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Abstract

Purpose—To assess the effectiveness of intratissue refractive index shaping (IRIS) in living
corneas and test the hypothesis that it can be enhanced by increasing the two-photon absorption
(TPA) of the tissue.

Methods—Three corneas were removed from adult cats and cut into six pieces, which were placed
in preservative (Optisol-GS; Bausch & Lomb, Inc., Irvine, CA) containing 0%, 0.25%, 1%, 1.5%,
or 2.5% sodium fluorescein (Na-FI). An 800-nm Ti:Sapphire femtosecond laser with a 100-fs pulse
duration and 80-MHz repetition rate was used to perform IRIS in each piece, creating several
refractive index (RI) modification lines at different speeds (between 0.1 and 5 mm/s). The lines were
1 um wide, 10 xm apart, and ~150 um below the tissue surface. The RI change of each grating was
measured using calibrated, differential interference contrast microscopy. TUNEL staining was
performed to assess whether IRIS or Na-FI doping causes cell death.

Results—Scanning at 0.1 mm/s changed the RI of undoped, living corneas by 0.005. In doped
corneas, RI changes between 0.01 and 0.02 were reliably achieved with higher scanning speeds. The
magnitude of RI changes attained was directly proportional to Na-FI doping concentration and
inversely proportional to the scanning speed used to create the gratings.

Conclusions—IRIS can be efficiently performed in living corneal tissue. Increasing the TPA of
the tissue with Na-Fl increased both the scanning speeds and the magnitude of RI changes in a dose-
dependent manner. Ongoing studies are exploring the use of IRIS to alter the optical properties of
corneal tissue in situ, over an extended period.

Ultraviolet nanosecond excimer lasers and near infrared (NIR) femtosecond lasers are two
forms of laser technology that have been adopted in ophthalmic practice for the purpose of
altering corneal optics and cutting corneal flaps. Ultraviolet excimer lasers use single-photon
absorption to ablate corneal tissue, changing the cornea’s thickness and curvature and thus its
refractive state.1:2 This technology takes advantage of the fact that the cornea naturally absorbs
ultraviolet light to photoablate the tissue. Femtosecond lasers use NIR light that is naturally
transmitted through the cornea with little one-photon absorption. To affect the cornea,
femtosecond laser light must be focused inside the tissue. The resultant increase in laser
intensity at the focal point causes localized, nonlinear, multiphoton absorption, allowing for a
range of modifications within the tissue; because the absorption is nonlinear, the surrounding
tissue is left virtually unaffected.3=> NIR femtosecond lasers are now used clinically for corneal
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flap cutting.5=12 Such lasers use low-repetition-rate (kilohertz to several megahertz range)
pulses that induce photodisruption and optical breakdown of the corneal tissue, accompanied
by high-density microplasma and bubbles. The layer of damaged tissue created by the laser
can then be used to separate a tissue flap from the rest of the cornea.

In a very different set of applications, NIR femtosecond lasers have also gained popularity as
powerful tools for micromachining patterns into different, mostly nonbiological materials.13~
17 \When the femtosecond pulses are tightly focused into transparent bulk materials, the
resultant nonlinear absorption and highly localized energy deposition alter the material’s
properties, allowing for the fabrication of different components and devices such as gratings,
waveguides, and photonic crystals.18=24 The changes seen in these materials are usually the
result of laser-induced two-photon polymerization,18=24 and recent research has shown that
this polymerization process can be enhanced by doping bulk materials with photoinitiators or
chromophores that have large two-photon absorption (TPA) cross sections.18-20:25

In 2008, our group showed for the first time, that it is possible to use a low-pulse-energy
femtosecond laser to induce low-scattering-loss RI changes in lightly fixed, postmortem
corneal and lens tissues.28 These modifications were attained with a 27-fs pulsed laser in the
NIR (800 nm) with pulse energies titrated to fall below the optical breakdown threshold of the
tissue (<0.5 nJ). This process, termed intratissue refractive index shaping (IR1S), causes long-
standing refractive index changes that range between 0.005 and 0.01 in the cornea and 0.015
and 0.021 in the lens.28 However, these changes are achievable only with a slow scanning
speed of 0.7 um/s, which makes realistic clinical application of this method unlikely. Recently,
Ding et al.18 reported that both coumarin-1 and fluorescein can be used to enhance the scanning
speed and magnitude of RI changes attainable during micromachining in hydrogels, which like
the cornea, possess a relatively high water content. Fluorescein is of particular interest, because
it is already commonly used in ophthalmic practice for the identification of corneal abrasions
and epithelial defects.?” It has also been shown to be safe when injected systemically to
visualize retinal vasculature leaks and other abnormalities.?’

Thus, in the present study, our goal was to test two hypotheses: (1) that IRIS can be performed
in living, unfixed corneas with greater effectiveness than in our previous report of this
phenomenon in fixed postmortem corneas, and (2) that the effects of IRIS can be significantly
enhanced if the TPA capability of the living tissue is increased.

Materials and Methods

Corneal Extraction and Preparation

Three corneas were excised from two normal, adult, domestic shorthair cats (felis catus) in
accordance with the guidelines for the University of Rochester Committee on Animal
Research, the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research,
and the NIH Guide for the Care and Use of Laboratory Animals. The cats were first euthanatized
with a lethal dose of pentobarbital sodium (Sleepaway; Fort Dodge Animal Health; Fort Dodge,
IA). The corneas were surgically removed by cutting around the limbal edge, rinsed in chilled
sterile saline solution, cut into six pie-shaped wedges and placed into chilled cornea
preservative (Optisol-GS; Bausch & Lomb, Inc., Irvine, CA) containing 0%, 0.25%, 1%, 1.5%
or 2.5% sodium fluorescein (Na-FI; Sigma-Aldrich, St. Louis, MO) per volume for 2 hours.

Measuring Light Transmissivity

The light transmissivity of the undoped and doped corneal tissues was measured to assess the
increased affinity to TPA and clarity of the tissue at the laser wavelength of 800 nm. A
spectrometer (HR4000; Ocean Optics, Dunedin, FL) with a 2-mm-diameter pinhole in front
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of the collection lens (to accommaodate the small size, 5-6 mm, of the tissue samples) was used.
Each tissue sample was immersed in their respective preservative solutions and placed between
a 1-mm-thick glass slide and thin (~0.1 mm) glass coverslip. Full-spectrum light (200-1000
nm) from the spectrometer light source was shone through the coverslip, sample, and slide and
directed to the collection lens through the pinhole (Fig. 1A). To account for light loss due to
the glass coverslip and slide, we measured the transmissivity of these pieces, as well as the
transmission of full-spectrum light through the preservative solution (without cornea),
separately. A ring of 700-um-thick hydrogel was placed on a glass slide and filled with the
preservative before being covered with a thin glass coverslip. The hydrogel piece was used as
a spacer to allow us to measure the transmissivity through a layer of preservative that
approximated the thickness of the corneal pieces used.

IRIS in Undoped and Doped Living Cornea

The pieces of living cornea were micromachined one at a time with an 800-nm Ti:Sapphire
femtosecond laser with 100-fs pulse duration, 80-MHz repetition rate, and 120-mW average
power (Mai Tai; Newport Spectra-Physics, Mountain View, CA). The tissue pieces were placed
endothelial side down on histologic glass slides and bathed with an adequate amount of their
respective solutions. A thin (0.1-mm-thick) coverslip was placed over the tissue to keep it flat
and prevent solution evaporation. The sample was then placed under the microscope objective
(Fig. 1B) on a 3-D scanning platform formed by three linear servo stages (VP-25XA; Newport
Spectra-Physics).28 A 60 x 0.70-NA long-working-distance microscope objective
(LUCPIanFLN; Olympus, Tokyo, Japan) was used to focus the laser beam in the corneal
stroma, ~150 um below the tissue surface. Five sets of RI modification lines (Fig. 1C), each
consisting of five to six lines spaced 10 um apart, were machined at 0.1, 0.5, 1, 2, and 5 mm/
s. In addition, one to three damage lines were purposely machined at 0.1 mm/s on either side
of the RI modification line sets, to aid in their identification for histology purposes.

After the micromachining process, the Rl change within each IRIS region was measured by a
DIC microscope relative to a micromachined calibration standard consisting of diffraction
gratings written into hydrogels, whose diffraction efficiencies had already been measured.25:
28

TUNEL Assay

To assess whether IRIS and Na-FI doping were toxic to the living corneas, we performed
TUNEL staining. Studies have shown that TUNEL staining can label cells undergoing
apoptosis as little as 4 hours after corneal surgeries, such as LASIK and PRK.2? To provide a
positive control for this experiment, one side of each corneal wedge was manually crushed
with a pair of forceps. IRIS micromachining was immediately performed, after which the living
corneal tissue pieces were again placed into their respective preservative solutions and stored
for another 4 to 6 hours. After this time, they were rinsed in 0.1 M PBS, drop-fixed in 1%
paraformaldehyde in 0.1 M PBS (pH 7.4) for 10 minutes, and transferred to 30% sucrose in
0.1 M PBS at 4°C for 2 days. Each corneal piece was then mounted in OCT compound (Tissue
Tek; Sakura Finetek, Torrance, CA), frozen and serial 20-um-thick cross sections were cut on
acryostat (2800 Frigocut E; Leica, Deerfield, IL), mounted on microscope slides three sections
at a time and stored at —20°C until ready to stain.

For TUNEL-staining, slides containing corneal sections were air dried and rinsed in 0.1 M
PBS. The tissue was then processed according to the manufacturer’s directions (57165
ApopTag In Situ Apoptosis Detection Kit; Chemicon International-Millipore Inc., Temecula,
CA). Briefly, the mounted sections were postfixed in precooled ethanol: acetic acid 2:1 for 5
minutes at —20°C and drained. After the slides were rinsed, equilibration buffer was applied
to the sections and briefly incubated at room temperature. The sections were then incubated
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with terminal deoxynucleotidyl transferase enzyme for 1 hour in a humidified chamber. The
reaction was halted by incubating the sections in stop/wash buffer for 10 minutes followed by
another wash in PBS. Warmed anti-digoxigenin conjugate (rhodamine-labeled) was applied
to the sections and incubated in a dark, humidified chamber for 30 minutes. After a final wash
in PBS, the stained sections were coverslipped in antifade mounting medium (Vectashield;
Vector Laboratories, Burlingame, CA). The stained sections were imaged with fluorescence
microscopy (AX70; Olympus), and the photomicrographs were acquired with a high-resolution
digital camera (Microfire; OPtronics, Goleta, CA) interfaced with a computer running image-
analysis software (ImagePro software; MediaCybernetics, Silver Spring, MD).

Doping Living Corneas with Na-Fl

The preservative solution (Optisol-GS; Bausch & Lomb, Inc.) transmitted more than 80% of
light for wavelengths >300 nm (Fig. 2A,; dotted black line). Corneal pieces submerged in
preservative only (with no Na-Fl) also transmitted light starting at 300 nm, but with slightly
less efficiency at lower wavelengths, a likely consequence of their slight loss of transparency
when excised from the eye (Fig. 2A, solid black line). Transmissivity rapidly increased to more
than 80% at wavelengths above 600 nm (Fig. 2A). When live corneal pieces were submerged
and allowed to absorb different concentrations of Na-Fl, strong absorption of light was noted
up to a wavelength of ~500 nm. This corresponds well to the light-absorption range of
fluorescein (300-500 nm).2” All the doped corneal pieces were transparent near the 800-nm
laser operation wavelength, indicating that single-photon absorption of the laser light at the
working wavelength would have no adverse effect on the tissue.

IRIS in Undoped, Living Corneal Tissue

At the lowest scanning speed of 100 um/s, IRIS changed the RI of undoped living corneal
tissue by 0.005 (Table 1, Figs. 2B, 2C). Increasing the scanning speed to 1, 2, or 5 mm/s caused
RI changes of lesser magnitude, which fell below the lowest detectable limit of our system
(Table 1).

Na-Fl Doping and the Magnitude of RI Changes: Dose Dependence and Effect on Scanning

Speed

Doping the live corneal pieces with Na-FI induced RI changes up to four times larger than
those attained in undoped corneas (Table 1). However, scanning speed was critical: for any
given concentration of Na-Fl, the magnitude of RI change induced was inversely related to
scanning speed (Fig. 2B). Lower scanning speeds induced the largest RI changes, although
there was a clear threshold above which strong plasma luminescence was observed. These
changes were followed by the appearance of spots of tissue destruction and bubbles along the
micromachined lines (Fig. 3, arrows). Such damage was always observed at 0.1 mm/s.
However, when corneas were doped with 1.5% and 2.5% Na-FIl, damage occurred at faster
speeds as well (Table 1). This finding suggests that Na-FI significantly increases the laser
energy absorption within the tissue exposed to the femtosecond laser and that it does so in a
dose-dependent manner. Indeed, for a given scanning speed, Rl changes increased
monotonically with Na-FI doping concentration (Fig. 2C).

TUNEL Staining of Doped, IRIS-Treated Corneas

To provide a positive control for this experiment, live corneal tissue was manually crushed
with forceps immediately before IRIS was performed. After IRIS, the tissue was replaced into
the preservative for another 4 hours before fixation. The result was thinning and disruption of
the corneal epithelium and the appearance of many TUNEL-positive cells in both the
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epithelium and stroma at the crush site (Fig. 4A). In contrast, there was a complete absence of
TUNEL-positive cells around nearby micromachined lines (Fig. 4B). Having the IRIS lines in
the same corneal sections as the crush sites was an excellent internal control for the efficacy
of the TUNEL assay and of crushing as a means of inducing cell death within the experimental
time frame in which IRIS was performed. Even the flanking lines inscribed at the slower
scanning speed of 0.1 mm/s, which caused small bubbles of tissue destruction, did not cause
the appearance of TUNEL-positive cells within this time frame (Fig. 4B). Fluorescence
microscopy confirmed that our doping method resulted in complete, even labeling of the
corneal stroma with Na-FI (Fig. 4C). It also allowed us to determine that, at least over the 4-
to 6-hour experimental period, incorporation of Na-Fl into living corneal tissue did not, by
itself, cause apoptotic cell death of stromal keratocytes, epithelial cells, or endothelial cells
(Fig. 4B).

Discussion

The present study demonstrates that IRIS can be performed in living corneal tissue with much
greater effectiveness than previously reported in fixed, postmortem corneas.28 It also shows
that incorporation of Na-Fl, a chromophore known to enhance two-photon absorption, into
living corneal tissue potentiates IRIS, causing significantly greater changes in Rl at much
greater scanning speeds, in a dose-dependent manner. Finally, in the short-term, neither IRIS
nor Na-FI doping appeared to be toxic to stromal keratocytes.

IRIS in Living Corneas: Comparison with IRIS in Fixed Corneas

When IRIS was performed in paraformaldehyde-fixed cat corneal tissue in a prior study, it
induced RI changes that ranged between 0.005 + 0.001 and 0.01 + 0.001 and averaged 0.008
+0.002.26 That long-term storage in an aqueous solution did not eliminate the micromachined
lines or the RI changes induced suggests that IRIS must have significantly altered the molecular
and/or structural composition of the corneal extracellular matrix. However, fixation with
paraformaldehyde, which is largely intended to prevent postmortem tissue degradation, acts
by cross-linking protein structures,3° a large component of the corneal extracellular matrix.
Because the tissue modifications that lead to a change in RI after exposure to high-repetition-
rate femtosecond laser pulses are due to cumulative, free-electron-mediated chemical and
thermal effects and to photochemical bond breaking, our prediction was that IRIS
micromachining would be more effective in living (unfixed) tissue, than in tissue stabilized by
significant protein cross-linking (due to fixation). The present experiments tested this
prediction by performing IRIS in living cat corneas, which were immediately transferred to
preservative solution (Optisol-GS; Bausch & Lomb, Inc.) after excision from the eye to ensure
their viability.

Optisol-GS is a storage medium normally used to preserve postmortem human donor corneal
tissue for the purpose of transplantation.31:32 It maintains epithelial, stromal, and endothelial
viability for up to 14 days after corneal extraction.31:32 A previous study of feline corneoscleral
tissue found that Optisol-GS maintained a functional endothelial cell layer for up to 15 days
postmortem,33 suggesting similar effectiveness for corneas from different species. However,
to maximize corneal health in our experiments, IRIS was performed within a few hours of
corneal removal. After IRIS, the tissue was immediately returned to its Optisol-GS solution
for another 4 hours, after which we used TUNEL staining to assess cellular viability in all
corneal layers. Given the lack of TUNEL staining (except at the crush sites) and the persistent
clarity of the corneas throughout our experiment, we are quite certain that corneal viability was
not compromised by surgical extraction, doping with Na-Fl or IRIS. Thus, to our knowledge,
this constitutes the first reported investigation of IRIS in living, biological specimens.
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Previously, to attain Rl changes in the range of 0.005 to 0.01 in fixed corneas, IRIS had to be
performed at an extremely slow scanning speed of 0.7 xm/s. 26 In contrast, when IRIS was
performed on live (undoped) corneas stored in Optisol-GS, scanning at 100 xm/s induced an
RI1 change of 0.005, a 143x increase in scanning speed for a similar Rl change. The increased
effectiveness of IRIS in living, relative to fixed, corneas was most likely the result of increased
cross-linking between structural elements within the paraformaldehyde-fixed tissues.26:30
Indeed, to create lines of altered RI within fixed tissue, the femtosecond laser would first have
to break the fixative-created bonds before photochemically altering the matrix. These
additional breaks are likely to require significant additional energy, making the process less
efficient than in fresh, unfixed tissue.

Effect of Na-FI on TPA in Living Corneal Tissue

Having shown that low-pulse-energy femtosecond laser micromachining can change the RI of
both fixed28 and unfixed corneal tissues, we want to address several remaining issues. First,
the slow scanning speeds required to achieve significant Rl changes (0.7 um/s in fixed corneas
and even 100 um/s in live corneas) are not conducive to trials in situ because the length of time
needed to create sufficiently large patterns (e.g., over a circular area 6 mm in diameter) would
be many hours to days. However, Ding et al.18 recently demonstrated large enhancements in
the speed of femtosecond laser micromachining in dye-doped hydrogels. Specifically, they
used two chromophores, fluorescein and coumarin 1, to enhance the TPA efficacy of the
hydrogels. The result was a 1000x increase in micromachining speed in addition to an increase
in magnitude of the RI changes achieved.18

In the present study, we decided to use Na-FI to enhance the TPA efficiency in living cat corneal
tissue, since fluorescein is already commonly and safely used in ophthalmic practice to stain
corneal abrasions and monitor blood vessel leakage in the eye.2” Fluorescein does not form a
firm bond to any vital tissue because of its weak acidity.2”:3 When Na-F| appears to stain
corneal ulcers, itis essentially freely diffusing into the bare stroma and, when mixed with blood
(after intravenous injections), a high proportion of the injected fluorescein (10%—-20%) remains
free.2” Incorporation of Na-Fl into living corneas was achieved by immersing corneal pieces
into solutions of cornea preservative (Optisol-GS; Bausch & Lomb, Inc.) containing different
concentrations of dissolved Na-FI (weight/volume). In all cases, the dye appeared to be
uniformly absorbed across the entire corneal thickness, an observation that was confirmed
histologically (Fig. 4C). Furthermore, although all corneal pieces remained transparent,
increasing concentrations of Na-FI caused the tissue to acquire a progressively deeper, dark
orange color (under bright light illumination). As in the hydrogel experiment,8 incorporation
of Na-Fl into the cornea allowed for a significant increase in the speed at which IRIS could be
performed. Moreover, for any given speed, there was also an increase in the magnitude of RI
changes achieved (see Fig. 2 and Table 1). This was not surprising, given that the number of
photons absorbed during the TPA enhancement process is a function of dye concentration and
illumination volume.3® Therefore, the increased dye concentration allowed for a greater
number of photons to be absorbed per unit volume within the tightly focused 1-um beam.

Of interest, the maximum RI change achievable at the different scanning speeds tested was
~0.02. Beyond this, either increasing Na-FI doping concentration or decreasing scanning speed
only resulted in plasma luminescence, a hallmark of tissue damage and bubble formation. This
result suggests a possible limitation to the magnitude of RI changes attainable with
femtosecond laser scanning in the living cornea, although the reasons for such a limitation
remain to be elucidated.

Finally, a potential clinical application that also emerges from our findings is the use of Na-FI
to enhance femtosecond laser flap creation during traditional laser refractive surgery. Since
even low concentrations of Na-FI incorporated into corneal tissue significantly enhance the
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two-photon absorption of the cornea and the speed and magnitude of material changes induced
(inour case, refractive index change), it is conceivable that Na-FI could also be used to enhance
photodestruction of the tissue under femtosecond laser conditions designed for flap cutting.
Our results now provide an incentive to test this hypothesis experimentally.

Short-Term Effect of IRIS and Na-FI Doping and Apoptosis

Understanding the cellular response to IRIS is an important step in assessing the potential
clinical applications of this procedure. In the present study, we ascertained that IRIS did not
induce the appearance of TUNEL-positive cells in the corneal stroma, whereas a crush injury
of an adjacent segment of the same cornea did. Previous work investigating corneal wound
healing in mice and rabbits noted that the DNA fragmentation detected by the TUNEL assay
was most prominent 4 hours after corneal injury.36:37 This observation was confirmed in our
system by crushing the corner of each corneal piece, which caused marked apoptotic cell death
of both keratocytes and epithelial cells at this time point. However, additional experiments are
needed to evaluate more accurately the long-term cellular and biological response of the cornea
to IRIS. In particular, we are interested in evaluating whether the natural turnover of the stromal
extracellular matrix is capable of erasing IRIS patterns over a period of days, weeks, or months.
Another important question is whether multiple IRIS lines inscribed across corneal cells (unlike
the single lines used in the present study) can eventually Kill these cells, perhaps not 4 hours
after laser micromachining, but days, weeks, or months later. To predict whether this is likely,
it is important to ascertain the exact mechanisms by which the energy transferred by
femtosecond laser pulses into the corneal tissue alters its RI.

Thus, while our data demonstrate feasibility and lack of toxicity of IRIS for a short period after
laser micromachining, it was not possible for us to assess the long-term effects of this procedure
on excised corneas. The preservative solution (Optisol-GS; Bausch & Lomb, Inc.) used to keep
corneal tissue alive in the present study can only do so effectively for up to 14 days, although
signs of degradation may begin to appear 5 days after extraction. Thus, to assess the longevity
and impact of IRIS on corneal biology and optics more accurately, we must perform IRIS in
situ. With the improvements in scanning speed reported presently, this possibility becomes
highly feasible.

Possible Molecular Substrates of Femtosecond IRIS

Based on current knowledge about the effects of femtosecond laser radiation on different
materials, at least two mechanisms may underlie IRIS in the cornea. First, in hydrogels,
femtosecond laser micromachining that locally increased the material’s refractive index was
shown to displace water molecules away from the laser focal region, most likely via localized
heating of the material.38 In the cornea, an inverse relationship has been demonstrated both
experimentally and theoretically between refractive index and stromal hydration, with
dehydration leading to an increase in the refractive index of the stroma.3%40 In addition (and
perhaps consistent with localized dehydration of the tissue), the refractive index changes seen
in IRIS could be caused by the very high free-electron densities generated (on the order of
1018 cm~3) in and around the micromachined lines. Such high electron densities can cause a
local temperature increase in the tissue, which in turn, could directly alter the chemical makeup
and/or the organization and spacing of individual collagen fibrils in the region of the focused
beam.*1 Because collagen fibrils have a higher refractive index than the surrounding material,
42 it follows that any changes in stromal organization (such as dehydration) that causes these
fibrils to be more closely packed, would be associated with an increase in refractive index of
the tissue.39:40:43 This could also be an explanation of the increased fluorescence seen in the
micromachined lines of the corneal pieces (Fig. 4C). The potential chemical or structural
alterations within the tissue may result in the Na-Fl either binding to local structures within
the collagen matrix or concentrating in locations of reduced hydration. However, additional

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nagy et al. Page 8

experiments need to be performed to conclusively assess the mechanisms by which IRIS takes
place in the living cornea.

Conclusion

In the present study, we investigated the feasibility of IRIS laser micromachining in living
corneas. When compared with our previous study of IRIS in fixed cat corneas,2® IRIS in the
living cornea attained a similar magnitude of refractive index change at a scanning speed that
was 143x higher. Increasing the two-photon absorption capabilities of the living cornea via
Na-FI doping increased the magnitude of refractive index changes attainable by two- to
fourfold. It also increased the speed at which these changes could be induced by 2 to 50 times
relative to undoped, living corneas. Finally, neither IRIS nor the process of increasing TPA
was observed to cause cell death within the cornea, at least over the short-term. In summary,
the present experiments are an important step in the ongoing exploration of the use of low-
pulse-energy femtosecond lasers for the purpose of altering the refractive state of intact,
transparent ocular tissues.
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Figure 1.

Experimental setups. (A) System used to measure light transmissivity in living corneal pieces.
Afull-spectrum (200-1000 nm) beam was emitted from the light source. After it passed through
the coverslip, cornea, and glass slide, the transmitted light was then collected and measured
by spectrometer. (B) IRIS micromachining apparatus. The live corneal wedges were placed on
a glass slide with preservative solution. A thin coverslip was placed over each sample to help
keep it flat and the slide-tissue-coverslip assembly was placed on a 3-D computer-controlled
scanning stage under a long-working-distance microscope objective with 0.7 NA. (C) IRIS
lines micromachined into each corneal piece. One long edge of each corneal piece was aligned
with the edge of a glass slide and five sets of lines were micromachined. The two outer lines
of each line set were machined at 0.1 mm/s, whereas the central lines were machined at the
scanning speeds listed below each set.
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Figure 2.

Effect of Na-FI doping on light transmissivity and RI change in living corneal tissue. (A) Light
transmissivity of the preservative solution (black dotted line) and corneal wedges stored in the
preservative only (black line) or in preservative doped with different concentrations of Na-Fl
(gray lines). Note the strong absorption of light in the range between 300 and 500 nm in Na-
Fl-doped live corneal tissues. (B) Magnitude of RI change versus scanning speed attained in
corneas doped with different concentrations of Na-Fl. (C) Magnitude of RI changes attained
versus Na-Fl doping concentration at different scanning speeds. Note that at each scanning
speed, the RI change increased monotonically with the Na-FI doping concentration.
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DIC photomicrographs of IRIS lines created at 0.1 mm/s (outer lines; arrow) and 2 mm/s (inner
five lines) in living corneal tissue doped with different concentrations of Na-Fl in preservative
solution. In undoped cornea (0% Na-Fl), the IRIS lines were barely visible, even at 0.1 mm/s,
suggesting little or no RI change. By increasing the TPA of the tissue with Na-FI doping,
significant and visible RI changes were induced at high scanning speeds (such as 2 mm/s).
However, low scanning speeds (0.1 mm/s) caused plasma luminescence and bubble formation
(arrow).
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Figure 4.

TUNEL assay of cat cornea infused with 1.5% Na-Fl in preservative. (A) Photomicrograph of
peripheral portion of a corneal piece showing the segment crushed with a pair of forceps. Note
the marked thinning and disruption of the epithelium (epi), along with multiple TUNEL-
positive (red fluorescent) cells in both the epithelium and stroma at the crush location. (B)
Central portion of the same corneal piece showing TUNEL staining around the seven IRIS
lines inscribed ~150 um below the epithelium. The two most peripheral lines were inscribed
at 0.1 mm/s. The middle five lines were inscribed at 2 mm/s. Note the complete absence of
TUNEL-positive cells within and around the IRIS lines. (C) Portion of cornea imaged in (B)
but shown under 480-nm fluorescent illumination to illustrate that Na-FI (which fluoresces
green under such excitation settings) had fully penetrated the corneal tissue, labeling the stroma
uniformly. In contrast, the epithelium shows minimal uptake and fluorescence.
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