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Multimodal nonlinear optical imaging of
unstained retinas in the epi-direction with a
sub-40 fs Yb-fiber laser

GABRIELLE A. MURASHOVA,1 CHRISTOPHER A. MANcuso,1 JAcoOB L.
CANFIELD,' SANAE SAKAMI,2 KRZYSZTOF PALCZEWSKI,2 GRAZYNA
PALCZEWSKA,® AND MARCOS DANTUS'

'Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA
ZDepartment of Pharmacology, Case Western Reserve University, Cleveland, OH 44106, USA
3Department of Medical Devices, Polgenix Inc., Cleveland, OH 44106, USA

Abstract: Ultrafast lasers have potential use in ophthalmology for diagnoses through non-
invasive imaging as well as for surgical therapies or for evaluating pharmacological therapies.
New ultrafast laser sources, operating at 1.07 pm and sub-40 fs pulse durations, offer exciting
possibilities in multiphoton imagining of the retina as the bulk of the eye is relatively
transparent to this wavelength, three-photon excitation is not absorbed by DNA, and this
wavelength has a greater penetration depth compared to the commonly used 800 nm
Ti:Sapphire laser. In this work, we present the first epi-direction detected cross-section and
depth-resolved images of unstained isolated retinas obtained using multiphoton microscopy
with an ultrafast fiber laser centered at 1.07 pm and a ~38 fs pulse duration. Spectral and
temporal characterization of the autofluorescence signals show two distinct regions; the first
one from the nerve fiber layer to the inner receptor layer, and the second being the retinal
pigmented epithelium and choroid.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (180.4315) Nonlinear microscopy; (170.3880) Medical and biological imaging; (140.3510) Lasers,
fiber; (320.7090) Ultrafast lasers
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1. Introduction

With the goal of exploring the feasibility of novel retinal diagnostics and therapies, we
evaluate the use of unstained multimodal nonlinear optical imaging techniques [1-5] with a
compact femtosecond fiber laser [6]. While advances in optical coherence tomography (OCT)
have made retinal imaging widely accessible in the clinic [7,8], there is room for
improvement with respect to providing chemical as well as subcellular resolution. Moreover,
the sub-40 fs Yb-fiber laser centered at 1.07 um being considered here for multimodal
imaging could in principle be used for diagnostic imaging as well as for performing
therapeutic treatments [9]. Here, we explore the use of this laser for retinal imaging. When
compared to a 800 nm Ti:Sapphire laser, the longer central wavelength is advantageous
because the absorption of DNA at 355 nm (3-photon of 1.07 um) is at least 5 orders of
magnitude weaker than at 266 nm (3-photon of 800 nm) [10,11]. Furthermore, scattering
decreases for longer wavelengths, which for retinal tissues can be estimated to be 28% less
for the longer wavelength [12,13], allowing greater imaging depth.

In multiphoton biomedical imaging contrast arises from several different nonlinear optical
processes, such as two-photon excited fluorescence (2PEF), three-photon excited
fluorescence (3PEF), second harmonic generation (SHG), and third harmonic generation
(THG), which are greatly enhanced at the focal plane [1-5]. Multiphoton autofluorescence
from nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) are
conventionally used in biomedical imaging for diagnosis and monitoring the metabolic
activity of cells [14,15]. Label-free nonlinear optical imaging of retina has been reported
using a Ti:Sapphire [16-20] and also with a Yb-fiber laser detecting THG in the forward
direction and 2PEF in the epi direction [21]. Specifically from the retina, multiphoton
emission has been found from lipofuscin and di-retinoid-pyridinium-ethanolamine (A2E)
[22]. This is significant because lipofuscin and A2E emissions have been used to diagnose
retinal diseases such as age-related macular degeneration [23-34].
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While this work presents the feasibility for an in vivo imaging system for retinal disease
diagnosis, many additional studies will be needed to address technical limitations. Among the
different limitations to be addressed, is the need for adaptive compression of the femtosecond
laser pulses to account for the dispersion introduced by the cornea, lens, and vitreous humor.
Fortunately, the dispersion introduced by those tissues has been measured and adaptively
compensated [35,36]. Similarly, there may be the need for adaptive optics to adjust the focus
of the laser in order to compensate for diffractive imperfections amongst different eyes, as
well as for the limited numerical aperture (NA) of the eye [18,37]. In terms of safety, the
ANSI standards limit eye exposure from a laser at ~1.07 um to 4 mW, assuming a dilated
pupil [38]. This value does not take into account the use of adaptive optics which would be
used to improve focusing at the retina. Once these technical issues are addressed, validating
the diagnosis of healthy retina animal models as well as diseased retina animal models, using
this system, will need to be done. Finally, human trials would be required once all of the
preliminary studies are completed successfully.

In this work, we present the first all epi-direction images of unstained mouse retinas and a
Cynomolgus monkey retina using a 1.07 um Yb-fiber ultrafast laser with a ~38 fs pulse
duration. Epi- as opposed to forward-direction detection was chosen as it is the only
collection geometry that would permit in vivo imaging. In addition, we measure both the
spectra and lifetimes across the retinal layers from 7 pm-thick cross-sections of mouse
retinas. The spectroscopic and lifetime information that becomes accessible through
multimodal imaging, as performed here, may in the future provide the functional imaging at
sub-cellular resolution that is presently missing from retinal diagnosis. Furthermore, the laser
being used may at some point be evaluated for its ability to perform therapeutic interventions
such as cauterization with greatly enhanced three-dimensional accuracy, as compared to
present continuous wave lasers.

2. Materials and methods
Signal source, acquisition, and processing

The custom designed laser source for our multiphoton microscope is a Yb-fiber laser
oscillator producing pulses with sub-40 fs pulse durations (full-width half-maximum) (1.07
um, 42 MHz) [6] (Fig. 1). The microscope used was a Nikon TE2000 in the inverted
configuration. For imaging, a 40x water immersion objective was employed with a working
distance of 0.5 mm (Zeiss LD-C APOCHROMAT 1.1NA, Jena, Germany) to focus the beam
on the retina to a beam waist (diameter of the beam at the focus) of ~0.5 pum, allowing the
generation of peak intensities high enough to induce multiphoton processes with less than 7
mW of average power and pulse durations of 38 = 1 fs. Thus, minimizing the effects of
photobleaching and thermal damage. Laser scanning was done with galvanometer mirrors.
The peak intensity was maximized through the use of a pulse-shaper (MIIPS HD,
BioPhotonic Solutions Inc., East Lansing, MI, USA) to compensate for the high-order
dispersion along the beam path [36,39,40].

Signal detection was accomplished in the epi-direction with two separate detection
systems. To obtain frequency and time-resolved data a time-correlated single photon-counting
(TCSPC) system with a compact spectrometer and a 16-photomultiplier tube (PMT) array
were used (SPC-830 TCSPC, Becker-Hickl, GmBH). The spectral resolution of the TCSPC
system is ~12.5 nm, limited by the physical size of each PMT in the array and confirmed with
a mercury lamp. The grating in the spectrometer was rotated to select different spectral
regions. Here two grating positions were used to collect the fluorescence spectra; one with a
collection range from ~300 nm to ~500 nm and the other from ~480 nm to ~680 nm. The
images of the sliced mouse retinas obtained using the TCSPC were imaged with 6.9 mW of
power or less for a total exposure time of 4.5 minutes (90 seconds per grating position).

The lifetime curves had a collection window of 12.5 ns, chosen because it is four times
longer than the longest observed emission lifetime and not limited by the repetition rate of the
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laser. The analogue to digital converter (ADC) resolution was set to 256 time bins. The first
two nanoseconds before the rise of the lifetime signal peak were used for background
subtraction. The instrument response function (IRF) was measured to be ~110 ps. Fits for the
lifetimes were done in Python using the curve-fit function in module scipy.optimize [41]. No
efforts were made to deconvolve the IRF in the fits. However, this should only slightly affect
fit values for lifetimes that are close to the IRF.

Depth resolved imaging of the unstained Cynomolgus monkey flat mount was done with
the same system as the sliced mouse retinas, however the emission was collected with a single
PMT (HC2005MOD, Hamamatsu) instead of the TCSPC. To achieve depth imaging, the
focal plane depth was scanned by a motorized stage (Focus Drive with Integrated Controller
by TOFRA, Inc. Palo Alto, California) which was controlled by a home-built data acquisition
program in LABVIEW (Dr. Peng Xi, Dantus Research Group, Michigan State University).
The depth resolved images were acquired for a total depth of 220 um, with a 0.05-um step in
between each 2D-512x512 pixel image. Depth resolution is estimated to be ~1 pm, however,
oversampling in depth allowed us room to average a few images at each depth. Each 2D
image was averaged for 5 seconds. Depth resolved imaging was done using a constant laser
power of 7 mW through all the retinal layers.

Preparation of fixed and unfixed thin sliced mouse retinas

The C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and
were raised in a 12-hour light/12-hour dark cyclic environment and maintained on a standard
diet at the Case Western Reserve University, School of Medicine animal resources facility. It
is known that when B6 mice are raised under cyclic light conditions (12 hours of light and 12
hours of darkness), A2E— the major component of lipofuscin, increases only moderately up
to the age of 18 weeks [42]. The fixed thin retinal sections were prepared as follows: eyeballs
were obtained from post-natal day (PND) 14 male pup of C57BL/6 mice immediately after
euthanasia. Eyeballs were fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS, 136 mM NaCl, 2 mM KCI, 8 mM Na2HPO4, and 1 mM KH2PO4, pH 7.4) containing
5% sucrose for short time. Then, their cornea and lens were removed in PBS solution.
Resulting eyecups were fixed for 2.5 hours at 4 °C with gentle agitation. After fixation,
eyecups were dehydrated with increasing series of sucrose in PBS and then infiltrated with a
2:1 mixture of 20% sucrose /PBS and optimal cutting temperature (OCT) compound (Sakura)
[43]. Eyecups were then frozen using 2-Methylbutane cooled with liquid N,. The unfixed thin
sliced retina was prepared from a PND 80 + 3 female mouse. The procedure of sample
preparation is similar to that described for fixed retina preparation with the following
modifications: 1) their cornea and lens were removed in Hank's Balanced Salt Solution
(Thermo Fisher Scientific, Waltham, MA, cat. no. 14175095), 2) immediately after the
dissection, resulting eyecups were transferred into a 2:1 mixture of 20% sucrose/PBS and
OCT compound, and 3) eyecups were incubated for 5 minutes and then frozen. Cryo-sections
(7 pm) of the retinas were prepared with cryostat —_microtome (CM 1850, Leica, Bannockburn,
IL). While cryo-preservation methods have been known to cause deleterious effects on
endogenous fluorescence, it was reported [44] that endogenous fluorescence of FAD and
NAD(P)H were preserved during fixation, paraffin-embedding, and subsequent slide
preparation. In this work, we used less destructive cryo-preservation methods. Thus, unlike
the paraffin-embedding method, tissue was not dehydrated with 100% ethanol and Xylene.
Therefore, greater expected preservation of endogenous fluorescence is expected when
compared to paraffin-embedding method— which is already known not to affect coenzyme
fluorescence. Sections were dried at room temperature for ~2 hours for unfixed conditions
and overnight at 37°C for fixed conditions. Then, sections were rehydrated with PBS for 20
minutes. Rehydrated sections were mounted in an imaging medium {glycerol 85% w/vol
(Fisher Scientific, Pittsburgh, PA, cat. no. G-31), Mowiol4-88 15% w/vol (Millipore Sigma,
Billerica, MA, cat. no. 475904) in Mammalian Ringer's solution [45]} and covered with #1.5
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coverslips. Slides were kept at 4 °C. Unfixed retinal sections were imaged within 2 days. It is
important to note that fixation with paraformaldehyde has been known to shift the emission
peaks of molecules found in the retina [46], however, these shifts are usually small (~5 nm)
and do not impact the findings of this manuscript. All procedures and experiments were
approved by the Institutional Animal Care and Use Committee (IACUC, Case Western
Reserve University) and conformed to the recommendations of both the American Veterinary
Medical Association Panel on Euthanasia and the Association of Research for Vision and
Ophthalmology

Preparation of fixed flat mount monkey retina

The Cynomolgus monkey was raised in a 12-hour light/12-hour dark cyclic environment and
maintained on a standard diet at Ricerca Biosciences LLC, Painesville, OH. Ricerca
Biosciences collected a fresh eyeball from a 4-year-old male Cynomolgus monkey after
euthanasia. The eyeball was washed with PBS three times. Then, the cornea, lens, and
vitreous were removed in PBS solution. Next, retina was separated from RPE and four slits
were made to the retina. The retina was then flattened in a cell culture dish with ganglion cell-
side up. Following so, the flattened retina was fixed with 4% paraformaldehyde in PBS for 6
hours at 4 °C. After the fixation, the retina was washed with PBS and transferred onto a large
glass slide with the ganglion cell side up (EMS, Hatfield, PA, cat. no. 71862-01). The
flattened retina was mounted in the imaging medium and covered with a #1 coverslip (EMS,
cat.no. 63774-01). The retina was kept at 4 °C until it was imaged.

Preparation of reference solutions

Reference solutions of FAD and NADH were prepared by performing a 1:10 dilution of 10X
PBS (Dot Scientific Inc.). The dilution was performed using MilliQ water. Thirty milligrams
(mg) of each compound was added to separate solutions in PBS (136 mM NaCl, 2 mM KCl, 8
mM Na,HPO,, ImMKH2PO4, pH7.4) yielding concentrations of approximately 350 uM for
NADH (Sigma Aldrich) and 300 uM for FAD (Sigma Aldrich). An A2E reference solution
was prepared using a 10 mM stock solution diluted in dimethyl sulfoxide to yield a final 1
mM concentration. A drop of each solution was placed on a microscope slide (Corning)
followed by a coverslip (Corning) and then placed coverslip-side down on the microscope
objective. Water based immersion fluid (Zeiss, ImmersolTM, n, = 1.334 (23°C), v, = 85) was
used to increase the numerical aperture (NA) between the coverslip and the microscope
objective.
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Fig. 1. The experimental apparatus consisted of an ultrafast fiber laser operating at 1.07 pm, a
MIIPS pulse shaper, a laser scanning inverted microscope, and a photon detector, mounted in
the epi-direction. The TCSPC was used to collect fluorescence spectra and lifetime, whereas
the single PMT was used to acquire the depth resolved images.

3. Results

The multimodal images in Fig. 2 present all the retinal layers, including the nerve fiber layer
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), inner receptor layer (IRL), outer
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receptor layer (ORL), and retinal pigment epithelium (RPE), as well as the choroid and sclera.
In Fig. 2(a), the blue, green, and red channels represent emission centered at 535 nm, 575 nm,
and 629 nm, respectively. Subsequently, the blue, green, and red channels in Fig. 2(b)
represent emission centered at 355 nm, 535 nm, and 629 nm. Each channel in both Fig. 2(a)
and 2(b) have a spectral bandwidth of ~37.5 nm. Here, 355 nm and 535 nm correspond to
THG and SHG, respectively. Further information for how the other wavelengths were chosen
can be found in the Discussions section.

Sclera

Choroid | ORL [

Fig. 2. Three colored (red, green, blue) composite multimodal images of the retinal layers from
a 7 um slice of a mouse retina taken with the TCSPC at 6.9 mW of power depths using a 1.07
um Yb-fiber laser with 35.0 fs pulse durations. Image acquisition was done at 30-second
intervals for a total of 4.5 minutes. (a) Here the blue, green, and red channels represent
emission centered at 535 nm, 575 nm, and 629 nm, respectively. (b) The blue, green, and red
channels represent emission centered at 355 nm, 535 nm, and 629 nm, respectively. The
bandwidth of each channel is ~37.5 nm.

In Fig. 3(a)-3(b) we plotted the lineouts of the spectral components from the multimodal
images (Fig. 2). In each of these figures the data are comprised of the sum of all pixels in a
slice of each layer. The same sized slice was taken for each layer (~5 um x 85 pm) to most
accurately compare the emission spectra and emission yield across the layers. Although this
prevents measuring the inhomogeneity in each retinal layer, the data were analyzed as such to
achieve an acceptable signal-to-noise ratio. The emission spectra (Fig. 3(a)) show that the
strongest fluorescence is seen in the receptor layers (ORL and IRL). When the emission
spectra are normalized to the maximum value for each layer (Fig. 3(b)), it can be seen that the
spectral shape of the emission is nearly identical in the most anterior layers of the retina (NFL
through the OPL), with a maximum near 560 nm. The more proximal retinal layers, from the
ONL to the choroid bear a greater signal at wavelengths > 600 nm. At the most posterior
portion of the ocular tissue, the sclera has the most unique spectrum, displaying a peak at
~535 nm, that we attribute to SHG (see Discussion). Here, only a plot for the spectral range of
480-680 nm is shown, as the only emission below 480 nm that could be characterized was a
small amount of THG from the choroid, RPE, and sclera. No attempts were made at spectral
unmixing as not all fluorophores contributing to emission spectrum were identified, and we
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were unable to obtain pure lipofuscin, which we believe to be a major component of the
emission spectrum.

Sclera
Choroid
RPE
ORL
IRL
ONL
OPL
INL
IPL
GCL
NFL

Counts/sec

Sclera
Choroid
RPE
ORL
IRL
ONL
OPL
INL
IPL
GCL
NFL

Counts (normalized)

500 550 600 650 700
Wavelength (nm)

Fig. 3. Spectral emission from 480 to 680 nm detected from a mouse retina. a) The non-
normalized emission spectra reveal that the receptor layers (ORL and IRL) have the strongest
fluorescence emission. b) The normalized spectra more readily compare the different spectral
shapes across retinal layers. Layers from the NFL thru the OPL all have nearly identical
spectral shapes. The sclera has a unique spectral shape, where the peak at 535 nm is attributed
to SHG (see Discussion).

The lifetimes across the retinal layers are presented for two spectral regions, 556-594 nm
(Fig. 4(a), 4(c)) and 610-648 nm (Fig. 4(b), 4(c)). Both spectral regions show two
characteristic lifetimes across the retinal layers. These two lifetimes can be grouped as a
“longer” lifetime seen in the layers from the NFL through the ORL and the sclera, and a
“shorter” lifetime seen in the RPE and choroid. Interestingly, the lifetimes for the RPE and
choroid become shorter at longer detection wavelengths (i.e. from Fig. 4(a) to Fig. 4(b)). This
trend is shown directly in panel ¢, where the lifetimes for the choroid through the IPL are
fitted for both the short wavelength range and the long wavelength range. In addition, we
have also plotted in Fig. 4(c) the lifetime measured from the sclera at 535 nm. The emission is
dominated by SHG from collagen, and coincides with the measured IRF of our system (~110
ps).
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Fig. 4. Fluorescence lifetimes across the retinal layers from a mouse over a spectral range of a)
556-594 nm, b) 610-648 nm, and c) short: 556-594 nm and long: 610-648 nm. The plots reveal
that for a given spectral band, all the layers from the NFL through the ORL have nearly
identical lifetimes, whereas the choroid and RPE have nearly identical lifetimes. Additionally,
the lifetimes in the choroid and RPE become shorter for longer detection wavelengths (i.e.
from panel a to panel b). This trend is shown directly in panel ¢, where the lifetimes for the
choroid, RPE, IRL, and IPL are fitted for both the short wavelength range and the long
wavelength range. Also in panel c is the lifetime measured at 535 nm from the sclera. SHG
from collagen in the sclera is the source of this emission and coincides with the IRF of our
system.

The copious lifetime curves, and their accompanying parameters necessary to measure the
fits for Fig. 4, could not be effectively presented alongside each curve in the figure.
Therefore, the fitting parameters and their calculated values for the lifetime decays shown in
Figs. 4(a)-4(b) are presented in Table 1 and Table 2. Given the similarities in the measured
lifetimes from the ORL through the NFL layers (within 5%), we summed them together. The
same was done for signals from the choroid and RPE, prior to fitting. Two different sets of
fitting methods were used: mono- and bi-exponential fits for the ORL through the NFL and
bi- and tri-exponential fits for the choroid and RPE. The fits were performed over two
wavelength ranges: 556-594 nm and 610-648 nm. Tri-exponential fit values were excluded
from Table 1 and Table 2 for the ORL-NFL considering that the t, and t; values were equal.
Likewise, mono-exponential fit values were excluded from Table 1 and Table 2 for the RPE
and choroid, as all of the fits had an R? value of less than 0.91. Additional information on the
fits, representative lifetime decay data, including why certain fits were excluded, can be found
in Appendix 1.
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Table 1. Lifetime fitting of data shown in Fig. 4. The parenthetical values correspond to
one standard deviation. R* is the coefficient of determination, a dimensionless quantity.

556-594 nm 610-648 nm
Mono Fit (ns) Mono Fit (ns)

=
2 ti(ns) R’ ti(ns) R
=
) 1.326 1.255
§ (0.009) 0.9 0.014) 0.98
£ Bi Fit (ns) Bi Fit (ns)
2 a ti(ns) a ta(ns) R’ a ti(ns) a ta(ns) R’
©

0.595 0.880 0.405 2.158 1 0.376 0.451 0.624 1.872 1

(0.008) (0.040) (0.049) (0.108) (0.018) (0.023) (0.018) (0.035)

Bi Fit (ns) Bi Fit (ns)
a ti(ns) a ta(ns) R? ay ti(ns) a ta(ns) R?

=
2 0.640 0.121 0.360 1.408 0.99 0.807 0.174 0.193 1.765 099
E (0.005) (0.003) (0.005) (0.022) : (0.007) (0.004) (0.007) (0.066) :
]
z Tri Fit (ns) Tri Fit (ns)
E a t(ns) a ta(ns) a t3(ns) R’ a ti(ns) a ta(ns) a ta(ns) IS
o

0.530 0.091 0.323 0.669 0.151 2.334 1 0.829 0.153 0.177 01.168 0.053 3.111 0.99

(0.010) (0.003) 0.011) (0.042) (0.015) (0.116) 0.017) (0.005) (0.047) (0.333) (0.059) (1.434) :

Having established the nonlinear optical signals from the different retinal layers from thin-
sliced mouse retinas, we performed depth-resolved imaging on an unstained fixed
Cynomolgus monkey retina flat mount with a thickness of 220 um. We were fortunate this
retina became available as it most closely resembles the histology of a human retina. Single
PMT signal detection allowed the collection of multiple photons per laser pulse (unlike
TCSPC, for which fewer than one photon per pulse is the standard). Single PMT signals,
however, lack spectral and temporal information. Figure 5 shows an 8-panel image of 2D
slices of the retina at different depths. To assess the potential for in vivo imaging of human
retinas with 1.07 pm and sub-40 fs (34.8 fs) laser pulses, we used the flat mount
configuration, as flat mounts are more representative of the geometry (the orientation of the
plane of the retina to the incoming laser pulse) that is need in vivo.

In addition to being the first epi-direction detected multimodal images of a retina, the
quality of the images is excellent. We attribute the quality of the images to the use of sub-50
fs pulses, a high NA objective, and the use of a longer wavelength 1.07 um laser with longer
scattering length [12,13,47]. In addition, we imaged in 0.05 um z-steps so that averaging
could be done for each retinal layer. The depth-resolved image in Fig. 5 shows sub-cellular
resolution at each layer, with morphological characteristics of specific layers being easily
distinguishable. For example, nerve fibers in the NFL, ganglion cells in the GCL, cell nuclei
in the INL, receptor cell nuclei in the ONL, inner segments of cone photoreceptors (large
white features) and rod photoreceptor inner segments (smaller round features between the
cone inner segments) in the IRL. Additionally, the ability to visualize details of the IPL and
OPL layers is fascinating considering these layers are quite thin. This level of resolution,
which could include additional wavelength channels, could be of importance for the diagnosis
of retinal and ocular disorders, especially when observing the structural organization of the
rods and cones in instances of retinitis pigmentosa, cone-rod dystrophy, as well as other
retinal diseases associated with the sclera and composition of the retinosomes present in the
RPE [48-51].
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Fig. 5. Depth-resolved imaging of an unstained, fixed, Cynomolgus monkey retina flat mount.
The total extent of the Cynomolgus monkey retina was 220 um. The depth of each image is
indicated in yellow. The scale bar is 15 um and can be seen in the NFL panel. Each 2D image
was an average of 5 scans, averaged for 5 seconds. Each layer, beginning with the NFL and
ending with the ORL and RPE retinosomes, from left to right, was an average of 182 images
(9.1 pm), 190 images (9.5 um), 182 images (9.1 um), 139 images (7.0 pm), 51 images (2.63
pm), 233 images (11.7 pm), 211 images (10.6 um), and 33 images (1.7 um), respectively. The
depth resolved stack was obtained with 7 mW of average power at all depths using a 1.07 pm
Yb-fiber laser with 34.8 fs pulse durations. In the IRL, inner segments of cone photoreceptors
(large white features) and rod photoreceptor inner segments (smaller round features between
the cone inner segments) are easily distinguishable. We believe that the bright particles in the
bottom right panel are perhaps melanin or RPE retinosomes attached to the tips of
photoreceptors. At each depth, the characteristic morphology of the retina layers is clear,
indicating that the Yb-fiber laser is effective at achieving the cellular resolution needed for
depth resolved imaging. Video of depth resolved imaging of retina used to obtain the images
presented in this figure (Visualization 1).

4. Discussion

With the work presented here, we have begun the initial studies required to propose use of the
1.07 um Yb-fiber laser for label free non-invasive retinal imaging and diagnosis in the
clinical setting. As opposed to the conventional 800 nm Ti:Sapphire laser, fiber lasers
exciting at 1.07 um offer potential advantages over the latter. Some of said advantages have
been evaluated or determined by this initial study. In particular, we have shown that contrast
can be achieved in unstained thin-sliced mouse retinas and we have also provided initial
spectral and temporal characterization of retinal native autofluorescence. Additionally, depth-
resolved imaging of a monkey retina was done to show feasibility of our system to image in a
near-in vivo orientation using retinas that have similar characteristics to those in humans.

The multimodal images of mouse retina in Fig. 2 show clear delineation of the different
retinal layers and their different spectral signatures. The emission spectra from each of the
layers are given in Fig. 3(a) and 3(b), where we are able to distinguish three main emissions.
First, and best defined is the emission near 535 nm corresponding to SHG. The strongest
SHG emission comes from the sclera which the protective layer of the eye and is primarily
composed of collagen and elastin, both strong SHG emitters [3,52,53]. Not shown in Fig. 3(a)
and 3(b) but also observed was emission at 353 nm corresponding to THG, primarily from the
choroid, however, smaller amounts can be detected in the sclera and RPE. THG emission is
possible from interfaces where the index of refraction changes, such as in lipid and tissue
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interfaces, cellular membrane boundaries, as well as highly absorptive pigments like those in
the RPE [20,53-55]. THG microscopy of thin retina sections, imaged in the forward-direction
configuration with a Yb-fiber laser, centered at 1044 nm, found bright signals from the ONL,
INL as well as the GCL [21]. They did not image the choroid where we found the brightest
THG signal in the epi direction.

In terms of 2PEF, we observe two unresolved broadband emissions one centered at ~575
nm and the other at ~629 nm. We attribute the first to lipofuscin and the latter to A2E. The
emission spectra of lipofuscin and its many fluorophores are highly dependent on the
excitation wavelength and tissue layer location within the retina [56,57], but generally, this
emission peaks at wavelengths > 550 nm. Unfortunately, little is known regarding the
isolation and characterization of all the fluorophores of lipofuscin. A2E— fluorophore of
lipofuscin, is one of the few that has been characterized and is known to be a degradation
product of the visual cycle [23,25,27,28,30,33,48,58—60]. Specifically, A2E is derived from
phagocytosis of photoreceptor disks in the RPE that comprise the outer segments of
photoreceptor cells within the ORL. Due to the nature of their functions, both the choroid and
RPE have a more diverse metabolic environment [23,24,28,31,32]. Therefore, detection of a
greater concentration of A2E in these regions agrees with previous studies and is expected.

In relation to the detection of FAD and NADH, the relative absence of fluorescence from
FAD and NADH in our images was highly unanticipated. However, after obtaining the
emission spectra and fluorescent lifetimes of pure FAD (300 uM) and NADH (350 puM)
solutions with the TCSPC following direct excitation from our laser (5-minute acquisition
time), the signal yield was significantly lower than any other fluorescent emissions seen in the
retina. We found the expected fluorescence from NADH and FAD was present only as a
result from three-photon excitation. The intrinsic low fluorescence yield of these
chromophores, together with the required three-photon excitation explains their absence in
our retinal images. We thus conclude FAD and NADH have negligible contributions to the
emission spectra of unstained retinas with a 1.07 um laser. The ability to isolate emission
from lipofuscin and A2E from that of FAD and NADH may in fact be a significant advantage
over other imaging techniques, as it is known that the levels of lipofuscin and A2E have been
used to diagnose retinal disease [14,15,26].

The lifetimes plotted in Fig. 4(a)-4(c) more readily allow for comparison from one retinal
layer to the next. From the NFL thru the ORL a relatively long lifetime can be seen. In
contrast, a shorter lifetime is seen in the RPE and choroid. Table 1 shows fit values for these
two different curves. However, these fits do not yield lifetime values that are readily
comparable to literature values of known chromophores. However, from the spectral data, we
find nearly identical emission spectrum can be seen from the OPL through the NFL, with a
peak emission around 560 nm (approximated from the plotted spectra). In addition, a peak
around 640 nm becomes prominent from the ONL to the choroid. Clearly, we are dealing
primarily with two compounds, lipofuscin and A2E.
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Table 2. Fitting with fixed parameters for lifetime decays shown in Fig. 4(a) and 4(b).
The parenthetical values are the one standard deviation errors and have units of ns. R? is
the coefficient of determination (R? error) and is a dimensionless quantity.

Lifetime Decays with Fixed Parameters
556-594 nm 610-648 nm
=
E Bi Fit (ns) Bi Fit (ns)
E] 2 a ti(ns) a to(ns) R’ a ti(ns) a to(ns) R’
=z
& 0.401 0.390 0.599 2.24 0.446 0.390 0.554 224
© (0.008) (Fix) (0.008) (Fix) 0.98 (0.005) (Fix) (0.005) (Fix) 0.99
Bi Fit (ns) Bi Fit (ns)
= a ti(ns) a ta(ns) R’ a ti(ns) a t(ns) R’
&
= 0.657 0.170 0.343 13 0.99 0.761 0.170 0.239 1.3 0.99
2 (0.005) (Fix) (0.005) (Fix) - (0.004) (Fix) (0.004) (Fix) -
E
= Tri Fit (ns) Tri Fit (ns)
E a ti(ns) a tao(ns) a t(ns) R’ a ti(ns) a to(ns) a ts(ns) R’
=
o 0.512 0.170 0.207 0.390 0.212 224 1 0.810 0.170 0.079 0.390 0.152 224 1
(0.023) (Fix) (0.020) (Fix) (0.004) (Fix) (0.020) (Fix) (0.015) (Fix) (0.004) (Fix)

We repeated the fits presented in Table 1, this time holding the lifetimes constant to
values found in the literature for lipofuscin and A2E [29]. In Table 2, for the ORL to NFL, a
bi-exponential fit works well when t; = 0.39 ns and t, = 2.24 ns are fixed, which corresponds
to the bi-exponential values for lipofuscin in the literature [29]. In the RPE and choroid curve,
a tri-exponential fit works well when t; = 0.17 ns, t, = 0.39 ns and t; = 2.24 ns are fixed,
where t; corresponds to the literature value for the lifetime of A2E, and t, and t; are the
lifetimes associated with lipofuscin [29]. Additionally, in the RPE and choroid curve, a bi-
exponential fit is performed where t; = 0.17 ns and t, = 1.3 ns. Here, t; is again the lifetime of
A2E and t, is approximately the value of the mono-exponential fit for the ORL to NFL curve.
Note that we find a greater contribution from A2E in the RPE and choroid. We also attribute
the signals detected in the NFL to the ORL to either lipofuscin or one of its degradation
products. The presence of degradation products could explain why an emission peak can be
seen at 629 nm emission in the ONL, ORL and IRL, yet these layers do not show a short
lifetime found for those signals in the RPE and choroid. To confirm that A2E can be readily
excited with a 1.07 um laser, we measured the spectrum and lifetime of a solution of A2E.
The emission was very strong and the spectral shape and lifetime agreed with the literature
and the emission from the retina (See Appendix 2). Lipofuscin is very hard to isolate;
therefore, we were unable to measure it in solution. In addition to lipofuscin and A2E, other
known fluorescent compounds in the retina, including rhodopsin, all-trans-retinal, and
melanin, could contribute to the signals observed. Gathering our spectral and lifetime findings
we are able to conclude that multimodal signals correspond to THG, SHG and TPEF from
lipofuscin and A2E. We find that the deeper retinal layers, where the receptors are
concentrated, contain greater amounts of A2E.

Our results include the first depth resolved multimodal images of monkey retina obtained
in the ep-direction. The images from the stack show excellent sub-cellular resolution, making
it easy to distinguish among the different cell types in each layer. The robust signals detected
bode well for the use of multimodal microscopy with a femtosecond Yb-fiber laser source for
future retinal diagnostics.

The composite images in Fig. 2, their corresponding emission spectra (Fig. 3(a) and 3(b)),
as well as the lifetime measurements (Fig. 4(a)-4(c)) come from one retina. However, similar
measurements were performed on 9 total retinas (5 fixed, 4 unfixed). All measurements were
performed with identical image acquisition times to ensure consistency amongst the samples.
The results from those measurements are consistent with the findings of this work. We
acknowledge that these are very preliminary studies and more studies will need to be
completed prior to claiming this system as ready for clinical use. Furthermore, future studies
should address differences in the retina from different animals (both sexes) for both healthy
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and for a few of the most common diseases. However, these initial findings presented here
establish the feasibility for the overall goal.

5. Conclusions

In summary, we presented the first epi-direction multimodal imaging of unstained isolated
mouse and Cynomolgus monkey retinas with an ultrafast fiber laser centered at 1.07 pm.
Measurements of the fluorescence spectra and lifetime from a thin cross-section of a mouse
retina showed that emission from the ORL to the NFL have similar spectra, including a
relatively long lifetime. The RPE and choroid have similar spectra, including a relatively
short lifetime. We attribute a majority of the short lifetime signal to A2E, and a majority of
the long lifetime signal to lipofuscin or other lipofuscin degradation products. Interestingly,
we show that FAD and NADH do not significantly contribute to the fluorescence emission
from a 1.07 pum laser. This is different from most multiphoton microscopy studies where FAD
and NADH are usually the strongest autofluorescent signals. In addition, depth resolved
imaging of an unstained Cynomolgus monkey retina is also presented using the same laser
and experimental setup. The depth resolved images from the Cynomolgus monkey show that
it is feasible to use our collection system to image the retina of live-animal subjects, and in
the future of humans.
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Fig. 6 (Left). Lifetime decay fits and the corresponding residual plots for the RPE and choroid
for the wavelength range of 556-594 nm. This figure shows the RPE and choroid fit poorly to a
mono-exponential function. (Right). Lifetime decay fits and the corresponding residual plots
for the ORL through NFL for the wavelength range of 610-648 nm. This figure demonstrates
that the ORL-NFL layers fit poorly to a tri-exponential function

Figure 6 left and right show selected representative cases of how the criteria for excluding a
certain fit type were. For the ORL through the NFL the tri-exponential fits were discarded in
Table 1 as the values for t, and t; were identical (Fig. 7). In Table 2, where the wavelengths
were held fixed, the value for a; in the fits became negative. For the choroid and RPE, the
mono-exponential fits were discarded as the R? value was always below 0.91 (Fig. 6 right),
which is well below the lowest accepted R” value in either of the tables (R*>0.98) in this
work.
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Appendix 2

AZ2E solution measurements
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Fig. 7. The spectra (Left) and lifetime (Right) from a 1 mM solution of A2E. The spectra peaks
near 625 nm, which is the same peak seen in the choroid, RPE, and receptor layers. The
lifetime of ~173 ps agrees with the literature values [29].

The emission spectrum of A2E is highly dependent on the excitation wavelength [34].
Therefore, we measured an isolated 1 mM solution to more accurately compare with the
retina data. Our measurements show that the A2E solution has a peak wavelength ~625 nm,
which is the same peak that can be seen in the choroid, RPE, and receptor layers. It is worth
noting that the dichroic that was used to separate the fundamental from the fluorescence in the
retina data starts to decrease in transmission at wavelengths greater than 650 nm. By the time
the A2E solution was measured this optic had been replaced with one that has an edge at 750
nm. The lifetime was measured from the range ~600-670 nm. The value of ~173 ps agrees
well with the literature value [29].
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