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High-resolution imaging techniques capable of detecting identifi-
able endogenous fluorophores in the eye along with genetic testing
will dramatically improve diagnostic capabilities in the ophthalmol-
ogy clinic and accelerate the development of new treatments for
blinding diseases. Two-photon excitation (TPE)-based imaging over-
comes the filtering of ultraviolet light by the lens of the human eye
and thus can be utilized to discover defects in vitamin A metabolism
during the regeneration of the visual pigments required for the
detection of light. Combining TPE with fluorescence lifetime imag-
ing (FLIM) and spectral analyses offers the potential of detecting
diseases of the retina at earlier stages before irreversible structural
damage has occurred. The main barriers to realizing the benefits of
TPE for imaging the human retina arise from concerns about the
high light exposure typically needed for informative TPE imaging
and the requirement to correlate the ensuing data with different
states of health and disease. To overcome these hurdles, we im-
proved TPE efficiency by controlling temporal properties of the ex-
citation light and employed phasor analyses to FLIM and spectral
data in mouse models of retinal diseases. Modeling of retinal photo-
damage revealed that plasma-mediated effects do not play a role
and that melanin-related thermal effects are mitigated by reducing
pulse repetition frequency. By using noninvasive TPE imaging we
identified molecular components of individual granules in the reti-
nal pigment epithelium and present their analytical characteristics.
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he transparency of the anterior segment of the eye provides

a unique opportunity for identifying vital molecular events
within the retina and retinal pigment epithelium (RPE) which
contribute to human vision in health and disease. Noninvasive
optical imaging not only can reveal these important mechanisms
but also can help accelerate the development of therapies against
debilitating blinding diseases. For example, advances in optical
coherence tomography (OCT) (1) and fundus imaging enabled
the identification of structural changes to the retina during dis-
ease progression (2, 3). However, there is a need for noninvasive
imaging of the eye that can assess not only structural changes but
also biochemical processes, such as the trafficking and transfor-
mation of vitamin A metabolites indispensable for vision. Consid-
ering the absorption spectra of retinyl esters and the transmission
properties of the human lens and cornea (4-6), two-photon exci-
tation (TPE) imaging utilizing near infrared (IR) light is ideally
suited for visualizing the transformation and distribution of meta-
bolic components in the retina and RPE.

TPE imaging of the eye was initially employed during the
discovery of lipid droplets, termed retinosomes, which contain
highly concentrated retinyl esters (7). It was then demonstrated
in vivo that retinosomes participate in the formation of the visual
chromophore 11-cis-retinal, opening the possibility that this pro-
cess could be imaged in"vivo at the subcellular level. In further

22532-22543 | | PNAS {| September 8, 2020 | vol. 117 | no. 36

imaging experiments with different mouse models, it was shown
that retinosomes overaccumulate in Rpe65~'~ mice and that they
are absent in the eyes of Lrat™'~ mice which are deficient in retinyl
ester synthesis and thus lack visual chromophores and conse-
quently are deprived of visual function (8, 9). Further advances in
TPE imaging led to the characterization of retinal condensation
products in mouse models of light-induced retinal degeneration
and the evaluation of drug candidates mitigating the effects on
photoreceptor survival (4, 10, 11).

In most cases TPE fluorescence imaging requires exposures to
high-intensity IR laser light. Furthermore, collection of fluores-
cence lifetime imaging (FLIM) and hyperspectral data over a
large area involves long acquisition time and/or high laser light
exposure to enable identification of fluorescent granules within
retinal cells based on the fluorescence properties of their com-
ponents. Moreover, noninvasive mapping of the subcellular dis-
tribution of endogenous fluorophores based on their spectral and
decay data in the eyes of mouse models of retinal diseases is
lacking. These are limiting factors for realizing the many benefits
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that TPE offers to image the retina and RPE in humans, the most
critical of which is that the exposure to IR laser light must be
minimized to ensure lack of damage during and after the imaging
session. The interpretation of data needs to be supplemented by
the spectral identification of fluorescent compounds and con-
firmed by noninvasive imaging of mice which replicate some fea-
tures of retinal diseases. In this study we used Abca4”""*VRdh8™~
mice which have mutations in the ABCA4 transporter and a ret-
inol dehydrogenase that result in elevated levels of fluorescent
diretinoid-pyridiniumethanolamine (A2E) as well as Rpe65~~
mice which carry a mutation in a critical retinoid isomerase and
replicate the human form of Leber congenital amaurosis (12, 13).
Considering that for a given average power the TPE fluorescence
rate is inversely proportional to the pulse duration and pulse
repetition frequency (PRF) (14-18), we previously demonstrated
over a 300% increase in fluorescence for the same average power
by reducing the pulse duration from 75 to 20 fs and incorporating
phase modulation of the spectral components of the excitation
light to achieve high-order dispersion compensation (14, 19).
However, reduction of pulse duration is concomitant with an in-
crease of spectral bandwidth. Thus, bandwidths associated with
pulses shorter than ~20 fs exceed the absorption band of infor-
mative retinal fluorophores, and two-photon (TP) absorption as a
function of inversed pulse duration tends to saturate after crossing
a certain value which is approximately the linewidth of the ab-
sorption spectrum of the dye (20). Because further reduction of
pulse duration would be counterproductive, we developed a TPE
imaging system with reduced PRF (Fig. 14). In this study, using
noninvasive techniques, we report the molecular identification,
localization, and quantification of eye cellular components based
on the increased efficiency of TPE fluorescence generation from
intrinsic retinal fluorophores using advanced methods for fluo-
rescence signal processing. We measured fluorescence decay and
spectral data to noninvasively distinguish and differentiate vitamin
A stores and deposits of retinoid cycle byproducts at subcellular
resolution in mouse eyes and how they are impacted by genetic

A

manipulations to replicate conditions associated with blinding
diseases in humans. Furthermore, we evaluated possible photo-
damage pathways by numerical simulations.

Results

The data from the eyes of well-characterized genetic background
mouse lines were compared with authentic standards using spectrally
sensitive fluorescent excitation and emission conditions. Moreover, we
explored melanin interference in obtaining high-resolution imaging.

TPE of Synthetic Standards Relevant to Retina Imaging. After in-
corporating pulse selection capabilities into the TPE imaging
system, we measured the fluorescence of synthetic A2E (Fig. 1 4
and B), one of the main condensation products of vitamin A
metabolites present in the eye, and retinyl palmitate, a main
component of retinosomes (SI Appendix, Fig. S1), as a function
of the power of 850 and 750 nm light in response to 80- and
8-MHz excitation. For A2E, slopes of the linear regression lines
on the log-log plot fitted to 8- and 80-MHz data were equal to 2,
and for retinyl palmitate slopes were 1.5 for 8-MHz and 1.9 for
80-MHz data, both indicating a nonlinear second-order process.
Additionally, we obtained TPE fluorescence lifetime, phasor
signatures, and spectral data for these compounds with different
wavelengths (Fig. 1 C and D). We used fluorescein at pH 9.4 as a
reference. To our knowledge the literature does not contain
adequate TPE fluorescence lifetime data on retinyl esters and
AZ2E solutions.

As expected, fluorescein phasor points were located on the
circumference line of the universal semicircle indicating a
monoexponential decay and its fluorescence lifetime was 4.4 ns
for excitation wavelengths of 780 and 850 nm. However, the
phasor points for A2E and retinyl palmitate were located inside
the universal semicircle, which indicates that both compounds
had a multiexponential decay (Fig. 1C) (21). When changing the
excitation wavelength from 750 to 780 nm, the fluorescence
lifetime of retinyl palmitate and the location of its phasor points
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Fig. 1. TPE with reduced PRF. (A) Depiction of the TPE fluorescence imaging system equipped with 75- and 20-fs lasers, high-order dispersion compensation
(DQ), pulse selection system, and synchronization (Sync) for FLIM. DG, diffraction grating; CM, concave mirror; 1D SLM, one-dimensional spatial light mod-
ulator; BS, beam splitter; PD, photodiode; EOM, electro-optic modulator. (B) Fluorescence of 20 mM A2E in mean photon counts per pixel as a function of
850-nm excitation light power. Slopes of linear regression lines through the data points on the log-log plots indicate TPE fluorescence for both 80- and 8-MHz
PRF. (C) FLIM semicircle phasor plots of synthetic compounds relevant to retinal fluorophores: A2E in DMSO with molar concentrations indicated in panels and
pure retinyl palmitate, 1.75 M; fluorescein in 100 mM sodium borate, pH 9.5, is included as a control. Clusters of phasor points are color mapped from blue to
red, such that red represents highest pixel density. (D, Upper) Normalized TPE fluorescence spectra of pure 1.75-M retinyl palmitate, 10 mM A2E in DMSO, and
fluorescein in 100 mM sodium borate, pH 9.5. (D, Lower) Fluorescence spectral shape of retinyl palmitate does not change with PRF.
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did not change substantially. Analyses of fluorescence decay data
fitted by a three-exponent model function revealed an amplitude
weighted fluorescence lifetime (z,,) expressed by SI Appendix, Eq.
S1 to be 1.6 ns. Previously, measured by one-photon excitation,
the fluorescence lifetime of retinyl palmitate in liposomes was 2.17
ns (22, 23). A two-exponent model function was adequate to fit
AZ2E decay data. The z,,, of synthetic A2E dissolved in dimethyl
sulfoxide (DMSO) varied with A2E concentration and with exci-
tation wavelengths. At 10-mM concentration and 750-nm excita-
tion the 7, was 0.30 ns and for 850 nm it was 0.14 ns, obtained by
the amplitude weighted fit of fluorescent decay lifetimes modeled
by two exponents. Previous studies reported an A2E fluorescence
lifetime of 0.19 ns for a two-exponent fit and single-photon exci-
tation at 446 nm (24), while TP excitation with 1,070 nm light
yielded a lifetime value of 0.17 ns for emission wavelengths in the
range of 600 to 670 nm (25).

The fluorescence emission maximum for fluorescein was at
510 nm for excitation wavelengths from 488 (one photon) to 850
nm. Fluorescence emission spectra of retinyl palmitate did not
change in response to excitation in the range of 730 to 780 nm
and had a maximum at 515 nm (Fig. 1D). Its 850-nm excited
fluorescence was too weak to provide a robust measurement of
the emission spectra. Furthermore, the shape of the TPE emis-
sion spectra of retinyl palmitate did not change with PRF in
response to 2-mW excitation with 750 nm light. The amount of
fluorescence increased as the PRF decreased. The rate of in-
crease was lower for PRF less than 8 MHz. The A2E fluores-
cence maximum occurred at 650 nm for excitation with 850 nm
light. In brief, we demonstrated that TP fluorescence increases
with reduced PRF and we obtained fluorescence spectral and
decay characteristics of synthetic fluorophores relevant to im-
aging the retina and RPE.

RPE Subcellular Map of Various Retinoids in Mouse Models Based on
Intrinsic Fluorescence. Considering that Rpe65~'~ mice do not
accumulate A2E and overaccumulate retinyl esters in their RPE
(26, 27), we first obtained phasor plots of the RPE in intact mouse
eyes (Fig. 24). The phasor plot showed a very tight distribution of
pixels in the same region as that obtained for pure retinyl palmitate
(Fig. 1C). Moreover, a comparison of the intensity-based image
with the FLIM image, based on a color scale assigned per triangle
indicated in the phasor plot, unequivocally demonstrated that all
fluorescent granules in the RPE contained retinyl esters, consistent
with the distribution of retinosomes in previous reports (4, 7).

To visualize retinal condensation products in the RPE, we
studied Abca4”"""YRdh8~~ mice, which were shown previously to
accumulate A2E (12). We obtained FLIM images using 850 nm
light (Fig. 2B), because no excitation at that wavelength was
expected for retinyl esters (4, 14). The phasor plot again showed a
very tight distribution of pixels, but this time located at the right
corner of the semicircle plot, consistent with the A2E phasor plot at
that excitation wavelength, as shown in Fig. 1C. Furthermore, the
FLIM image revealed that the entire interior of the RPE cell, ex-
cept for the nucleus and pixels located near the RPE cell borders,
was filled with fluorescent compounds responding to 850 nm light
and having fluorescence lifetime properties associated with A2E.
These data suggest that there is no accumulation of this fluorophore
within subcellular structures as previously suggested (28, 29).

To determine whether the localization of retinyl esters is per-
turbed in the RPE of Abca4”"""VRdh8™~ mice, we collected
images using 730 nm light (Fig. 2C). Under these conditions the
phasor plot showed a multitude of phasor point locations (S
Appendix, Fig. S24). There were four clusters of phasor points:
1) a grouping of points in the region of the retinosome phasor
cluster shown in Fig. 24; 2) a grouping of points in the region of
the 730-nm excitation A2E phasor cluster shown in Fig. 1C; 3) a
grouping of points indicating image pixels that contained con-
tributions from both types of fluorophores; i.e., retinyl esters and

22534 | www.pnas.org/cgi/doi/10.1073/pnas.2007527117

Fig. 2. Distribution of vitamin A metabolites in the intact eye. (A-C, Left)
TPE fluorescence intensity-based images. (A-C, Center) FLIM phasor images
based on colors assigned in semicircle phasor plots presented in A-C, Right.
White circle in phasor plots indicates phasor of synthetic 10 mM A2E, as
presented in Fig. 1. (A) Data from an albino Rpe65~”~ mouse obtained with
730-nm excitation. (B) Data from an albino 3-mo-old Abca4”"?VRdh&~
mouse obtained with 850-nm excitation. (C) Data from the same Rdh8~
Abca4”""V mouse obtained with 730-nm excitation. (Scale bars, 20 pm.)

A2E; and 4) a grouping of points indicating image pixels with
shorter fluorescence lifetimes than 730-nm excited synthetic A2E
in Fig. 1C (SI Appendix, Fig. S2A4). Because image pixels with
these shorter fluorescence lifetimes overlapped with 850-nm
excited A2E image pixels (Fig. 2B) and A2E phasor plots varied
with the concentration of A2E (Fig. 1C), we attribute these to
A2E as well, although they could also indicate presence of other
retinal condensation products (30). To assess the relative con-
tributions of A2E and retinyl esters to pixels with mixed com-
position we followed a method previously described by Ranjit
et al. (31) and located their center phasor location halfway be-
tween the retinyl esters and A2E phasors, indicating their equal
contribution to the decay characteristics. Consequently, Fig. 2C
and SI Appendix, Fig. S24 display retinosomes located near RPE
cell borders, filling most of the empty spaces visible in the
850-nm FLIM image, and some of the A2E pixels located also
near cell borders and pixels with the shorter fluorescence life-
time component were distributed in the interior of the cells (S
Appendix, Fig. S24). To compare the content of retinosomes
between Abca4” """ Rdh8™~ and Rpe65~~ mice we selected image
pixels that had clusters of phasor points in the same region of the
phasor plot in both genotypes (SI Appendix, Fig. S2B) and created
phasor masks (SI Appendix, Fig. S24) for Image] analyses (SI
Appendix, Fig. S2B). We found that the percentage of the area
covered by retinosomes in Abca4”"""VRdh8™~ and Rpe657~ mice
was 3.7 and 22%, respectively. Considering that retinosomes have
an elongated shape along the thickness of the RPE (4, 26), this
result is consistent with the higher content of retinyl esters in
Rpe65~~ mice (SI Appendix, Fig. S2C). Because some of the pixels
displayed characteristics of a mixture of fluorophores, to ascertain
the uniformity and distribution of retinosomes and retinal con-
densation products including A2E along the RPE thickness we
collected a series of images along the RPE Z axis and performed
phasor FLIM analyses (SI Appendix, Fig. S3). We found that ret-
inosomes were located closer to the basal side of the RPE and
extended from Z = 0 to Z = 3.5 pm. In contrast, retinal conden-
sation products were located from Z = 1.0 to Z = 5.0 pm, with a
maximal presence around Z = 2.5 ym (Movie S1). Moreover, the
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majority of the retinosomes displayed some heterogeneity in their
fluorescence lifetime distribution, with shorter fluorescence life-
time predominantly around the border of the retinosomes and
longer fluorescence lifetime in the center. Thus, overaccumulation
of retinal condensation products including A2E does not signifi-
cantly change the localization of retinyl esters within the RPE.

Spectral Analysis Distinguishes Retinosomes and A2E within RPE Cells
without Staining. To compare fluorescence decay and spectral
characteristics and to verify conclusions based on the phasor
FLIM analyses, we performed spectral phasor analysis (32, 33).
We analyzed images of the RPE of Rdh8"Abca4""’"" mice at
two excitation wavelengths of 850 nm (Fig. 34) and 730 nm
(Fig. 3B). Average fluorescence spectra for each excitation
wavelength are shown in Fig. 3C. At 850-nm excitation wave-
length the spectral phasor plot shows a relatively tight phasor
cluster which represents all of the pixels from the spectral image.
The location of the cluster is like the one obtained for synthetic
A2E (Fig. 3 C, Inset). Slight broadening of the obtained distri-
bution indicates certain fluorescence spectral variation from
pixel to pixel. Nevertheless, the average fluorescence spectrum
shown in Fig. 3C (solid curve) resembles the spectrum obtained
for synthetic A2E (Fig. 1D). For further analysis, a selection of
individual phasors was used to color code pixels within the TPE
fluorescence intensity images. Most of the pixels in the image
exhibited a fluorescence spectrum very similar to A2E, which is
consistent with the results from phasor FLIM analysis.

A 1

»n0

» 0 |-

Fluorescence
normalized

.0+=<
400 500 600 700
Wavelength (nm)

Fig. 3. Spectral analysis distinguishes retinosomes and A2E within RPE cells
in albino Abca4”""YRdh8~ mouse eye without staining. (A) Data obtained
with 850-nm excitation wavelength. (B) Data obtained with 730-nm excita-
tion. (A and B, Left) Spectral phasor plots. (A and B, Center) TPE fluorescence
intensity-based images. (A and B, Right) Pseudocolor images obtained by
applying the cursor selection in the spectral phasor plots shown in A and B,
Left. Dashed-lined squares outline regions presented in higher zoom-in in D
and E. (C) Normalized fluorescence emission spectra for 850- and 730-nm
excitation from the RPE. (Inset) Spectral phasor of pure retinal palmitate and
10 mM A2E in DMSO. RP, retinyl palmitate. (D) Zoomed-in image of RPE with
850-nm excitation. () Zoomed-in image of RPE with 730-nm excitation. Red
arrows point to exemplary particles which light up with 730-nm excitation.
(Scale bars, 20 pm.)
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With 730 nm excitation (Fig. 3 B, Center), bright particles
appear which were not visible with 850 nm excitation. Further-
more, the spectral phasor cloud elongates and shifts toward
shorter wavelengths, which is associated with the emergence of a
new spectral feature at ~510 nm (Fig. 3C, dashed curve). An
ellipsoidal phasor cloud indicates the existence of two spectral
components with varying contributions within pixels across the
image (34). One end of the ellipsoid clearly matches the spectral
phasor signature obtained for retinyl palmitate (Fig. 3 C, Inset).
Two cursors positioned on the distant ends of the phasor cloud
show contributions from pure A2E and retinyl esters in the TPE
fluorescence image (Fig. 3 B, Right). Pixels displaying spectral
features of retinosomes were color coded in red, while those with
A2E-like properties are in blue. Spectral phasor analysis shows
that retinosomes are predominantly located near RPE cell bor-
ders, filling empty spaces visible in the 850 nm spectral image,
and some are near cell nuclei. Fig. 3 D and E shows zoomed-in
images of RPE cell structure in selected regions of interest for
850- and 730-nm excitation, respectively. Spectral phasor anal-
ysis is thus consistent with phasor FLIM observations. Further-
more, the appearance of two-photon excited fluorescence from
retinosomes at a 730-nm wavelength excitation is not unantici-
pated, considering that the two-photon excitation spectrum of
retinosomes exhibits a maximum at around 730 nm and a steep
monotonic decrease when shifting excitation to longer wave-
lengths, culminating with minimal fluorescence at 850 nm (4, 14).
At 730 nm the contribution from pure A2E is largely reduced
when compared with 850-nm wavelength excitation. Most of the
pixels display mixed fluorescence properties with contributions
from both fluorophores. The spectral phasor imaging analysis
supports findings from phasor FLIM-based analyses.

Together, these results represent a direct demonstration of the
molecular identity of individual granules in the RPE, based on the
fluorescence properties of retinoids, namely retinyl esters and
retinal condensation products in mouse models (30). Further-
more, this approach does not require the destruction of tissues for
immunostaining or for mass spectrometry and high-performance
liquid chromatography (HPLC) analyses (11, 14, 35).

Melanin-Related Tissue Alterations Are Mitigated by Imaging with
Lower PRF. Because melanin is a significant fluorescent compo-
nent of the RPE and impacts the maximal permissible exposure
limits imposed by American National Standards Institute standards
for ocular imaging (36) and affects the mechanisms regulating oc-
ular drug delivery (37), we analyzed its properties under two-photon
excitation using cryosections from pigmented mouse models.
First, we investigated the impact of PRF on melanin-mediated
retinal tissue alterations during two-photon imaging (Fig. 4). Since
melanin can produce transient, brightly luminescent flashes under
TPE, to avoid damage to the highly sensitive photon-counting
hybrid detector (HyD), we used a photomultiplier tube (PMT)
detector for this evaluation. We found that to obtain the same
brightness of images quantified as pixel mean gray value (pgv) for
80- and 8-MHz excitation, 45% of the light power that was used for
80-MHz imaging was sufficient to obtain the same brightness with
8-MHz imaging. Furthermore, at light power sufficient to obtain
fluorescence images with 80 MHz, brightly luminescent, transient
flashes occurred in the choroid and RPE (Fig. 4B). With prolonged
imaging, bubbles, indicative of tissue alterations, formed in the
locations which exhibited a multitude of these flashes and in some
of the bubbles, stable fluorescent products accumulated (Fig. 4C).
These stable fluorescent products did not change over time and
were visible even with low laser power of 0.76 mW when using an
HyD detector (Fig. 4D). Using 8 MHz allowed us to use lower laser
power for the same pixel brightness compared to 80 MHz and did
not result in bright flashes or tissue alterations, while retaining
informative TPE images. Thus 8-MHz PRF enabled imaging with
lower laser power than that needed for imaging with 80 MHz.
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Fig. 4. For the same average laser power, potential for melanin-related laser damage to the retina does not change with PRF. (A-D) TPE fluorescence images
of retinal cryosections from black Rpe65~~ mice obtained consecutively with 750-nm and 80-MHz (Upper row) and 8-MHz (Lower row) PRF. OS indicates outer
segment layer; pink arrows indicate the border between RPE and choroid. Higher average power was needed to obtain images with 80 MHz and results in
retina damage, compared to no damage at 8-MHz PRF. Images were obtained with average laser powers that produce approximately the same pixel gray
value (pgv); pgv in the RPE and average power are indicated in all images. HyD was used for A and D; PMT detector was used for B and C. (B) No tissue damage
was detected at the beginning of imaging with 3.5-mW laser power. White arrows indicate melanin-related luminescence flashes; red arrows indicate sites
where bubbles or tissue damage were evident after 7.2 s exposure, shown in C, to 80-MHz 3.5-mW laser light; yellow arrows indicate fluorescent granules
formed after exposure to 80-MHz light at 3.5 mW; region to the left of blue dashed lines in images obtained with 8 MHz indicates portion of the sample that
was exposed to 80-MHz light. (Scale bar, 50 pm.) (E) Quantification of luminescent flashes as a function of laser power at the sample.

However, when we doubled the power to more than was needed
for imaging, we also noticed luminescent flashes with 8 MHz.
Consequently, we quantified the number of flashes as a function of
average light power. We found that for the same average laser
power, the number of brightly luminescent flashes induced with
750-nm, 75-fs light pulses in cryosections of the retina from pig-
mented animals was comparable between 80 and 8 MHz (Fig. 4F).
Although measurements using cryosections encapsulated between
a glass slide and coverslip do not replicate conditions of imaging
in vivo, cumulatively, these data indicate that for the same average
laser power, the potential for melanin-related laser damage to the
retina does not change with PRF.

We next characterized the fluorescence decay and spectral
data from the choroid and RPE. To obtain melanin TPE fluo-
rescence lifetime characteristics we acquired data from the ret-
inas of C57BL/6J—Ty*~%/J albino mice and pigmented, C57BL/
6J mice excited at 750 nm. We located the melanin phasor by its
presence in the choroid of pigmented animals and its absence in
albinos (Fig. 54), consistent with a previous report for the TPE
of melanin, specifically eumelanin (38). By doing either two- or
three-exponent fits of choroidal data we obtained a 7y, of 0.15 ns
in wild-type (WT) and Rpe65~ pigmented mice, close to the
previously reported value of 0.19 ns for melanocytic nevi (39).
Emission spectra from RPE and choroidal melanin showed a
broad maximum around 620 nm (Fig. 5B), shifted to the blue
compared to 640 to 680 nm previously reported for hair eume-
lanin excited with 1,000-nm, 80-MHz light (38).

Collectively, these important observations constitute a crucial
step to future imaging of the pigmented human eye. Reduced
PRF enables collection of TPE informative images with reduced
average laser power and thus poses substantially less risk for
melanin-mediated tissue alterations.

Selection of Optimal Conditions for Imaging the Retina in Pigmented
Animals. To obtain maximal imaging contrast from retinosomes,
we selected the excitation wavelength by comparing the reti-
nosomes’ mean gray pixel value to that of surrounding fluores-
cent granules as a function of excitation light spectra on retinal
sections from the pigmented Rpe65~~ mouse eye. Phasor FLIM
analysis revealed that most of the RPE pixels contained a mix-
ture of fluorophores including melanin. We identified reti-
nosome pixels based on their phasor signature and measured the
fluorescence, along the traces that spanned the choroid and the
RPE. We found that the ratio of retinosome fluorescence to that
of choroidal melanin was significantly larger for excitation with
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either 730- or 750-nm light than with 780-nm light (Fig. 5C).
Furthermore, we verified that FLIM based on phasor analyses
does not change with PRF (SI Appendix, Fig. S4). Thus, we se-
lected these wavelengths for imaging in living animals. First, we
obtained P?/hasor FLIM images from living albino Rpe65~~ and
Abca4”"""VRdh8™~ mice (SI Appendix, Fig. S5). Consistent with
data presented in Fig. 2, the distribution of pixels in Rpe65~/~
mice was very tight on the phasor plot; however, it was slightly
shifted toward shorter lifetimes, perhaps reflecting a different
cellular environment in the living mouse. Because there are no
other fluorophores in the RPE of these mice, the data represent
the retinosome phasor signature in living R ¢65~'~ mice. Phasor
FLIM data obtained in Abca4””’""Rdh8~~ mice with 850-nm
excitation displayed tightly distributed pixels on the phasor plot
identical to that shown in Fig. 2 for these imaging conditions,
indicating that A2E is the source of fluorescence. Imaging
Abca4”"""Rdh8™~ mice with 750-nm excitation revealed pixels
with a mixture of fluorophores, pointing to the possibility of
tracking the composition of the RPE fluorophores by their
phasor points distributions and FLIM imaging in vivo. Further-
more, by using 750- and/or 730-nm light at reduced PRF it was
possible to visualize RPE cell outlines based on the distribution
of retinosomes using low laser light exposure. Retinosomes lo-
calized close to the cell borders in both black and albino animals
(Fig. 6). Moreover, in both types of animals, the brightness, size,
and distribution of retinosomes varied somewhat, consistent with
those shown in Fig. 24. The retinosomes in the albino mouse
could be visualized utilizing 0.17 mW power at 750-nm light,
1-MHz PREF, and a 72-s exposure. Approximately 10 times more
energy was needed to obtain informative RPE images in pig-
mented animals (Fig. 6). Considering that melanin fluorescence
lifetime is short, we investigated the possibility of improving RPE
image clarity in black animals by either adjusting the focus or
gating the fluorescence photons by their arrival time (Fig. 7). To
test these possibilities, we obtained FLIM data in black Rpe657~
mice (Fig. 74). The phasor plot revealed that there is a contin-
uum of phasor points along the line in the phasor plot, which
means that there is a line of combinations between at least two
components that are at the extreme ends of the line (21). Thus,
different pixels can have greater or smaller contributions from
each of the two components. Considering that no other fluo-
rophores than retinyl esters and melanin are present in the RPE
of this genetically modified mouse, we assigned the pure melanin
phasor as depicted in Fig. 54 and the retinyl ester in SI Appendix,
Fig. S5. By adjusting the focus 10 pm deeper into the eye we
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Fig. 5. Selecting optimal wavelength for TPE fluorescence imaging of retinosomes in black animals based on FLIM. (A) FLIM images and phasor plots from
cryosections of the posterior portion of the eye in 5-mo-old WT black, C57BL/6J and albino, C57BL/6J—Tyr“2J/J mice. (A, Left) Data obtained from black mice
and (A, Right) data from albino mice, both with 750-nm excitation. In each phasor plot purple circles indicate location of the melanin phasor or its absence in
the albino animal; purple color was selected arbitrarily. In albino mice, phasor points from choroid and outer nuclear layer (ONL) are located in the same
region of the semicircle plot and outlined in green. (B) TPE fluorescence spectra of RPE and choroid from retinal cryosection of the 3-mo-old black Rpe65"~
mouse eye obtained with 850-nm excitation. (C, Left), TPE FLIM image of the retinal cryosection from 3-mo-old black Rpe657~ mouse. OS, outer segments; IS,
inner segments; white dashed line indicates trace along which fluorescence profile shown in the middle was measured; red arrow points to a retinosome. (C,
Right) Ratio of TPE fluorescence from retinosomes to that from choroidal melanin was maximal at 730-nm excitation, closely followed by 750-nm excitation.

Data are presented as mean + SD, n = 3. (Scale bars, 40 pm.)

found that there were more blue pixels, indicative of a shorter
melanin-like fluorescence lifetime (Fig. 74). To analyze the change
in the fraction of the image occupied by the melanin, between the
two focal positions, we generated a phasor mask for pixels located
in the vicinity of A2, exhibiting higher melanin impact on the lo-
cation of the phasor points in Fig. 74, and applied the Imagel
particle analyze feature, which allows the calculation of the area of
the image covered by the object of interest. We calculated that the
fraction of RPE area occupied by melanin increased from 8 to
23% in the outlined region of interest. Because these mice do not
accumulate A2E in their retina and assuming a diffraction-limited
mouse eye point spread function along the eye axis around 8 pm
(40), we attribute this shift to the greater contribution of choroidal
melanin to the phasor FLIM (Fig. 5). We then tried a gating
approach to increase the clarity of imaging retinyl esters by post-
processing decay data and rejecting photons with very short arrival
times. We found that this method (gating) provided important
improvement to the imaging contrast (Fig. 7B), such that reti-
nosomes with varying brightness and RPE cells, with an average
RPE cell size of 26 pm, in agreement with previous reports (4, 14),
could be distinguished. Using the normalized variance as an image
metric we determined that filtering out photons with arrival times
longer than 0.26 ns did not produce further improvement (Fig. 7C).

Analysis of Potential Photodamage Pathways: 1. Free-Electron-Mediated
Damage Pathways. The high irradiance values used in nonlinear
microscopy enable TPE with IR wavelengths but also pose a risk for
photodamage caused by nonlinear photochemistry and the excita-
tion of free electrons into the conduction band (CB) of water from
where they can interact with biomolecules and break bonds (41-43).
Moreover, solvated electrons have a long lifetime of up to 300 ns
during which they can directly interact with biomolecules, and their
decay products involve several types of reactive oxygen species (44).

Palczewska et al.

In the following, we assessed whether luminescence changes and
bubble formation shown in Fig. 4 can be caused by pathways in-
volving the generation of CB electrons (“free” electrons) in water.

Simulation of laser-induced plasma formation is based on the
full Keldysh theory of strong-field ionization and a multiple-rate
equation (MRE) approach for the description of avalanche ioni-
zation (45, 46). The band gap of water is assumed to be E,,, = 9.5
eV, and a separate initiation channel via solvated electron exci-
tation at an intermediate level E;,; ~ 6.4 €V is considered (45, 47).
At the irradiance levels used in nonlinear microscopy, tunneling
plays no role, and strong-field ionization occurs by multiphoton

albino o
017 mW, 728 % *

pigmented
1.5mW,72s

Fig. 6. Imaging of live albino and black mice with low excitation light ex-
posure. Left shows RPE in albino and Right shows RPE in black Rpe65™,
7-mo-old mice. In both panels, exemplary very bright retinosomes are indi-
cated with green arrows and those less bright with yellow arrows. Excitation
at 1-MHz PRF, 0.17 mW of average power, and 72 s imaging time was ad-
equate to visualize cellular details in an albino Rpe65™ mouse. Approxi-
mately 10 times more energy was required to image RPE in black animals.
(Scale bars, 50 pm.)
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Fig. 7. Overcoming hindrance by melanin in imaging of live pigmented ani-
mals by time gating of FLIM. (A) FLIM and phasor plots obtained in a live black
Rpe65~~ mouse. Data on Right were obtained at a location 10 pm toward the
choroid compared to data on Left. Arbitrary colors in FLIM images are based on
the colors of the rainbow bar in phasor plots. The same bar was used for both
images. Boxed areas in FLIM images represent the areas for which phasor plots
are shown. A; and A, illustrate shift in decay characteristics toward shorter
lifetimes. (B) Improvement in image quality obtained with time gating. (Left)
Intensity-based image using all fluorescence decay data points. (Right) Image
was composed of data points starting at 0.26 ns after the peak of fluorescence
decay for each pixel. Bright spots indicate retinyl ester storage compartments,
retinosomes. (C) No appreciable improvement in image quality was observed
with setting the time gate at 0.26 ns or longer. Fluorescence decay curve for
entire image is shown in Inset; data points to right of red vertical line, repre-
senting position of time gate, were used to form images and quantify image
quality using normalized variance. (Scale bars, 100 pm in all images.)

excitation. We considered multiphoton ionization across the entire
bandgap and via Ej,;, followed by up-conversion into the con-
duction band. The MRE approach is based on a refined impact
scheme, which considers the energy levels (k X #w) in the con-
duction band and the electron number density distribution (71;) in
each of these levels (46, 48, 49).
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Irradiation parameters used for the simulation were wave-
length 2 = 750 nm, pulse duration 7 = 75 fs (full width at half
maximum of a pulse with Gaussian temporal profile), and nu-
merical aperture (NA) = 1.0 (Table 1). The beam quality factor
M? is assumed to be 1.1. Material parameters for water are ef-
fective Drude collision time z.o; = 0.9 fs and density of preex-
isting traps, which can host solvated electrons abstracted from
excited water molecules, Xrap = 10" cm™ (47). The single-pulse
energy relates to the average power Py, and PRF by E. = P,/
PRF. For a top-hat beam corresponding to an overfilled en-
trance pupil of the microscope objective, the peak laser irradi-
ance is linked to the single-pulse energy by Eq. 1,

_3BE

[ - =
A’

1]

where d = 1.22x4/NA is the diameter of the central part of the
Airy pattern (45). Table 1 summarizes the irradiation parameters
employed in the different imaging modalities.

To assess the possibility of plasma-mediated effects, we cal-
culate the free-electron density p,, their average kinetic energy
£avg, and the total number of free electrons produced in the focal
volume by one pulse (npuse) and during the pixel dwell time
(ntota1)- The free-electron density corresponding to one electron
per plasma volume is pie/vol = 1/Vpiasma (46). For 4 = 750 nm and
NA = 1.0, p1e/vor = 7.05 X 10" cm™. Plasma-mediated damage
may arise if the total number of CB electrons produced during
the pixel dwell time, 714444y, is sufficiently large. The severity of the
damage depends also on the spectrum of CB electron energies,
as more energetic electrons can break stronger bonds or even
multiple bonds (41, 50).

SI Appendix, Fig. S6 presents the number density of the free
electrons produced by a single laser pulse and their average kinetic
€nergy, £ayvg, as a function of peak laser irradiance. We see that for
PRF = 80 MHz, the free-electron density is always at least two
orders of magnitude smaller than that producing one free electron
per pulse in the plasma volume. Since the number of pulses ap-
plied during the pixel dwell time of 3.16 ps is 253, plasma-
mediated effects can be excluded as a source of photodamage.

For PRF = 8 MHz, the free-electron density becomes signif-
icant and at high P, their energy reaches values of several
electron volts that are sufficient to break molecular bonds (51).
However, only 25 laser pulses are applied during the pixel dwell
time, and the irradiation dose within the focal area 4 given by
H = Ey, X NpuiselA = Payg X tawen/A remains below 2 J/em? for all
irradiation conditions investigated.

In previous studies on two-photon microscopy of non-
pigmented cells and tissues, much higher threshold irradiation
doses were reported for the onset of a strong luminescence in-
crease: Hy, = 2.5 x 10* J/em® at Iy = 0.41 x10'> W/em®, 4 =
730 nm, 7y, = 150 fs in ref. 52; Hy, = 7.0 x 10° J/em® at Iy = 0.96 X
10'* W/em?, 2 = 730 nm, 7y, = 160 fs in ref. 53; and Hy, = 1.3 x
10° J/em? at Iy = 4.4 x10'> W/em®, 2 = 830 nm, 7, = 130 fs in ref.
54. The luminescence increase in these studies could have been
caused either by nonlinear photochemical changes (55) or by
free-electron—mediated effects (41-43). Since the Hy, values in
nonpigmented cells are three to four orders of magnitude higher
than the threshold for luminescence onset observed in the pre-
sent paper within a similar range of irradiances, we can rule out
both plasma-mediated effects and nonlinear chemical effects as a
primary source of photodamage in pigmented retinal tissue. This
conclusion applies for both 80- and 8-MHz PRF and holds even
if sequences of several images are recorded. For lower PRFs, the
peak irradiance is raised to maintain the same photon yield at
constant image acquisition time. According to SI Appendix, Fig.
S6, this would result in a strong increase of free-electron density
with energies sufficiently high to break molecular bonds. However,
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Table 1. Irradiation parameters used for two-photon retinal imaging

PRF fore, MHz  Avg. power P,,g, mW

Single-pulse energy £, pJ

Peak irradiance /o[10"2 W/cm?]

80 1.5 16 35 48
8 0.76 1.8

18.75 20.0 43.75
48 950 225.0

60.0 0.1172 0.125 0.274 0.375
600 0.594 1.406 3.750

the irradiation dose would likely remain below the threshold for a
strong luminescence increase so long as the repetition rates in the
megahertz range are employed.

The temperature increase AT per laser pulse arising from
thermalization of the free-electron energy can be assessed by
multiplying the number of free electrons created per focal volume
with their average energy, which is given by Eyp + €4y Cumu-
lative heating is calculated using the modeling tools described in
ref. 41 and below. It turns out that the cumulative temperature rise
at the end of the pixel dwell time stays below 107> K even at the
highest investigated average power at 8§ MHz. Plasma-mediated
thermal effects in transparent parts of the retina can thus be ex-
cluded, in agreement with the results of previous studies (56).

Analysis of Potential Photodamage Pathways: 2. Thermal Damage
Pathways. To assess whether luminescence changes and bubble
formation shown in Fig. 4 could be caused by thermal effects, we
calculated the change in the temperature, 7(¢), within laser-
irradiated melanosomes after a single 75-fs pulse (4 = 750 nm),
during application of a series of 75-fs pulses emitted at 8- and
80-MHz PRF and during continuous-wave (cw) laser irradiation at
the same wavelength by solving the differential equation for heat
diffusion with the appropriate Green’s function, as described in
ref. 41. We assumed the temporal shape of the laser pulses to be
Gaussian, with half width 75 fs. We used the values p, = 1,000
kg-m~ for the densiy, C,=4,187J-K "kg" for the heat capacity,
and x = 1.38 x 1077 m%s™! for the heat diffusivity of water. As-
suming 70% water content, the respective values for melanosomes
are po = 1,090 kgm ™ and C, = 3,300 - K "kg™" (57, 58).

Size and absorption properties of melanin granules were
adopted from Williams et al. (59) who investigated the size dis-
tribution of melanosomes in mouse retinal pigment epithelium
and their spectral absorption. Melanosome sizes in the soma of
RPE cells were found to exhibit a broad variation between 100
and 450 nm radius, and the shape varied from approximately
round in the soma to ellipsoidal in the apical parts. The absorption
coefficient at 532 nm was u, ~ 10,000 cm™', which can be ex-
trapolated to ~3,000 cm™" at 750 nm using the wavelength scaling
of melanin absorption from ref. 57 (https://omlc.org/spectra/
melanin/mua.html), p, « A48,

Simulations were performed for spherical melanin granules of
300 nm radius located at the focus center of the laser beam used
for two-photon microscopy. For simplicity, we assume that the
granule is located at the focus center during the entire pixel dwell
time. While small particles are heated only by the large radiant
exposure at the focus center, the average radiant exposure is
smaller for large particles as their outer part is irradiated by the
small irradiance at the periphery of the focal region. Therefore,
the calculation of the temperature rise needs to consider the local
radiant exposure as a function of distance » from the optical axis
and the path length of each ray traversing the particle that also
changes with r. For each r value, the energy absorbed in the
melanin granule is calculated based on Lambert-Beer’s law, and
the total absorbed energy is obtained by integration over all rays in
the particle’s cross-section. For calculating the heat diffusion into
surrounding water, the temperature within the particle is assumed
to be homogeneous, corresponding to the total amount of absorbed
energy and the thermal properties of the melanosome.

The temperature rise produced by single pulses amounts to
AT e = 45.6 K for an 8-MHz pulse train at P,y, = 1.8 mW and
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to AT puise = 8.9 K for an 80-MHz pulse train at P,ys = 3.5 mW. ST
Appendix, Fig. S7 shows the corresponding 7(¢) curves for a
melanosome with 300 nm radius irradiated by 80- and 8-MHz
pulse trains, together with the temperature evolution for cw ir-
radiation with the same average power. T(f) curves are normal-
ized to the temperature jump AT}y produced by a single pulse
and show the heat accumulations during a pulse train.

The T(¢) curves exhibit a steep temperature rise (ATpyise)
during each laser pulse, followed by a drop between pulses due
to heat diffusion out of the focal volume. While ATys remains
the same during the entire pulse train, heat diffusion increases
with increasing focal temperature until the cw component of the
temperature reaches a saturation value. For a given average
power, the saturation value of the cw component of 7() is always
the same, regardless of pulse repetition rate. This holds although
the temperature rise AT, by individual pulses is much larger
at 8 MHz because the heat accumulation factor (HAF) =
T max,comu/ AT puise 1S smaller at the lower repetition rate. While
HAF was 11.48 for the 80-MHz pulse train, it was only 1.75 at 8
MHz. The difference is even larger for the heat accumulation
factors of the cw component, where the values are 10.9 and 1.09,
respectively.

A reduction of the pulse repetition frequency below 8 MHz at
constant photon yield will reduce the HAF only slightly as it is
already small at 8 MHz, but it will result in a significant increase
of temperature rise by individual pulses, which increases the risk
of thermomechanical damage.

Two-photon imaging at lower pulse repetition rates can be
performed at lower average power because of the quadratic
dependence of fluorescent photon yield on irradiance (or pulse
light intensity, respectively) (15, 16). Specifically, P,,, < 1.8 mW
was sufficient to record images at § MHz, whereas up to 3.5 mW
was needed at 80 MHz. SI Appendix, Table S1 summarizes the
simulation results for the temperature evolution and maximum
temperature at different pulse repetition frequencies for mela-
nosomes of R, = 300 nm. Outside the melanosomes, the tem-
perature drops rapidly due to heat diffusion but is significantly
elevated in a shell that extends approximately up to twice the
particle’s radius (41). We conclude that photodamage in retinal
imaging occurs through thermally mediated pathways, whereas
plasma-mediated effects play no role.

Together, these technical applications and their optimization
and the resulting data suggest a possibility of safe imaging the
human retina and RPE with precise identification and localiza-
tion of retinal fluorophores.

Discussion

Ophthalmic imaging techniques are cornerstones in retinal disease
management and the identification of new treatments. Despite
tremendous progress, current methods for retinal imaging such as
color photography, narrow band reflectance photography, and
OCT provide structural and in the case of OCT volumetric data
while differentiating layers of specialized cells in the retina; how-
ever, they reveal tissue dysfunction only when a structural pheno-
type already exists and, therefore, they are insensitive to early stages
of disease. Furthermore, fundus autofluorescence provides some
information about retinal condensation products, but retinyl esters
are undetectable using this method. Thus, imaging that can access a
different aspect of tissue function, encoded at the biochemical level
through intrinsically fluorescent metabolites fundamental to visual
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processing, offers the possibility of identifying a unique series of
disease-specific early biomarkers. Previously, through TPE imaging
studies combined with HPLC and mass spectrometry methods using
WT and retinal discase mouse models, retinosomes and their role in
the retinoid cycle were discovered (7, 60). Also, by tuning excitation
spectra and applying spectral detection, the overaccumulation of
AZ2E in the RPE of mouse models of light-induced retinal degen-
eration was discerned (4). Moreover, TPE-based images showing
the three-dimensional arrangement of retinal photoreceptors and
the RPE revealed the sequence of events leading to retina degen-
eration following bright light illumination and the effect of drugs on
preventing it (10, 11). While there is increasing interest in applying
FLIM to the early detection of retinal diseases in humans (23),
retinyl esters cannot be detected with existing one-photon modali-
ties. Previous methods based on artificial dyes do not provide in-
formation about retinal metabolites (61). Furthermore, noninvasive
identification of retinal fluorophores without the need for tissue
destruction is missing. Although it was possible to image the retina
in albino animals with exposure levels equivalent to the safe imaging
of the human eye, imaging of pigmented animals required expo-
sures above safety limits (40). In research reported here, we present
low-level exposure two-photon retinal imaging data from albino and
pigmented animals attained by controlling temporal properties of a
pulsing laser light. Furthermore, lower exposures permitted imaging
of pigmented animals without damaging the retina, yet enabled the
molecular identification of endogenous fluorophores in tissues by
utilizing fluorescence decay and spectral data.

Reducing PRF increased TPE efficiency, resulting in higher
fluorescence for the same average power (Fig. 1 and ST Appendix,
Fig. S1) (15), thus allowing the collection of informative images
with less laser light exposure (Fig. 4). For A2E we observed more
than a 10-fold fluorescence increase between 8 and 80 MHz
(Fig. 1B). However, for retinyl palmitate the increase was smaller
for higher excitation powers. Possible explanations might include
fluorophore saturation and the counting rate limit of the de-
tector considering the high transient photon flux from retinyl
palmitate (SI Appendix, Fig. S1) (62, 63).

The quantification and mapping of the distribution of granules
with diverse molecular composition (Fig. 2 and SI Appendix, Fig. S2)
were demonstrated noninvasively, based on differences in fluores-
cence decay and spectral characteristics of A2E and retinyl esters.
Additionally, phasors of synthetic compounds differed from the re-
sults obtained in intact eyes (Fig. 2 and SI Appendix, Fig. S5). These
differences can be attributed to the molecular environments (64)
and the fluorescence decay dependence on concentration (Fig. 1C).
Furthermore, the smaller NA of the mouse eye compared to the
microscope objective results in a larger focal volume and the con-
comitant contribution of signals from neighborinvg areas. Whereas
the 850-nm FLIM data derived from the Abca4”""" Rdh8”~ mouse
RPE closely resembled those of a synthetic A2E solution (Fig. 1C),
730-nm excitation revealed a multitude of granules including reti-
nosomes, A2E at various concentrations, other retinal condensation
products, and granules that exhibited mixed properties (Fig. 2 and SI
Appendix, Fig. S2).

Based on the data in SI Appendix, Table S1, we can identify
three possible thermally mediated damage pathways: 1) Ther-
moelastic stress arising from impulsive heating may induce cav-
itation and melanosome fragmentation. 2) Vaporization into the
bubble nuclei produced by cavitation will lead to bubble growth,
when the focal temperature exceeds the boiling point (100 °C).
And 3) temperature-dependent chemical changes of biomole-
cules may change their structural and optical properties.

Unlike the thermomechanical changes occurring in the first
and second photodamage pathways that are characterized by well-
defined temperature thresholds, the thermochemical changes are
rate processes that depend both on temperature and on time.
In the following, we discuss all three pathways step by step and
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analyze their possible contribution to the damage patterns ob-
served for different pulse repetition rates (Fig. 4).

Thermoelastic Stress. The heating by a 75-fs pulse occurs by vi-
brational relaxation of excited states in the melanin granule,
which is completed within a few picoseconds. This is much faster
than thermal expansion of the granule, because a thermal ex-
pansion wave propagates with sound velocity ¢;, and thermal
expansion is completed when the expansion wave has traveled
through the absorber with diameter 2 X R,,. For a particle with a
300-nm radius, 2 X R,/cs = 600 nm/1,480 m/s = 0.405 ns, which is
much longer than the heating time. As a consequence, energy
deposition is isochoric, and compressive thermoelastic stress
builds up during heating (41, 65, 66). The pressure amplitude
produced by a given temperature rise increases with increasing
ambient temperature because the Griineisen coefficient, which
relates ATpye t0 Ap, increases with T (67). After the deposition
of “stress confined” energy into an absorber of finite size, it
expands, and then a relaxation stress wave is emitted. This stress
wave is bipolar; i.e., the compressive part is followed by a tensile
part, when the material that was accelerated during thermal
expansion comes to a halt. The tensile wave propagates from the
outer boundary of the particle toward its center, whereby it is
focused. For a spherical, homogeneously absorbing particle, the
tensile stress in the particle’s center is 16 times as large as the
uniformly distributed initial compressive stress (65). The mate-
rial will rupture and a cavitation bubble will form, when a tra-
jectory in the (p/T) phase diagram crosses the kinetic spinodal
(“superheat”) limit (41, 66). For spherical absorbers this occurs
even when the peak temperature stays well below the boiling
point (65). When melanosomes are impulsively heated, the
tensile stress can fracture the particle (68, 69). This will expose
the bubble nucleus to surrounding tissue water and lower the
nucleation threshold below the value observed under non—stress-
confined conditions (irradiation with nanosecond pulses), for
which values of 112 °C (58) and 136 °C (70) have been reported.

While for 80-MHz pulse repetition frequency the lowering of
the bubble nucleation threshold seems to be the main thermo-
elastic effect, the larger temperature jumps during an 8-MHz
pulse train can induce oscillating cavitation bubbles (41) and will
have a larger fragmentation yield (68). Lowering the PRF below
8 MHz will further increase the fragmentation yield.

Vapor Bubble Growth. A bubble nucleus will grow by vaporization
of surrounding water, if the temperature-dependent vapor pres-
sure exceeds the outer pressure, which is given by the sum of
hydrostatic pressure and Laplace pressure p, = 2y/R caused by
surface tension, with coefficient y = 0.073 N/m at room temper-
ature, and y = 0.059 N/m at 100 °C. For large bubbles, where
surface tension can be neglected, a bubble can grow once T >
100 °C, but a larger temperature is required for small bubbles.
More specifically, for a bubble of, e.g., 1-pm radius, p, = 0.118
MPa at 100 °C. Considering the temperature dependence of sur-
face tension, 7 must be larger than 120 °C to allow bubble growth
(71). Thus, a vapor bubble can form if the sum of room temper-
ature and cumulative laser-induced temperature rise exceeds
120 °C. With the imaging parameters of Fig. 4, this condition is
approximately fulfilled for a melanosome of 300 nm radius at
80-MHz pulse repetition frequency at P,,, = 3.5 mW, but the
temperature produced by the 8-MHz pulse train at Py, = 1.8 mW
stays below the limit. When a further PRF reduction goes along
with a further lowering of average power, vapor bubble growth can
be avoided even more effectively.

Thermochemical Changes. Heating of proteins to temperatures
well above 100 °C can induce an increase of fluorescence, similar
to that observed at tissue surfaces after femtosecond laser ab-
lation (72, 73). Qin et al. (73) observed a strong fluorescence
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increase in various types of tissues, albumin, and lysin heated to
200 °C for 15 min. We hypothesize that similar thermochemical
changes are responsible for the fluorescence increase in the
immediate vicinity of the melanosomes observed after imaging
with 3.5 mW average power at 80 MHz (Fig. 4). This interpre-
tation will need further substantiation in the future because the
pixel dwell time is much shorter than the heat exposure time in
ref. 73, and it is known that thermal denaturation thresholds
increase with decreasing heat exposure time (74). However, it
may well be that the photodamage kinetics of a femtosecond
pulse series exhibit synergies between thermochemical changes
and nonlinear photochemical effects that are neither observed in
short-time cw exposures nor observed after femtosecond laser
irradiation of tissues at room temperature.

Since the total yield of thermally changed molecules depends
not just on peak temperature but also on heat exposure time,
80-MHz trains of 3.5 mW average power will produce more al-
terations than 8-MHz pulse trains with Py, = 1.8 mW because
their cw component is almost twice as high. However, once
fluorescence changes have been produced by an 80-MHz pulse
train, they are long lasting and fluorescence can be excited also
by low-power 8-MHz pulse series, as seen in Fig. 4 A, Lower.
Thus, melanin-related thermochemically induced damage of the
retinal pigment epithelium as well as vapor bubble growth can be
mitigated by a reduction of pulse repetition frequency from 80 to
8 MHz, due to the lower average power providing the same
fluorescence photon yield. This result is in agreement with pre-
vious findings on multiphoton microscopy of pigmented skin
(16). It is conceivable that lowering the PRF below 8 MHz may
be beneficial, but it will increase the fragmentation yield of the
melanin granules. Thus, further investigations for identifying the
optimum PREF are still warranted to identify the optimum PRF
that may lie below 8§ MHz.

Thus, analysis of the possible damage pathways, including
free-electron-mediated damage, revealed that thermally pro-
duced changes originating from laser-induced heating of the
melanin granules are the main cause of the observed alterations
and that imaging with reduced PRF is mitigating these changes.
The irradiation dose applied during the recording of individual
images is too small to induce a significant amount of photoprod-
ucts by nonlinear photochemistry of plasma-mediated effects.

By analyzing the spectral and decay properties of melanin and
pigmented tissue alterations under TPE and reviewing the po-
tential for tissue damage by individual or a series of femtosecond
pulses, we optimized excitation wavelength, time gating of fluo-
rescence photons, and PRF to obtain informative images using
noninvasive imaging conditions (41, 45, 46), critical for trans-
lating these findings to applications in humans.

In conclusion, we noninvasively determined the composition
of individual granules in the RPE and determined the relative
content of vitamin A stores containing retinyl esters and deposits of
retinoid cycle byproducts by their fluorescence decay and spectral
characteristics. Furthermore, we have shown that risk for eye tissue
alteration by TPE imaging is mitigated with reduced PRF.

Methods

Animals and Study Approval. All mice were housed in the animal facility in the
University of California, Irvine Laboratory Animal Resources (ULAR) center,
where they were maintained on a normal mouse chow diet under complete
darkness or in a 12-h light (~10 Ix)/12-h dark cyclic environment. Mice were
anesthetized with an i.p. injection of ketamine (20 mg/mL) and xylazine
(2 mg/mL) diluted with water at a dose of 5 pl/g body weight. Before im-
aging, mouse pupils were dilated with 1% tropicamide. Animal procedures
were approved by the Animal Care Committees at the University of Cal-
ifornia, Irvine (UCI) and conformed to the recommendations of both the
American Veterinary Medical Association Panel on Euthanasia and the As-
sociation for Research in Vision and Ophthalmology under assurance no. A-
3416-01. WT, black C57BL/6) mice and albino C57BL/6J—Tyr"~//) mice were
obtained from The Jackson Laboratories. Albino and black Rpe65~~ mice
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were generated as previously described (4, 75). Albino Abca4”""VRdh8~
mice were obtained by cross-breeding of previously described albino
Abca4”™""V (12) with albino Rdh8™~ mice (76). PCR was performed to select
animals with genotypes which were homozygous.

TPE Imaging with Reduced PRF. To increase the TPE fluorescence and minimize
laser light exposure needed to obtain informative images of the retina, our
custom TP imaging system was redesigned to include a new light source
delivering laser pulses with controlled and adjustable PRF, based on the
inverse relationship between TP absorption rate and PRF for the same av-
erage power (Fig. 1) (14-16). Reducing the PRF was achieved with the
Conoptics pulse selection system composed of an electro-optic modulator,
indicated in Fig. 1A as pulse picker; a countdown module, counter in Fig. 14;
and a power supply. Synchronization outputs from the lasers provided an
electrical reference pulse train for the counter, which in turn sent the signal
to the pulse picker power supply unit. Pulse picker is a transverse field-type
Pockels cell, which changes the state of polarization of the input light
according to the control voltage. Control voltage is adjusted in such a way
that in a low state all of the light goes through the modulator and analyzer,
whereas in a high state all of the light is blocked. The desired PRF is attained
by selecting the number of pulses to be rejected, n, by the pulse picker using
the counter; e.g., for n = 9 every 10th pulse is transmitted, resulting in a
PRF = 80 MHz/10 = 8 MHz. Monitoring the PRF and relative amplitude of the
laser pulses was enabled by connecting the output from the photodiode
(PD) to an oscilloscope. Thus, it was possible to obtain controlled average
power measurements at the imaging plane, for the known amplitude of
laser pulses. Optimal alignment of the pulse picker electro-optic modulator
(Fig. 1) was achieved by first adjusting the position of the input and output
windows so there was no detectable diffraction or beam clipping and then
by physically rotating it to maximize passive light transmission through the
internal polarizer. Before each data collection series at a specified PRF and
wavelength, the bias voltage on the pulse picker power supply unit was
adjusted to maximize the amplitude of the selected pulses and minimize the
amplitude of the unwanted pulses and dispersion precompensation was
adjusted to account for the Pockels cell.

FLIM. To obtain FLIM data we used a modified Leica TCS SP8 microscope with
Falcon architecture (77) shown in Fig. 1 and described in detail in S/
Appendix, Methods.

Hyperspectral Imaging. Spectral data were obtained using a modified Leica
TCS SP8 with an integrated spectral detection. In this approach spectral
components of the fluorescent light were separated spatially by the prism,
isolated by a motorized slit, and detected by an HyD in a descanned con-
figuration. For each pixel within the image, its fluorescence emission spec-
trum was recorded and separated in up to 30 wavelength channels, from 400
to 700 nm. The acquisition time for one dataset was ~39's, 1.3 s per single-
wavelength channel.

The raw data obtained from the microscope software were analyzed in the
Globals for Images: SimFCS 4 software package using a spectral phasor ap-
proach, as previously described (33, 78). The fluorescence spectrum of each
pixel was transformed into a spectral phasor plot using (33)

x coordinate = G = M

2l '
and [2]
y coordinate = S = m);:jilla()z”ﬂ)'

where /(2) is the fluorescence intensity at each wavelength channel of the
spectrum and L is the total wavelength range. The x and y coordinates have
values from —1 to 1 and are plotted in a scatter plot called a spectral phasor
plot. The position of each data point in the plot is simultaneously related to
the center of mass of the spectrum and its full width at half-maximum
(FWHM). Therefore, pixels with similar spectral properties will form clouds
of points located in close proximity. The angular position of each point is
related to the center of mass of the spectrum, while radial position is related
to its FHWM. The spectral phasor approach enables quick identification of
emission spectra of pixels within the image. Various pixels of interest can be
selected with a cursor and color coded in the TPE fluorescence image, to
highlight pixels with various spectral features.

Statistics. Data from at least three independent experiments were presented
as means + SD.
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Data Availability. All data supporting the findings of this study are available
within this paper and S/ Appendix.
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