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Custom built nonlinear optical crosslinking
(NLO CXL) device capable of producing
mechanical stiffening in ex vivo rabbit
corneas
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Abstract: The purpose of this study was to develop and test a nonlinear optical device to
photoactivate riboflavin to produce spatially controlled collagen crosslinking and mechanical
stiffening within the cornea. A nonlinear optical device using a variable numerical aperture
objective was built and coupled to a Chameleon femtosecond laser. Ex vivo rabbit eyes were
then saturated with riboflavin and scanned with various scanning parameters over a 4 mm
area in the central cornea. Effectiveness of NLO CXL was assessed by evaluating corneal
collagen auto fluorescence (CAF). To determine mechanical stiffening effects, corneas were
removed from the eye and subjected to indentation testing using a 1 mm diameter probe and
force transducer. NLO CXL was also compared to standard UVA CXL. The NLO CXL
delivery device was able to induce a significant increase in corneal stiffness, comparable to
the increase produced by standard UVA CXL.
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1. Introduction

UVA-riboflavin crosslinking (UVA CXL), developed by Spoerl and Wollensak [1-3], is
commonly used to induce crosslinking and stiffening of the corneal stroma as a therapeutic
treatment for keratoconus and post LASIK ectasia that cause progressive, severe astigmatism.
Photo-activation of riboflavin, which has been diffused into the corneal stroma, induces the
production of oxygen free radicals which in turn induce covalent crosslinking of collagen
fibrils [3, 4]. Collagen crosslinking has been shown to enhance blue collagen auto
fluorescence (CAF) [5] and increase mechanical stiffness of the cornea in humans up to 300%
[2]. Furthermore, recent clinical studies indicate that crosslinking can halt the progression of
corneal disease and in some cases reverse steepening by an average of one diopter after six
months of treatment, and lasting to at least 24 months [2, 6-11]. While various changes have
been implemented to shorten and improve the crosslinking procedure, including accelerated
crosslinking using high power UVA light and enhanced riboflavin penetration through the
corneal epithelium to avoid epithelial debridement, the procedure is not without
disadvantages [8, 12, 13].

First and foremost, UVA irradiation and oxygen free radical generation is toxic to cells
and therefore poses a risk of damaging keratocytes, endothelial cells, and underlying
structures. The parameters of standard UVA CXL were carefully chosen to reduce these risks,
and the risk of corneal endothelial damage is only reached in corneas thinner than 400 pm
[14]. This means that patients who have progressed further, and whose corneas are thinner
than 400 pm, are not eligible for standard treatment. Another weakness of this technique is its
lack of precision. It is difficult to control the lateral position of crosslinking and the volume of
crosslinking begins at the corneal surface, going only as deep as UVA light can penetrate into
the tissue, diminishing in effectiveness with depth [3].

Many of these weaknesses are due to the single photon excitation process using UVA
light to excite riboflavin. Single photon excitation occurs when one photon of a specific
wavelength is used to excite a molecule to a higher energy level. In the case of UVA CXL,
one photon of UVA light holds enough energy to excite a molecule of riboflavin to the
excited singlet state. If the excited singlet riboflavin undergoes intersystem crossing to an
excited triplet state then a free oxygen radical can be produced. The free radical then induces
covalent crosslinking of collagen fibrils. Without intersystem crossing the excited riboflavin
returns to the ground state energy level via green fluorescence [4]. There are several
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disadvantages to single photon excitation. First, UVA light will excite all of the riboflavin in
the optical path. Besides the absorption of UVA light by the stroma, absorption by riboflavin
also leads to attenuation of quenching of UVA light as a function of depth reducing the
efficiency of crosslinking deeper within the cornea. Prolonged riboflavin excitation also leads
to photo-bleaching and loss of riboflavin excitation and collagen crosslinking. Finally the
prolonged riboflavin excitation and generation of free radicals contributes not only to
collagen crosslinking but also cell damage within the tissue. All of these disadvantages are
enhanced by increasing the UVA power as occurs in accelerated crosslinking.

By contrast, two photon or nonlinear excitation of riboflavin uses a longer wavelength,
lower energy light to excite riboflavin within a defined optical volume. Two photon excitation
occurs when two photons of half the original excitation energy simultaneously (107" s) excite
the same molecule [15]. This event occurs within an area of exceptionally high photon
density, such as that created by focusing high intensity, very short pulsed (femtosecond) laser
light.

The substitution of nonlinear excitation for UVA irradiation has many benefits over single
photon excitation. First, nonlinear optical crosslinking (NLO CXL) uses highly focused 760
nm femtosecond (fs) laser light to induce two photon excitation of the riboflavin within the
corneal tissue. This near infrared light has a much higher transmission through the cornea,
and therefore a deeper depth of penetration than UVA light, eliminating attenuation of the
light at deeper stromal depths. Furthermore, since riboflavin can only be activated in the focal
volume there is no photo-bleaching of the riboflavin above or below the region being
crosslinked. Also, there is no generation of free radicals outside the region of crosslinking
leading to greatly reduced oxidative cellular damage. Finally, limiting photoactivation to the
focal volume allows for highly controllable crosslinking in x, y, and z directions, and
therefore precise regional stiffening within the cornea using patterns that can be designed
based on individual patient topographies. The focal volume can then be scanned through a
preprogrammed pattern to stiffen large volumes of corneal tissue, without causing collateral
damage to nearby tissue outside the treatment zone. Also, near infrared 760 nm fs laser light
is nontoxic to cells allowing for the focal volume to be positioned much deeper into the tissue
without damaging the endothelium or underlying structures for safe treatment of thinner
corneas.

Previous studies have shown that it is possible to mechanically stiffen compressed type I
collagen hydrogels to a degree similar to that achieved by standard UVA CXL using NLO
CXL [16]. It has also been shown that a similar degree of enhanced CAF, used as a measure
of collagen CXL, can be detected in ex vivo rabbit eyes treated with both NLO CXL and
UVA CXL, depending on the scanning parameters [17]. In these studies a Zeiss LSM 510
confocal microscope was used to perform NLO CXL. While it was effective, a higher degree
of control is needed over parameters such as numerical aperture (NA), scanning speed,
scanning pattern, line separation, etc. The purpose of this study was to build and use a
customized device with a higher degree of control over these variables and capable of
delivering a nonlinear focal volume into both ex vivo and live rabbit corneas, and to
determine the combination of scanning parameters which most effectively stiffen the corneal
stroma.

2. Methods
2.1 Device design

A device capable of delivering a nonlinear focal volume of continuously variable size into
rabbit corneas was built, according to the design seen in Fig. 1. In this design, the 760 nm fs
beam (Chameleon, Coherent Inc., Santa Clara, CA) is directed into a variable beam expander
which allows for control of the effective NA of the device, and therefore control of the size of
the focal volume. For example, when the beam is fully widened it completely fills the back
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aperture of the objective producing the highest NA and smallest focal volume. The widened
beam is then directed onto software controlled X, y scanning mirrors (GSI Lumonics,
Bedford, MA) which scan the focal volume through a preprogrammed pattern. A second fixed
beam expander widens the beam again before it hits the back aperture of the objective. Depth
is controlled by a computerized motor on the objective. A removable cone with contact glass
flattens the cornea during treatment, stabilizing the eye and establishing a zero plane.

Femtosecond Xy
Laser Scanner

Variable Beam Expander

Beam Expander

Focusing
Lens

{ —— Cover Glass

@ Cornea Focusing Optics
( ‘]

Fig. 1. Schematic of designed delivery device with software controlled x, y scanners, variable
beam expander, and objective with attached cone and contact glass.

2.2 Measuring effect of NA on focal volume

After the delivery device was designed and ready for use, the effect of NA on focal volume
size was characterized. The effective NA of the system was calculated for five designated
positions of the variable beam expander, labeled 1-5. A tank of 0.5% riboflavin-5-phosphate
solution (Sigma-Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS; pH 7.2) was
placed beneath the objective and raised to the focal plane level, so that a fluorescent focal
volume would be visible within the solution. A SPOT RT3 camera (SPOT Imaging Solutions,
Sterling Heights, MI) with an attached 10X objective was positioned in front of the tank and
images were taken of the riboflavin fluorescence by all five beam expander positions using an
IR blocking filter. The pixel size of the camera and objective together was 0.74 pm. Within
each image a line was drawn axially and laterally in Metamorph digital image processing
software (Metamorph; Molecular Devices, Sunnyvale, CA) through the focal volume.
Intensity values along these lines were exported into Excel and plotted as intensity vs.
distance. Full width half max (FWHM) values were calculated using these plots to estimate
the lateral and axial dimensions of the focal volume at each setting. Axial measurements were
then used to calculate the effective NA based on Zipfel’s equation [18] shown in Eq. (1),
where o is axial length of the focal volume, A is the excitation wavelength, and n is the
refractive index of the surrounding medium. Images were also taken as the depth was
increased in steps to estimate the maximum depth available.

e 0.532/1{ 1 } O
\/E n—/n> — NA .
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2.3 Preparation of eyes

Eyes were prepared in the same manner as in our previous work [17]. Briefly, whole New
Zealand albino rabbit eyes (65) were shipped overnight to the laboratory (Pel-Freez, Rogers,
AR) for immediate use. Eyes were inspected for damage before having the corneal epithelium
removed in an § mm diameter region of the central cornea. Drops of 0.5% or 0.1% riboflavin-
5-phosphate solution, for NLO CXL or UVA CXL respectively, with 20% high-fraction
dextran, molecular weight of 450-650 KDa, (Sigma-Aldrich, St. Louis, MO) in PBS were
applied every two minutes for 30 minutes, in the manner outlined by Spoerl and Wollensak
[1, 2]. Eyes treated with NLO CXL were also marked near the limbus for orientation during
crosslinking.

2.4 Treatment of eyes

A total of 65 eyes were divided into 3 different experimental groups. Twelve eyes were
treated with NLO CXL using a variable beam expander setting of 1. The NA at this setting
was measured to be 0.12, the closest reliable setting to our previous studies which used a NA
of 0.1 [17] These 12 eyes were then placed underneath of the objective of the delivery device
with the positioning mark placed to the far left and the pupil aligned in the center of the
contact glass. The corneas were then exposed to 760 nm fs laser light at 900 mW of power, at
50 um below the corneal surface. Using custom Labview software the laser beam was raster
scanned over a 4 mm diameter circular area at 5.4 mm/s and 3 um line separation. These
treatment setting would result in a cylindrical volume of treated area of approximately 1.4
mm’. Total exposure time for each NLO CXL treatment was roughly 11 minutes. For
comparison, the remaining eyes were used as controls (38), with no soaking and no treatment,
or were treated with UVA CXL (15) using 370 nm excitation at 3 mW/cm? for 30 minutes.

2.5 Mechanical stiffness measurements

After treatment, eyes were prepared for mechanical stiffness testing using the indentation
approach described by Chai et al. and Levental et al. [16, 19] An indentation approach was
used because of the need to measure local tissue stiffness in the region of NLO CXL.
Specifically, indentation allows for mechanical stiffness testing in a 1 mm diameter region
whereas more standard tensiometry or stretch testing would require using a strip of cornea,
for which much of the tissue would have been un-crosslinked. A 5 x 5 mm area of cornea,
centered around the pupil was removed from the globe and its thickness measured using a
pachymeter (Reichert Technologies, Depew, NY) Corneal thickness was then adjusted to
within 400-450 pm by dropping either PBS to thicken or 20% dextran solution to thin the
cornea. It was necessary to control thickness because the dextran solution used on treated
eyes caused marked corneal thinning, which could make them appear to be artificially stiffer
than control corneas. Preparation for mechanical measurements took roughly 30 minutes for
each sample. Each excised portion of cornea was then placed directly under a 1 mm diameter,
flat tip probe with attached force transducer which was manually moved down to contact the
anterior surface of the tissue, as shown in Fig. 2. The probe was then cycled up and down ten
times at a rate of 5 um/s, indenting up to 10% of the measured thickness. Equations outlined
by Hayes et al. [19, 20] were used to convert the force value reported at the peak of the tenth
cycle to elasticity measurements of the corneal sample. Damaged eyes or inability to find the
treated area before dehydration occurred forced the omission of mechanical measurements on
2 control eyes, 2 UVA CXL treated eyes, and 1 NLO CXL treated eye. Also seven control
eyes were used only for CAF analysis, and did not undergo mechanical testing. Elasticity
values were then obtained on a total of 29 control eyes, 13 UVA CXL treated eyes, and 11
NLO CXL treated eyes. After measuring the stiffness, corneas were fixed overnight in 2%
paraformaldehyde (PFA, Mallinckrodit Baker, Inc., Phillipsburg, NJ) in PBS at 4° C.



Research Article Vol. 8, No. 10 | 1 Oct 2017 | BIOMEDICAL OPTICS EXPRESS 4793 I

Biomedical Optics EXPRESS -~

Force
Translation Transducer
Stage

_-Probe

Cornea

_ . W
I

Fig. 2. Schematic of indentation device used to measure the mechanical stiffness of the
crosslinked region of the corneal stroma.

2.6 Sectioning and imaging

Fixed corneas were sectioned using a vibratome (Campden Instruments, Loughborough,
England), and 250 pum thick sections collected perpendicular to the line of crosslinking at the
center of the cornea. Induced crosslinking has been shown to enhance blue CAF [5], which
has an emission peak of 450 nm when using a two photon excitation of 760 nm. Images were
taken of the crosslinked regions by using a Zeiss LSM 510 (Carl Zeiss, Jena, Germany) and
Chameleon femtosecond laser tuned to 760 nm to induce two photon excited CAF, and
collected over a 400-450 nm spectrum using the meta detector of the Zeiss LSM 510.
Intensity differences were then measured within the images of each sample (one section per
eye) using Metamorph imaging software to calculate the average intensity value within three
different 100 x 100 pixel regions of interest within the crosslinked region (central anterior).
Crosslinked region intensities were averaged together for each sample and compared to
intensities from the same location of control eyes. One NLO CXL sample was not able to be
sectioned perpendicularly due to error in orientation during treatment and was excluded from
CAF measurements. Four UVA CXL samples were also excluded due to improper sectioning.
In this report CAF intensity is reported in a total of 7 control eyes, 11 UVA CXL treated eyes,
and 10 NLO CXL treated eyes.

2.7 Statistics

Statistical analysis was performed in all cases using the Tukey-Kramer method for a multiple
comparison, one-way analysis of variance (ANOVA) in Matlab (Mathworks, Natick, MA).

3. Results
3.1 Control of NLO CXL focal volume and depth

Two-photon excited fluorescent images of riboflavin taken with the SPOT RT3 camera are
shown in Fig. 3, and demonstrate control of fluorescent focal volume (Fig. 3(A)) and depth
(Fig. 3(B)). To determine the NA of different beam expander settings, the lateral and axial
lengths FWHM were measured. These empirical values were then used to calculate the focal
volume and effective NA of each setting using the theoretical equation, Eq. (1). As quantified
in Table 1, changes in the beam expander setting had a dramatic effect on both axial length
and focal volume, such that increasing the beam expander setting from its minimum to
maximum position, 1-5, produced a more than 7.5 fold decrease in volume and 2.5 fold
decrease in axial length, Fig. 4. As the beam expander setting increased from 1 to 5 the axial
FWHM length decreased from 79.5 um to 28.6 um. Using Zipfel’s equation this would
correspond to a range of 109.5 um to 39.5 pm in corneal tissue for corresponding NA’s. The
lengths are increased in corneal tissue compared to water because the refractive index of
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corneal tissue is 1.376, larger than that of water, 1.33. A range of depth of up to 500 pm
below the contact glass was also reached, Fig. 3(B).

Table 1. Calculated axial and lateral length, focal volume, and NA

Beam FWHM (um) Volume Theoretical Calculated NA
Expander (um?) volume in Cornea
Setting Axial Lateral (um?)
1 79.5 29 1407.1 19394 0.12
2 59.9 2.5 800.7 1104.3 0.14
3 41.0 2.3 375.6 518.6 0.17
4 36.3 22 294.9 407.3 0.18
5 28.6 2.5 182.8 252.8 0.20
A . _ B Contact Glass Surface
60 -
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ST | '
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1 23 43 |
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Fig. 3. Images taken of the two photon focal volume in a tank of riboflavin solution as the
beam expander setting (A) and depth (B) were increased in steps, used to measure the size of
the focal volume and depth below the contact glass.

5000
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3000

2000

1000

Focal Volume (um?)

0 1 2 3 4 5
Beam Expander Setting

Fig. 4. As the beam expander setting increased from 0 to 5 the volume of the focal spot
decreased more than 18 fold in both water (blue circles) and corneal tissue (orange triangles).

3.2 Change in mechanical stiffness

As shown in Fig. 5, as the indenting probe moved deeper into the normal corneal tissue
(blue), the force reported by the transducer, in mN, increased, and moving the probe out of
the tissue resulted in decreasing force measurement, which was lower at every value due to
hysteresis of the tissue. By comparison, indentation of NLO crosslinked corneal tissue
(orange) showed increased peak force compared to control corneas indicating mechanical
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stiffening. The value used for calculations was the force value taken at the peak of the tenth
cycle, at 10% strain.

5

[¥%]

Force (mN)

—

0 10 20 30 40 50
Distance (um)

Fig. 5. Plotted force required to indent the corneal stroma to 10% thickness. The orange, taller,
graph shows the data for a single indentation cycle of a sample crosslinked with 900 mW, and
the blue, shorter, graph shows the same data for a control cornea.

Figure 6 shows the results from the force measurements converted to the elasticity moduli
for control, UVA CXL, and NLO CXL. Both UVA CXL (green) and NLO CXL (blue) were
shown to be significantly stiffer than controls (black) with P values of less than 0.001 (Power
= 0.9 for a twofold difference between NLO CXL and control, and 0.8 for a twofold
difference between UVA CXL and control). Comparison of the elasticity measured for NLO
CXL was not significantly different from that obtained following UVA CXL (P = 0.66).
Corneas treated with NLO CXL (11) had an average elasticity of 25.95 & 8.23 KPa, 2.6 times
the 9.91 + 4.54 KPa of the control corneas. In comparison, corneas treated with UVA CXL
(13) had an elasticity of 28.72 = 12.11 KPa on average, 2.9 times the force needed to indent
control corneas.

45
40

W W
(=R, ]

[\
<

Elasticity (KPa)

—
<

=

Control UVA NLO
(n=29) (n=13) (n=11)

Fig. 6. Both UVA (green) and NLO (blue) treated eyes were significantly stiffer than controls
(black) with P values less than 0.001.
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3.3 NLO CXL induced CAF

Other studies have linked increased CAF intensity to increased mechanical stiffness [5].
Images of CAF showed a similar intensity of emission for NLO CXL treated eyes as achieved
by UVA CXL. Figure 7 provides examples of CAF images used to take intensity
measurements. As shown in Fig. 8 the average intensity per 0.4 um” area of eyes treated with
UVA CXL (10) and NLO CXL (10) were 2603.61 = 490.47 and 2717.78 + 403.01
respectively in the anterior crosslinked stroma compared to an intensity of 409.47 + 10.14 in
the comparable anterior stroma of control eyes. No significant difference was seen between
the intensities of any of the treatment groups, P = 0.6, but both groups were significantly
brighter than controls, P < 0.001. The statistical analysis had a power of 0.86 for a 30%
difference.

Control

100 pm

Fig. 7. Examples of CAF images for UVA CXL, NLO CXL, and control samples.

3500
3000

2500

Average Intensity
(A.U.)

8 Control UVA NLO
(n=7) (n=10) (n=10)

Fig. 8. CAF intensity was not significantly different between UVA (green) or NLO (blue)
treatment groups.

4. Discussion

Chai et al. has shown that it is possible to mechanically stiffen collagen hydrogels using two-
photon, nonlinear excitation of riboflavin comparable to that achieved using UVA CXL [16].
However, in this earlier study a high NA lens (0.8) was used that crosslinked only a very
small volume. Crosslinking a larger volume using a high NA lens required scanning the
hydrogels through multiple planes, resulting in very long exposure times. More recently we
have shown that a low NA lens (0.1) can generate a CAF signal in ex vivo rabbit eyes that has
an expanded axial and lateral dimension suggesting a dramatic increase in crosslinking
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volume compared to high NA lenses [17]. This increased CAF volume suggests that by using
a low NA lens one might be able to use NLO CXL to more rapidly and precisely crosslink
large volumes of cornea to increase tissue mechanical stiffness. For this study we designed a
custom device which allows control over lens NA, focal volume size, depth within the cornea,
scanning speed, and pattern of crosslinking. It also has the ability to perform NLO CXL in
living rabbits, as well as ex vivo eyes, for use in future studies.

In this report we demonstrated that NLO CXL treatment using this device is capable of
mechanically stiffening corneal tissue comparable to that using UVA CXL. Corneas treated
with NLO CXL, using 900 mW of laser power, were significantly stiffer than controls. In
fact, the elasticity of these samples was 2.6 fold higher than that of control samples,
comparable to the 2.9 fold increase following UVA CXL. Also both treatments showed a
similar increase in CAF intensity of the treated region. While this study shows potential for
this NLO CXL design, there is still much that needs to be improved to achieve safe and
effective NLO CXL of live corneas.

One obstacle to consider is the total power being used. The laser that was used as a source
for this device required a full 900 mW of laser power using a 0.1 NA lens and multiple
overlapping of pulses to achieve the crosslinking effect. The American National Standards
Institute (ANSI) retinal thermal power limit for 760 nm fs light focused with a 0.1 NA lens is
46.1 mW, well below the 900 mW used in this study. Recently we have reported that a single
amplified fs pulse can generate CAF within rabbit corneas [21]. The amplified laser that was
used had a repetition rate of 5 KHz delivering 2.4 pJ/pulse for a total energy of 12 mW, in
contrast to the 76 MHz fs laser used in this study that delivered 11.8 nJ/pulse at a total energy
of 900 mW. The increase in pulse energy using a 5 KHz fs laser allows for a dramatic
decrease in the overall power, satisfying ANSI limits and getting rid of the need for
overlapped pulses. Also when a single pulse is used, instead of overlapping multiple pulses
per spot of tissue, the volume can be scanned much faster using higher repetition rate lasers
(10-50 KHz), reducing the overall procedure time. While additional experiments are
necessary to validate these early findings, the use of regeneratively amplified fs lasers appears
to overcome a major hurdle toward the clinical applicability of NLO CXL.

More improvements may also be made by experimenting with the pattern of crosslinking.
The versatility of focal volume size and placement allows for more regionally defined
crosslinking. For example, this technique could allow for crosslinking of the area around the
LASIK flap as a preventative measure against post LASIK ectasia. This versatility could also
be used to design customized treatment patterns for Keratoconus patients based on their
corneal topography and regional thickness. Also, since crosslinking treatment has been shown
to flatten corneas as much as one-two diopters, modifying corneal shape using NLO CXL
may have the potential to correct refractive errors [10, 11].

In conclusion, we have developed a device that provides for nonlinear optical crosslinking
of the cornea that is as effective as UVA CXL. Further development of this novel technology
may help expand the applicability domain for corneal crosslinking by providing for faster,
safer, and more controlled regional stiffening.
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