond timescales and
our system provides a method to accomplish that. Combined
with fluorescence microscopy it could provide insights into
the role of cavitation bubbles in achieving transdermal drug
delivery.

5 Conclusions
Pulsed laser ablation of corneal epithelium and stroma was
studied by time-resolved imaging and confocal fluorescence
microscopy. Time-resolved imaging provided cellular level
resolution of bubble dynamics in these tissue, enabling char-
acterization of the response of cells to bubble expansion.
Bubble expansion was strongly damped in tissue as compared
to 2-D and 3-D in vitro cultures with a bubble size reduction
in the range of 54 to 59% in tissue. Cell damage zones �radii�
were much reduced as compared to the maximum bubble size.
Specifically, they were 38 and 17 �m as compared to maxi-
mum bubble sizes of 75 and 59 �m in the epithelium and
stroma, respectively. Cells could withstand significant defor-
mation without loss of viability or change in the actin cytosk-
ig. 7 Second-harmonic imaging microscopy of collagen organiza-
ion and confocal microscopy of keratocytes in the stroma: �a� control
rea with regular collagen organization observed by SHG; �b� kerato-
yte actin visualized with fluorescently labeled phalloidin; �c� at an
blation site collagen fibers exhibit a clean edge, indicating fiber rup-
ure; and �d� keratocytes beyond the primary damage site are ablated
eaving behind cellular debris �arrows in �d��.
ig. 8 Laser-induced damage in 2-D and 3-D cultures imaged by epi-
uorescence imaging. �a� and �b� Images showing viability of HeLa
ells at a ablation site 30 min postirradiation. Calcein AM stains vi-
ble cells �a� while PI stains dead cells �b�. A central area around the
ite of laser focus is completely cleared of cells. Cells at the periphery
f the damage zone are dead, while cells beyond it are viable. In 3-D
ultures ��d� and �e��, cells away from the irradiation site show no
hange �d�, while cells at the periphery of the damage site are dead
arrows in �e��. The dotted oval in �d� marks the ablation zone ob-
erved in 3-D cultures. In �c�, actin staining with phalloidin of HeLa
ells at the edge of the damage site shows these cells to be unaffected,
imilar to observations in the corneal epithelium. In �f�, actin staining
ear the irradiation site in 3-D cultures shows minimal damage to
hese cells.
March/April 2008 � Vol. 13�2�8
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leton. Bubble expansion led to epithelial sheet rupture and
ompression of cells in neighboring layers, with these cells
urviving this deformation without any visible damage. In the
troma, keratocytes exhibited higher damage potential as
ompared to collagen fibers. Comparison with 2-D and 3-D
ultures indicated that while ablation in 2-D cultures gave
esponses similar to the corneal epithelium, 3-D cultures were
ot representative of the stroma. For 3-D cultures, the damage
one radius �71 �m� was much larger as compared to the
troma due to the nonspecific arrangement of collagen fibers
n these samples. Our results thus provide a comprehensive
escription of physical and acute biological effects of nano-
econd laser pulses in the cornea.
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