Vol. 3, No. 5/ May 2016 / Optica

Selective two-photon collagen crosslinking in situ
measured by Brillouin microscopy
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Two-photon polymerization has enabled the precise micro-
fabrication of three-dimensional structures with applications
spanning from photonic microdevices, drug delivery systems,
and cellular scaffolds. We present two-photon collagen cross-
linking (2P-CXL) of intact corneal tissue using riboflavin and
femtosecond laser irradiation. The collagen fiber orientations
and photobleaching were characterized by second harmonic
generation and two-photon fluorescence imaging, respectively.
The measurement of local changes in longitudinal mechanical
moduli with confocal Brillouin microscopy enabled the visu-
alization of the cross-linked pattern without the perturbation
of the surrounding non-irradiated regions. 2P-CXL-induced
stiffening was comparable to that achieved with conventional
one-photon CXL. Our results demonstrate the ability to selec-
tively stiffen biological tissue in situ at high spatial resolution,
with broad implications in ophthalmology, laser surgery, and
tissue engineering.  © 2016 Optical Society of America

OCIS codes: (190.4180) Multiphoton processes; (180.0180)
Microscopy; (290.0290) Scattering; (170.6935) Tissue characterization;
(170.4470) Ophthalmology.
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Light-induced polymerization and crosslinking are widely used
methods for the fabrication and processing of polymeric materials,
with applications ranging from manufacturing, photolithography,
and tissue engineering. In most cases, the photochemical mecha-
nism involves light absorption by a photosensitive compound,
leading to the generation of free radicals that promote the polym-
erization of monomers or the crosslinking of polymers [1]. These
methods are increasingly common for clinical applications since
they enable the fabrication and manipulation of biomaterials
in situ, including curing of dental composites [2] and photo-
crosslinking of polymer implants for regenerative medicine
applications [3]. Some biological tissues, such as the cornea,
are composed of intricate collagen fiber networks that can degrade
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due to diseases, but crosslinking can restore their natural biome-
chanical properties and functions [4,5]. Corneal ectatic disorders,
for example, caused by the weakening of the corneal stroma, is
effectively treated with photochemical crosslinking using ribofla-
vin and ultraviolet A (UVA) light to strengthen corneal tissue [6].

While most applications rely on single-photon absorption
(typically UV light), two-photon absorption-mediated processes
using a near-infrared (NIR) femtosecond laser offers far superior
spatial resolution that is confined to the focal volume. Two-
photon polymerization is the basis for a liquid-based three-
dimensional printing process [7] in which either unpolymerized
regions (negative photoresist) or polymerized regions (positive
photoresist) are washed away with a developing solvent, leaving
only the fabricated structure. This technique has been used to
fabricate micro-optic components [8], and hydrogel-based cellu-
lar scaffolds [9]. Two-photon crosslinking of proteins in solution
has also been reported, including bovine serum albumin [10] and
collagen [11]. However, the use of two-photon processes for the
precise, internal modification of soft condensed materials, such as
biological tissues, has not been reported. A major challenge has
been a lack of appropriate tools to monitor and characterize cross-
linked regions nondestructively. One study attempting two-
photon collagen crosslinking (2P-CXL) in corneal tissue reported
changes in collagen second harmonic generation (SHG), but with
no evidence of crosslinking [12]. Two other studies have shown
the feasibility of 2P-CXL for the stiffening of biomaterials, includ-
ing artificial cardiac tissue [13] and collagen hydrogels [14].
However, the depth-selective ability of 2P-CXL was not demon-
strated, since conventional indentation testing requires physical
contact with the sample, limiting the measurements to only surface
properties.

In this Letter, we demonstrate spatially selective 2P-CXL of
intact tissue for the first time to our knowledge. We use femto-
second laser pulses and riboflavin, a clinically approved photosen-
sitizer, to crosslink a small volume within animal corneas. We
characterize collagen crosslinking non-invasively in situ with
multiphoton imaging and after the procedure with confocal
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Brillouin microscopy. Our results demonstrate the ability to alter
the microstructure and mechanical modulus locally in the cornea
by 2P-CXL with microscopic resolution and illustrate the unique
advantage of Brillouin microscopy in evaluating 2P-CXL induced
changes nondestructively.

Before characterizing 2P-CXL, we first characterized standard
one-photon CXL (1P-CXL) with riboflavin and UV light
(365 nm, 3 mW /cm?, 30 min). We imaged riboflavin fluores-
cence and backscattered SHG from collagen fibers in excised,
de-epithelialized bovine corneas (see Supplement 1). We used
a home-built two-photon microscope with a 1.0 NA water
immersion objective lens (Fig. 1). Our light source consisted
of a mode-locked Ti:Sapphire laser delivering 810 nm light at
150 fs pulses and an 80 MHz repetition rate.

Application of a 0.1% riboflavin, 10% dextran solution to the
excised corneas for 30 min caused significant dehydration, resulting
in a decrease in corneal thickness from 713 £ 37 um before dye
application to 473 £ 41 pm after staining, which was unchanged
at 485 £ 19 pm following CXL (Fig. 2). Fluorescence imaging re-
vealed riboflavin dye penetration over 300 pm below the cornea
surface, which was bleached significantly following 1P-CXL.
The mean SHG intensity increased following dye application
and CXL but was highly variable. The changes in SHG could
be attributed to the decreased attenuation by riboflavin absorption,
as well as the alteration of collagen fiber distribution, structure and
morphology; the latter can significantly affect the intensity and an-
gular distribution of SHG [15]. To explore this further, we next
investigated whether the collagen morphology obtained from
SHG imaging could be a suitable metric for CXL.

The two-dimensional fast Fourier transform (2D-FFT) of
the SHG image can be used to quantify the fiber orientation
[16,17]. Following filtering to suppress background autofluores-
cence (Fig. S1), the magnitude of the 2D-FFT gives the integrated
power spectrum, which can be interpreted as the number of fibersasa
function of the orientation angle [17]. The data was fit to a bimodal
von Mises distribution, from which the variance specifies the align-
ment of the fibers. We found that the orientation distribution of the
collagen fibers increases markedly with the application of the ribo-
flavin-dextran solution, such that the fiber orientations are essentially
randomly distributed [Fig. 2(c) and Fig. S2]. Subsequent 1P-CXL
did not cause any appreciable change to the distribution of the fiber
orientations. Our results agree with qualitative observations made
previously [18,19], but it is unclear whether any changes in fiber
orientation are sustained with corneal rehydration [20].

To determine the parameters needed for 2P-CXL, we first
measured the two-photon photobleaching kinetics of riboflavin
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Fig. 1. Home-built two-photon microscope. The cornea sample was
compressed with a coverslip. The SHG (blue, 400 to 410 nm) and fluo-

rescence (green, 485 to 555 nm) were collected through the appropriate
dichroic mirrors and filters by separate photomultiplier tubes.
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Fig. 2. Assessment of 1P-CXL with multiphoton imaging.
(@) Reconstructed depth profile of riboflavin-soaked corneas before
and after CXL. Green: riboflavin fluorescence, Blue: backscattered col-
lagen SHG. (b) Summary of changes, with mean = std. error reported.
*, p < 0.05. (c) Top: distribution of collagen fiber orientations deter-
mined by 2D-FFT. Red: fitting to von Mises distribution. Bottom: stan-
dard deviation (o) of the fiber orientation. A uniform fiber distribution is
defined to have a ¢ of 0.5 radians (dotted line). ****, p < 0.0001.

in solution as a function of the incident laser power from 104
to 230 mW. The power dependence of the bleaching rate was
found to be nearly quadratic (z = 1.9 +0.3), indicating a
two-photon absorption mechanism [Fig. 3(a)]. Next, we scanned
a laser beam at 200 mW over a cross-sectional plane 50 pm below
the cornea surface for 20 min (6.6 ms per focal spot) and mea-
sured both photobleaching and SHG. We observed a small yet
significant 4.3 & 1.6% decrease in fluorescence (p < 0.01)
[Fig. 3(b)]. Compared to riboflavin bleaching in solution, photo-
bleaching in tissue is much slower, considering the light scattering
and rapid diffusion of non-bleached riboflavin (~40 pm?/s) [21].
Both the mean SHG intensity and the collagen fiber orientation
were unchanged with 2P-CXL [p > 0.05, Fig. 3(b)]. The insen-
sitivity of SHG to 2P-CXL of a single plane underscores the need
for a more specific metric for evaluating crosslinking.

Finally, we compared the laser parameters used for conven-
tional 1P-CXL with 2P-CXL, assuming that an equal number
of molecular excitations is needed to elicit the same crosslinking
effect (see Supplement 1). We found that at an average power of
100 mW, 2P-CXL of our (290 x 480) pm? scanning area would
require ~2.1 x 10* J/cm?. In subsequent samples characterized
with Brillouin microscopy, 2P-CXL was performed on ribofla-
vin-stained corneas at 104 mW with scanning times of
10 min per plane (~4.3 x 104 J/cm?), accounting for losses
due to optical aberration and light scattering. While no discern-
able tissue damage was observed at 207 mW for up to 20 min,
irradiation with 312 mW for 5 min resulted in tissue damage,
likely due to nonlinear photochemical and photothermal effects
causing low-density plasma formation [22] [Fig. 3(c)].

Unlike measurements of riboflavin fluorescence and collagen
SHG, Brillouin microscopy contrast is directly dependent on the
local hydromechanical properties of the tissue. Brillouin micros-
copy has been used to characterize normal and keratoconic
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Fig. 3. Determination of laser parameters for 2P-CXL. (a) Two-
photon bleaching time constant (1/¢) in seconds as a function of the in-
cident laser power (mW). Mean =+ std. error are reported. Black line is
linear fit to In(7) vs. In(power). (b) Changes in SHG and fluorescence with
2P-CXL. Mean (solid line) % std. error (dotted line) are reported. Inset:
change in the standard deviation (6) of fiber orientations. (c) There is no
tissue damage with 20 min irradiation at 207 mW, but there is significant
photodamage with 5 min irradiation at 312 mW (white arrow). SHG
(blue) and fluorescence (green) channels are shown. Scale bar: 50 pm.

corneas i vivo [23], as well as the effects of 1P-CXL ex vivo [24].
This technique relies on the scattering of photons by spontaneous
acoustic waves, which are sensitive to changes in the compress-
ibility of the local microenvironment, modulus of collagen fibers,
and the crosslink density of the network [Fig. 4(a)]. The resulting
shift in optical frequency is detected using a high-resolution spec-
trometer. Using a previously described confocal Brillouin micro-
scope [25] [Fig. 4(b)], we imaged a cornea immediately following
2P-CXL-induced stiffening of an arbitrary three-dimensional
region centered around 50 pm below the surface (10 successive
planes, 3 pm apart). The distribution of riboflavin over these
depths is nearly uniform (Fig. S3).

Scanning large areas of the cornea, we readily identified a re-
gion with significantly increased Brillouin frequency shifts, indi-
cating local stiffening (Fig. S4). Focusing on the stiffened region,
we then took x—z and x—y scans, which were reconstructed as a
three-dimensional volume (Fig. 5 and Visualization 1). A rectan-
gular volume spanning approximately (205 x 325 x 50)pum? was
found to be significantly stiffer than the surrounding regions
[Fig. 5(c)]. These dimensions compare to a volume of (290 x
480 x 30)pm? that was irradiated with our two-photon micro-
scope. While the total volume of the 2P-CXL region is nearly
conserved, the discrepancy in area and thickness was attributed
to flattening of the sample with a coverslip during 2P-CXL, which
was required for use with our high NA, water immersion objec-
tive. In contrast, with Brillouin microscopy, the cornea was im-
aged in its natural condition without artifacts caused by coverslip
compression. Distortion from a rectangular shape can be attrib-
uted to optical aberrations leading to a reduced intensity at the
periphery of the scanning area in the two-photon microscope.

The mean Brillouin shift over the anterior 300 pm of the
untreated cornea was 8.15 & 0.04 GHz, in agreement with
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Fig. 4. Brillouin microscopy. (a) Brillouin scattering is due to interac-
tion of photons and spontaneous acoustic waves. For the 2P-CXL region,
the acoustic velocity is higher for a given phase-matched phonon wave-
length. (b) Confocal Brillouin microscope connected to a two-stage,
apodized, virtually imaged phased array spectrometer.

previous ex wvivo studies measured at the same wavelength of
532 nm [24,26]. The depth profile of the 2P-CXL region and
the surrounding non-irradiated region is plotted in Fig. 6(a).
Over depths of 30 to 80 pim below the surface, 2P-CXL increased
Brillouin frequency shifts by 0.3 to 0.6 GHz. This corresponds toan
estimated increase of 0.2 to 0.4 GPa in the longitudinal modulus
(see Supplement 1). The relative Brillouin shift across the irradiated
volume was fitted to a Gaussian function, giving a peak of 548 &
7 MHz at a depth of 55.7 £ 0.3 pm and an FWHM of 48.7 &+
0.7 pm [Fig. 6(b)]. This gradual change in the Brillouin shift is
largely due to the limited axial resolution of the 0.3-NA
objective lens used. The degree of stiffening achieved by 2P-
CXL is comparable to a ~0.5 GHz increase previously measured
in the anterior cornea with conventional 1P-CXL [24]. Notably,
1P-CXL causes significant stiffening over nearly the entire
stromal depth over >500 pm [Fig. 1(a)], while 2P-CXL-induced
stiffening can be localized to target depths [Fig. 5(b)].

In summary, we have demonstrated three-dimensional selective
crosslinking in corneal tissue. Our technique involves (1) in situ
2P-CXL of an arbitrary three-dimensional structure, and
(2) verification and characterization with confocal Brillouin micros-
copy. Compared to conventional procedures for evaluating
2P-CXL-induced stiffening, Brillouin microscopy does not require
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Fig. 5. Brillouin microscopy of a 2P-CXL-treated cornea. (a) x—y im-
ages of the 2P-CXL region, at 15, 45, 75, and 105 pm below the cornea
surface. Scale bar: 50 pm. b) x—z image, where top refers to the surface of
the cornea. (c) Three-dimensional view of the 2P-CXL region recon-
structed and interpolated from thirteen x—y images (selected images
shown in a) at 10 pm intervals in z.
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Fig. 6. Quantification of 2P-CXL-induced stiffening. (a) Mean (& st.
dev.) Brillouin shift of the crosslinked and non-irradiated regions of the
cornea as a function of depth. (b) Relative Brillouin shift obtained from
subtracting the profiles in (a). Fit to Gaussian function (R* = 0.99).

perturbation of the surrounding non-crosslinked regions. Other
non-invasive approaches for measuring tissue elasticity include
elastographic techniques based on ultrasound [27] or magnetic
resonance imaging [28], but at typical spatial resolutions of hun-
dreds of microns to several millimeters, respectively. An emerging
technique is optical coherence elastography, which can be used
to extract viscoelastic properties by optical measurement of
mechanically induced tissue deformations [29].

Our current technique is limited by the long irradiation times
needed for 2P-CXL, about 1 h per mm?. Faster 2P-CXL could be
achieved by using wide-field two-photon microscopy techniques
such as light sheet or Bessel beam plane illumination [30,31].
Although riboflavin was chosen for direct comparison with conven-
tional corneal CXL, it has a relatively low two-photon absorption
cross-section at 810 nm (<1 GM), which can be enhanced by a
factor of ~2-3 by excitation at 760 nm [14,32]. More efficient two-
photon photosensitizers are also in development [33]. Increasing
the peak irradiance by the use of shorter pulse width or lower rep-
etition rate lasers could shorten 2P-CXL times, but careful selec-
tion of laser parameters is needed to avoid nonlinear photodamage
[Fig. 3(c)]. Another challenge is the acquisition time needed for
Brillouin microscopy, typically over 30 min per image in this work.
The exposure time could be decreased with a better signal-to-noise
ratio, such as by improving the filtering of background Rayleigh
scattering [34]. Future development of a combined two-photon and
Brillouin imaging setup would enable the real-time measurement
and feedback control of 2P-CXL-induced stiffening,.

Our current 2P-CXL technique can be employed for applica-
tions involving micron-scale target regions, such as microfabrica-
tion and patterning, as well as precise laser surgeries. Nonlinear
excitation permits three-dimensional control of crosslinking,
while the use of NIR light enables deep tissue penetration.
2P-CXL can be readily applied in ophthalmology, such as for
treatment of thin ectatic corneas (<400 pm) [6], corneal flap
bonding post-LASIK surgery, and the selective modulation of
corneal curvature for refractive error correction.
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1. MATERIALS & METHODS:

A. Corneal Preparation and Staining:

Fresh young bovine (<10 days) eyes were acquired and
temporarily stored in ice-cold mineral oil to maintain
hydration. After excess fat and optic nerve were removed from
the eyes, the corneas were excised and stained with riboflavin
according to the Dresden Protocol (epi-off), with the
modification that the working riboflavin solution was 10%
dextran w/v%, rather than 20%. The reason for this was that
our preliminary results (data not shown) had determined that a
20% dextran riboflavin solution caused significant dehydration
of the cornea, which introduced z-drift during the subsequent
crosslinking and imaging steps. A 10% dextran solution
prevented these unwanted effects. Note that the corneas were
kept at 4° C during all steps of the above described procedure.
Following staining, a central region of the cornea was removed
using a 10 mm biopsy punch, mounted on a glass-slide, and
gently compressed with a No. 1.5 coverslip for two-photon
imaging and crosslinking.

B. Corneal Crosslinking:
For imaging and crosslinking, we used a home-built, video-rate,
two-photon microscope. The system equipped a mode-locked

Ti-Sapphire laser (MaiTai DeepSee eHP, Newport) as a light
source which provides ~ 150 fs pulses at 80 MHz repetition
rate. The scanning unit is composed of a polygon mirror for fast
axis (x) and a galvanometer for slow axis (y), allowing frame
rate of 30 Hz. Using a 20x, NA 0.9 water-immersion objective,
the scanning area has dimensions of (290 x 480) pm2. The
emitted light was detected by photomuliplier tubes (PMT)
through appropriate dichroic and bandpass filters. One PMT
was used for detection of second harmonic generation (400 nm
+ 5 nm) and another for riboflavin fluorescence (520 nm + 35
nm).

Before imaging, the corneas were allowed to warm to room
temperature to minimize temperature induced drift effects.
Further XY-drift correction was implemented during post-
processing in MATLAB. The top of the corneal stroma was
determined by determining the Z-plane where SHG intensity
abruptly changed. All depths are given relative to the top of the
corneal stroma. To ensure that riboflavin had completely
penetrated the cornea, a full Z-stack of a small XY-section of the
cornea was first taken. 2P-CXL was performed at an average
power of 104 mW, for 10 minutes per plane. To demonstrate
three-dimensional, subsurface 2P-CXL, we crosslinked a
vertically-aligned stack of 10 planes, equidistantly spaced 3 pm
apart at depths of approximately -35 to -65 um. The


https://www.osapublishing.org/optica/abstract.cfm?uri=optica-3-5-469

crosslinking was monitored in real time and the riboflavin
fluorescence and SHG intensity were recorded at 5 second
intervals. If non-negligible drift was observed during this
process, crosslinking was restarted with a different sample.

C. Brillouin Imaging:

The confocal Brillouin microscope is similar to previously
described [1,2]. A single-mode, 532 nm, frequency-doubled Nd-
YAG laser (Torus, Laser Quantum, Inc.) was used to illuminate
the same with typical powers of 7 mW. A 10x, 0.3 NA air
objective lens was used in the inverted, epi-illumination
configuration. The scattered light was collected by a single-
mode optical fiber, which also confers confocality, and delivers
light to the high-resolution, apodized, two-stage VIPA
spectrometer. Linearly variable intensity filters (Rugate and
Newport 50FS04DV) were used for apodization. The diffracted
light following the two-stage VIPA was detected with an EM-
CCD camera with a dispersion slope of 0.3 GHz/pixel. The
exposure time per pixel was 0.3 s. The image acquisition time
varied from 0.5-2 hours, depending on the number of pixels.
Calibration with reference materials was performed before
each measurement as previously described.

Following crosslinking of a corneal sample, the XY location of
the crosslinked region was marked on the glass slide with a
marker and corneas were transferred to the Brillouin
microscope. To minimize dehydration during imaging the
corneas were submerged in mineral oil, and placed upside
down on a glass-bottom dish for illumination from the bottom.
The sample was translated in three-dimensions using a
motorized stage (Prior Scientific, Inc.) with steps-sizes of 2-25
um depending on the resolution required. The crosslinked
region, as well as the surrounding areas, was thoroughly
imaged by taking XY and XZ slices through the cornea.

D. Post-Processing:

To remove the PMT and laser-intensity noise from the collected
two-photon microscope images, a combination of a median
filter and a notch filter, respectively, were applied using
custom-written MATLAB software. The filtered images were
then analyzed for mean SHG, mean riboflavin intensity, and
collagen fiber orientation. The fiber orientation was
determined via a previously described protocol [3]. Briefly,
edge detection and filtering were used to generate a binary
mask of the collagen fibers from each SHG image. The inverse of
this binary mask was multiplied with the original filtered image
to suppress the non-collagen signal (Fig. S1). The FFT of the
resultant image was taken and a bimodal Von Mises
distribution was fit to the power in each radial angle of the
output FFT. The mean of this distribution gave the average
collagen fiber orientation in the image and the variance
specified the alignment of the fibers.

The collected Brillouin data also required further processing.
For each imaged voxel, the Brillouin microscope gives a
spectral pattern consisting of the scattered light intensity as a
function of Brillouin shift. This spectrum can be described by a
Lorentz distribution with a mean equal to the characteristic
Brillouin shift of the material. To determine the characteristic
Brillouin shift of each voxel we used a least-squares error
minimization methodology to fit a Lorentzian distribution to its
output. A preliminary heat map of Brillouin shifts for each 2D
Brillouin XY-slice was generated, and a 2D-median filter was
applied to minimize noise. Using the corresponding Z location
of each XY-slice, we then applied a 3D linear interpolation
algorithm to generate a preliminary 3D view of the imaged
Brillouin region. We then applied a 3x3x3 box kernel to
generate the final 3D image. The relevant code was
implemented in MATLAB.

2. THEORY

A. Comparison of laser parameters used for 1P and 2P-CXL
Here, we estimate the fluence and exposure time needed for 2P-
CXL to match the laser parameters used for 1P-CXL with
riboflavin and UVA light.

The number of excitations per molecule during the course of
conventional one-photon CXL is expressed as follows:

excitations
riboflavin molecule

Pxoyp,*t
P Axhy,

N, (s1)
Here, A is the illuminated area, Power/Area (P/A) gives fluence,
which is typically 3 m]/(s*cm2) at 365 nm, o1p is the 1P
absorption cross-section of riboflavin which is 3.6x10-17cm?, t is
30 min, and hv1 is the photon energy at 365 nm.

In contrast, the two-photon excitation rate depends on the
spatial and temporal profile of the laser. We can express the
total number of molecular excitations by integrating the
intensity function squared over time and space, as follows:

N, == %p*#wﬂyﬂwyﬂwﬁdt (S2)
= 2 h,)?

where the 1/2 factor accounts for the two photons needed for
two-photon absorption, tf represents the number of laser
pulses within given time ¢, [ is the optical path length, and C is
the riboflavin concentration in molecules per unit volume.

Then the number of excitations per molecule is:
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where V is the excitation volume.

We can approximate the excitation volume divided by the
optical path length to be equal to the 2P excitation area is
approximated by the area of an ellipse: A,, = TAxA4y:

_ 1 O2p tf 2
Ny = 3 hvy)? * wixdy fffl (x,y, t)dxdydt (s4)

Given Gaussian profiles for I(x, y, t):

1(x,y,t) = Iy x e /7" x @7 **/(40)* 4 o=¥*/(4y) (S5)

Squaring and integrating over x = —A4x, y = —Ay to 4y, and
t = —At to At, which correspond to the 1/e? widths of the
spatial and temporal profiles:

T
-U]- 12(x,y, t)dxdydt = (I5)? * (E)% * TAxAy * ¢ (S6)
te~2qr 3
where c is a scaling factor equal to [Lj}o P dr] =0.87

Equation S6 is in terms of peak irradiance (/). This can be
expressed by an average power F,,,4by the relation:

3
Pog = ff.g I(x,y, t)dxdydt = m2l ftAxAy (87)
where fis t_he repetition rate (Hz). Thus, we have:
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Combining Equations (S2-S8), we obtain:
c . O‘Zp LP 2 1
42m)V/2 - (hvy)? of awe (AZp)Z

Here, g, is 0.306 GM at 810 nm, 7 is 150 fs, f is 80 MHz, while
Ayp is calculated based on fitting of the illumination point

spread function squared (IPSF2) to a Gaussian function. The
1/e? radius (r3,) of the IPSF? is expressed as [4]:

03251
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IR
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for NA > 0.7 (S10)

where NA is the numerical aperture and A is the wavelength of
the incident radiation. For NA=0.9, we have r=0.29 um, and
Ay = mr? = 2.18x10-9cm2

Given an appropriate, non-toxic power (100 mW at 810 nm),
and assuming N = N,, = Ny, we can solve for the exposure
time needed:

1/2 2
¢ = HETNG)TS ) 52— 046 ms (s11)

¢ UZpPavg

The required fluence (F) for 2P-CXL is:
100 mW

2.2x107%¢m?

Since 2P-CXL requires a focused beam which is scanned over a
larger area, the illumination duty cycle must be taken into
account to compute the practical exposure time, t'. For our
system, A,,is dispersed over a (290 x 480) pm? scanning area:

F =0.46ms * =21x10"*J/cm? (512)

Scanning area
Mintduihehtthi> Satited

t'=t
Ay

=49 min (513)

B. Calculation of longitudinal modulus from Brillouin shift
Spontaneous Brillouin scattering occurs through photon-
phonon interactions inside the material or tissue. The Brillouin
shift (2) is given by [5]:

0= 2Ksin(§) jg (S14)

where K is the photon wavenumber, O is the angle between
incident and scattered photons, M’ is the real part of the
longitudinal modulus, and p is the mass density. We can see
that the Brillouin shift is proportional to the propagation

velocity /M'/p of GHz acoustic waves inside the material.
For our epi-detection scheme, ® = T, such that M’ can be
rewritten as:
pA%0?
4n?

!

(515)

where 1 is the wavelength of the incident light, and n is the
refractive index. p/n? can be assumed to be approximately
constant throughout the cornea at 0.56 g/cm3.

2. SUPPLEMENTARY FIGURES
a ll b .
c d

Supplementary Figure S1. (a) Raw SHG image of collagen
fibers 50 um below the cornea surface. (b) SHG image after
median filtering of laser and PMT noise. (c) Image after edge
detection and suppression of non-collagen signal. (d) 2D-FFT
magnitude spectrum of ¢, which was used to quantify collagen
fiber orientations. Scalebar: 50 pm.

Post-CXL

Pre Dye Post Dye

Supplementary Figure S2. Representative SHG images of
bovince cornea pre and post application of riboflavin/dextran
solution, as well as post 1P-CXL. Images shown are
approximately 100 wm below the cornea surface. Scale bar: 50
um
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Supplementary Figure S3. Depth profile of riboflavin
fluorescence prior to crosslinking. Red line is corrected for
attenuation of collected light at 530 nm, assuming an
attenuation coefficient of 10 cm-!
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Supplementary Figure S4. (a) x-y image of 2P-CXL treated
cornea, at 40 um below the cornea surface. Step size: x=25 pm,
y=10 um. (b) x-z image of 2P-CXL treated cornea. Step size: x=5
um, z=4 pm.
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Visualization 1 (Movie File). Three-dimensional view of the
2P-CXL region reconstructed and interpolated from thirteen x-y
images at 10 pm intervals in z. See Fig. 5.
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