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Photodynamic therapy (PDT) relies on a series of photophysical and photochem-
ical reactions leading to cell death. While effective for various cancers, PDT has
been less successful in treating pigmented melanoma due to high light absorption by
melanin. Here, this limitation is addressed by 2-photon excitation of the photosen-
sitizer (2p-PDT) using ~100 fs pulses of near-infrared laser light. A critical role of
melanin in enabling rather than hindering 2p-PDT is elucidated using pigmented
and non-pigmented murine melanoma clonal cell lines in vitro. The photocytotox-
icities were compared between a clinical photosensitizer (Visudyne) and a porphyrin
dimer (Oxdime) with ~600-fold higher c,, value. Unexpectedly, while the 1p-PDT
responses are similar in both cell lines, 2p activation is much more effective in kill-
ing pigmented than non-pigmented cells, suggesting a dominant role of melanin
2p-PDT. The potential for clinical translational is demonstrated in a conjunctival
melanoma model in vivo, where complete eradication of small tumors was achieved.
This work elucidates the melanin contribution in multi-photon PDT enabling sig-
nificant advancement of light-based treatments that have previously been considered
unsuitable in pigmented tumors.

photodynamic therapy | multiphoton | ocular melanoma | melanoma | melanin

Photodynamic therapy (PDT) uses light-activated photosensitizers (PS) to induce cell
death by necrosis, apoptosis, and/or autophagy and is approved clinically for a range of
tumor types, (1, 2) localized infections (3—6) and, in the eye, wet-form age-related macular
degeneration (AMD) (7, 8). Melanoma is a pigmented tumor that originates from mel-
anocytes and the cutaneous form is the most lethal skin cancer (9—11), in which the few
clinical trials of conventional PDT using molecular PS and low-power continuous wave-
length (CW) photoactivation have shown only incomplete responses (12). This is attrib-
uted primarily to poor light penetration due to high melanin absorption, although other
biophysical and biological effects may also contribute to the limited efficacy (13). In order
to overcome the light penetration barrier, we recently reported that topical application of
optical clearing agents that reduce the light attenuation through refractive index matching
in the dssue, combined with dual-photosensitizer (vascular + cellular) PDT, resulted in
tumor eradication in an in vivo intradermal melanoma model in mice (14).

Although melanoma occurs predominantly in the skin, it is also the most prevalent
primary intraocular malignancy in adults (15-17), for which current treatments are either
globe-preserving treatments or enucleation. The former includes plaque, charged-particle,
and stereotactic radiotherapy. Due to associated collateral damage, such as radiation retin-
opathy, papillopathy, hemorrhage, cataract, macular edema, retinal detachment, and neo-
vascular glaucoma, watchful waiting is recommended for small tumors. Nevertheless,
despite high levels of local disease control, 50% of patients develop metastatic disease,
resulting in an average survival of only 13.4 mo from time of metastatic diagnosis (18,
19). Other experimental therapies such as thermotherapy, proton beam irradiation, and
chemotherapy have been reported but have not led to breakthroughs or clinical translation
to date (20-22).

Conventional PDT with low power density (~100 mWem %) CW laser irradiation has
also been investigated in intraocular tumors as both a primary and adjuvant therapy, but
with variable and disappointing responses (12, 23). Yordi and colleagues (23) reviewed 7
trials of Verteporfin (Visudyne™)-mediated PDT as a primary treatment of choroidal
melanoma (mean tumor height 3.8 mm) in 162 patients. Partial regression was seen in
92% of non-pigmented tumors but the treatment failed in 81% of pigmented tumors.

Optical clearing would require invasive administration into intraocular tumors, so we
investigated here the alternative of two-photon (2p) activation using ultrashort (~100 fs)
near-infrared (NIR) laser light. These experiments were performed in cell monolayers
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in vitro and in an in vivo mouse model of conjunctival melanoma,
using both pigmented tumor cells and non-pigmented tumor cells.
In addition to the advantage of reduced scattering and melanin
absorption using longer wavelength NIR light, multiphoton acti-
vation can be highly localized to a near-diffraction-limited volume.
We demonstrated this previously by targeting of individual tumor
blood vessels (24). This degree of spatial precision is critical in the
eye to minimize collateral photodamage, and the full target tumor
volume can be treated using x-y-z raster scanning of the focal spot.

Conventional 1p-PDT uses a range of molecular PS (1, 8, 25, 26)
that have very low 2p cross-section, 6,,, typically tens of GM units
or lower. As a result, the activation is very ineflicient and requires
the use of very high doses of light (27). Hence, molecular (24, 28)
and nanoparticle (29, 30) agents have been investigated, and
have shown tumor responses in various non-pigmented preclin-
ical tumor models. Here, we used a porphyrin dimer, Oxdime
(24, 31), developed specifically for 2p-PDT, with 6,, ~ 17,000
GM at a peak wavelength of 920 nm (24). We compared 2p- and
1p-PDT in the clonally identical melanotic and amelanotic
melanoma cells, using both Oxdime and the benzoporphyrin
photosensitizer Visudyne (32) ((7zp =31+ 9 GM at 840 to 890
nm) (27) that is used clinically for AMD (7). 'This was done in
both cell monolayers in vitro (where melanin light attenuation
can be ignored) and in an in vivo mouse model of conjunctival
melanoma.

The in vitro studies led to the unexpected observation of a dom-
inant role of melanin-mediated photoactivation in the 2p-PDT
cytotoxicity, particularly with low 6,, photosensitizer. Additional
photophysical studies indicate that the likely mechanism of action
is the absorption of the pulsed laser light by melanin, followed by
either photosensitizer absorption of the resulting fluorescence
emission and/or Forster resonant energy transfer (FRET) between
melanin and the photosensitizer. The optical power dependence
of the PDT cytotoxicity also suggests a contribution from 3p
melanin absorption in addition to 2p activation. Further, we found
significant anti-tumor efficacy in vivo, including in some cases
complete eradication, in a mouse model of conjunctival melanoma
using a standard fs laser scanning microscope for spatially precise
light delivery.

This study reports the role of melanin in multi-photon PDT,
breaking the paradigm that pigmented tumors are unsuitable to
light-activated therapies. Moreover, this was demonstrated in a
clinically -relevant model in which complete response with min-
imal collateral tissue damage is critical and with a photosensitizer
that is already approved and widely used in patients for 1p PDT,
thereby facilitating clinical translation. The clinical feasibility for
intraocular tumors is also made possible by the availability of 2p
laser scanning confocal ophthalmoscopy (33). These findings sug-
gest that multiphoton-PDT could be further developed into an
effective, minimally invasive treatment for ocular tumors, includ-
ing pigmented melanoma, either as a stand-alone modality or in
combination with surgical excision or radiation treatment. The
known immune upregulation of PDT could also be a significant
additional benefit in reducing tumor progression and metastatic
spread, as we have shown recently in intradermal melanoma

treated with 1p-PDT (34).

Results

In Vitro Studies. Although pigmented BI6F10 cells and non-
pigmented B78H1 are clonally identical, it was necessary to
confirm that any differences in PDT response are related to only the
presence or absence of melanin and not to altered photosensitizer
uptake and/or intracellular localization. Uptake and subcellular
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localization measurements were performed only using Visudyne,
since the fluorescence of Oxdime is weak and at long NIR
wavelengths. S/ Appendix, Fig. S1 shows no statistically significant
difference (P < 0.05) in total fluorescence signal between the 2 cell
lines after 3 h incubation, with the primary localization being in
the endoplasmic reticulum, as reported also for other cancer cells
(35). These experiments were also carried out with membrane and
mitochondrial probes, however, no significant colocalization was
observed for either of the cells.

SI Appendix, Fig. S2 shows the cell viability following PDT at
varying photosensitizer and light doses. Visudyne 1p-PDT was
more effective in both cell lines than Oxdime, which is not sur-
prising given likely differences in uptake and co-localization com-
pared with Visudyne and the known lower singlet oxygen quantum
yield. More importantly, for both PS, there was minimal difference
between the pigmented and non-pigmented cells, showing that
the “intrinsic” photosensitivity of these clonal cell lines is the same.
Given that the cells were treated in monolayer culture, there was
no significant attenuation of the light dose.

Fig. 1 A and B show examples of changes in cell morphology,
including cell membrane blebbing, rounding, and detachment
following Visudyne 2p-PDT. Similar responses were seen with
Oxdime. The cell viability is plotted as a function of the number
of laser scans and corresponding energy density for both PS in
Fig. 1C, together with the light-only controls. Light-only 2 irra-
diation reduced the cell viability by ~10 to 15% in non-pigmented
cells and up to ~20% in the pigmented cells. This can be attributed
to the well-known photothermal and photomechanical damage
mechanisms with fs laser exposure (36).

Opverall, Oxdime was more effective in pulsed-laser PDT killing
in both cell lines than Visudyne and was 2.4 times greater in pig-
mented than non-pigmented cells. This is expected, due to its high
2p cross-section. However, as noted in earlier studies in vascular
endothelial cells (24, 27), this higher efficacy for Oxdime compared
with Visudyne is substantially less than that expected based solely
on the ~600-fold greater 6,,, likely due to different subcellular
localization and/or energy transfer efficiency, as discussed below.

Unexpectedly, 2p-PDT with Visudyne showed a marked dif-
ference in cell kill between the cell lines, the LD, being >6 times
lower in pigmented than non-pigmented cells. By contrast,
Oxdime showed only ~2 fold difference. A series of additional
experiments, as follows, were carried out in order to elucidate the
possible mechanisms behind this striking susceptibility of pig-
mented cells to Visudyne 2p-PDT.

First, TEM (transmission electron microscopy) images of pig-
mented melanoma cells and the corresponding 2p light-only treated
cells are shown in S Appendix, Fig. S3. Melanosomes are the most
electron-dense structures (dark and round dots) distributed
throughout the cytoplasm. In the treated group, changes in mela-
nosome shape were observed in all cells, with blebbing around the
melanosome as well as melanosome membrane rupture that may
lead to leakage of the melanin and its byproducts that are known
to be cytotoxic (37, 38), adding to the PDT effect. Chiarelli-Neto
and collaborators investigated capacity of melanin to suppress or
generate reactive oxygen species (ROS) under visible light irradia-
tion of hair shafts. Exposure at >400 nm led to melanin degradation
but melanin generated singlet oxygen above 532 nm (39). Watanabe
et al. (36) studied the effects of laser irradiation of black guinea pig
skin. Fs Irradiation at 635 nm disrupted melanosomes and they
hypothesized that the observed nuclear damage could be due to
release of tyrosinase or melanin precursors (36). Although these
studies used different irradiation parameters (pulsed laser, wave-
length, laser power), these findings support the hypothesis that
photomechanical disruption of melanosomes could result in ROS
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Fig. 1. Pulsed-laser PDT responses. (A and B) Micrographs of pigmented and non-pigmented cells treated using Visudyne. (C-E) Normalized cell viability
measured by cell morphology (means + 1 SD, n = 9) for Visudyne (2.5 uM, 3 h incubation), Oxdime (10 uM, 1 h incubation), and corresponding light-only controls.

(F) Fluences (Jcm™2) for 50% cell kill.

generated and consequent melanosome membrane oxidation. This
could also explain the pronounced shoulder observed in the cell
viability assessment for 2p excitation in the light-only controls
(Fig. 1C). In order to explore this hypothesis further and to eluci-
date whether other non-linear phenomena may be involved, the
2p absorption and fluorescence emission were measured.

Second, B16F10 pigmented melanoma cells were irradiated
with the fs pulsed laser and fluorescence images were taken at
multiple wavelengths between 400 and 700 nm (Fig. 2). The mel-
anin spectra peaked in the blue-green region but showed signifi-
cant inter- and intra-cellular variability (Fig. 2C), likely due to
variable melanin granule size and aggregation. The average mela-
nin fluorescence emission overlaps ~67% and ~43% with the

PNAS 2024 Vol.121 No.14 e2316303121

absorption spectra of Visudyne (Fig. 2D) and Oxdime (Fig. 2E),
respectively, which allows resonant energy transfer.

Third, in order to verify that the melanin and PS were being
excited through a multiphoton process, the cells were irradiated
with and without Visudyne and Oxdime incubation and the flu-
orescence intensity was plotted as a function of laser power, as
shown in Fig. 3. For n-photon absorption, and assuming the same
post-absorption photo-physics, -chemistry, and -biology, the flu-
orescence signal should be proportional to the nth power of the
peak incident power density, i.e., e $". Hence, the log-log plot
should be linear with a slope of n.

In the non-pigmented cells with Visudyne (Fig. 3C), the mean
n value of 1.95 + 0.04 indicates purely 2p excitation of the

https://doi.org/10.1073/pnas.2316303121 3 of 9
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Fig. 2. (A and B) Spectral fluorescence imaging of B16F10 cells after fs pulsed irradiation, showing variable inter- and intra-cellular melanin emission. Panel C
shows the averaged spectra over five different individual cells. The overlap of the melanin fluorescence emission and the photosensitizer absorption spectra

is evidentin D and E.
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Fig. 3. Representative log-log plots of fluorescence emission as a function of pulsed laser power for individual cells. (A) B16F10 cells without Visudyne (melanin
fluorescence only). (B) B16F10 cells with Visudyne (3 h incubation, 2.5 pM). (C) B78H1 cells with Visudyne (3 h incubation, 2.5 uM). The slopes (+1 SD) for the
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consistent with the fact that variability in this group was also inter-
mediate between the melanin-only (A) and Visudyne-only (C)
groups.

Fig. 34 shows the results for the pigmented cells in the absence
of photosensitizer, where the fluorescence is attributed to melanin
itself. The slopes ranged from 2.05 + 0.03 to 2.86 + 0.08, the
variation likely due to melanin heterogeneity [e.g., stage of matu-
rity and granule size (40-42)]. These values indicate a significant
contribution from both 3 as well as 2p absorption, which to our
knowledge has never been demonstrated directly in cells.

For the final set of mechanistic experiments, cells were incubated
with both photosensitizer and a fluorescent reporter dichlorodihydro-
fluorescein diacetate (DCFDA, Sigma-Aldrich, USA) to measure ROS
generation (Fig. 4). At the same time, photobleaching of the photosen-
sitizer presumed to be ROS-mediated was measured by the decrease in
its fluorescence, the two fluorophores being distinguished spectrally.

ROS generation was seen clearly in the pigmented cells with
both Visudyne and Oxdime, while only Oxdime generated signif-
icant ROS in the non-pigmented cells. Photobleaching was seen
with both PS, with somewhat higher rates in the presence of mel-
anin, especially for lower laser power. These results suggest that
melanin itself contributes significantly to the ROS generation,
either by direct photophysical activation, as seen in the light-only
controls, and/or by energy transfer to the photosensitizer. Visudyne
is a poor 2p photosensitizer so that, as previously reported in
(non-pigmented) vascular endothelial cells, (24, 27) high energy
density is required to achieve significant excitation. This was con-
firmed by the photobleaching being observed only at the highest
energy density in the non-pigmented cells (Fig. 4C), while in
pigmented cells similar photobleaching rates were measured for
all laser powers used (Fig. 4 A-C). The approximately twofold
higher Visudyne photobleaching in the melanotic than amelanotic
cells suggests that the reabsorption of melanin fluorescence and/
or FRET from melanin to Visudyne makes a significant contri-
bution to the photosensitizer excitation. Oxdime, having ~600x
higher 2p cross-section than Visudyne, results in a higher pho-
tobleaching rate in both cell lines (Fig. 4 G-1). Indeed, there is
lictle difference in ROS generation (Fig. 4 /-L) between pigmented
and non-pigmented cells, which is consistent with the cell viability
results. Hence, the high 2p cross-section of Oxdime appears to
overwhelm the contribution from melanin-mediated photochem-
istry that makes a significant contribution with Visudyne.

In Vivo Studies. After conjunctival tumor growth, the photos-
ensitizer was administered by tail-vein injection, followed by raster
scanning of the focal spot of the 2p confocal microscope through a
target tumor volume of approximately 400 um x 400 pm laterally
x1,000 pum in depth (20x objective, 100 fs, 90 MHz, 865 or 910
nm for Visudyne and Oxdime, respectively, S Appendix, Fig. S4).
Examples of whole-eye immunohistochemistry sections at 24 h
post-treatment are shown in S/ Appendix, Fig. S5.

‘The tumors presented as a contiguous mass in the conjunctiva,
with no evidence of TUNEL staining in the untreated or light-only
controls. There was also no evidence of apoptosis or necrotic hema-
toxylin and eosin (H&E) cell death in the non-pigmented tumors
after treatment with either photosensitizer. However, intense
TUNEL staining was seen in all sections in the treated pigmented
tumors with both PS. Similar results were seen in all 5 mice treated
with each tumor type. These findings confirm the in solu and
in vitro results and suggest melanin-mediated 2p-PDT as a unique
strategy to treat pigmented lesions.

In some cohorts (N = 3), well-localized pigmented tumor ena-
bled full-lesion treatment, and those sections are shown 48 h later
in Fig. 5.

PNAS 2024 Vol.121 No.14 e2316303121

The animals (N = 3) treated with 2p-PDT and 0.8 mg/kg
Visudyne did not present any visible residual tumor (Fig. 5C),
while residual tumors was seen at the lower Visudyne dose
(Fig. 5B) and light-only (Fig. 54). However, we note that
full-volume light irradiation treatment is technically challenging
since the objective focal length limits the treatment depth to ~ 2
mm with the current optical setup. Hence, only a subset of mice
had tumors accessible for full treatment.

Discussion

These results demonstrate the efficacy of multi-photon PDT treat-
ment of melanoma cells in vitro and of tumors grown in immu-
nodeficient mice. Both the in vitro and in vivo data show that it
is possible with melanotic melanoma to use a clinically- approved
photosensitizer with small 2p cross-section (~<30 GM units),
where the melanin serves as an intermediate. For non-pigmented
tumors, such as amelanotic melanoma as well as potentially other
ocular tumors such as retinoblastoma, it is likely that “designer”
PS of much higher 6,, will be required, as demonstrated here with
Oxdime 6,, = 17,000).

These observations suggest that there are several factors involved
2p-PDT of melanoma. In order to elucidate this systemartically,
we propose that the effective multiphoton photosensitizer-mediated
PDT dose can be expressed as

Effective multiphoton doseype = f (17 O'?{;. [PS]), 1]

. .. - 2p .
where 7 is the incident laser fluence (Jem™), ¢ PI; is the 2p cross

section of the photosensitizer, [PS] is the photosensitizer concen-
tration, and the function f relates the probability of cell death to
the photodynamically effective dose. Additional factors likely con-
tribute to cell death in the pigmented cells. The first is direct energy
transfer to the photosensitizer from melanin that is activated by a
combination of 2- and 3p absorption. An alternative pathway is
indirect energy transfer via photosensitizer absorption of the flu-
orescence emitted by the melanin. Thus, cell death also depends
on melanin concentration, [M], and a constant factor, K, that is a
measure of the energy transfer efficiency. Other potential contrib-
utors include ROS photogeneration in melanin leading to
photosensitizer-independent multiphoton cytotoxicity, as well as
cytotoxicity due to light-induced release of melanin byproducts.
Since we currently have not attempted to distinguish between these
two pathways, we combine them into a single constant, . Thus,

Effective multiphoton deathp-= f (I 20’.5,]; . [PS]

(2]
+ 12 k. [PS).IMD) +f (12.&.[M)).

Note that f and f” are likely different functions corresponding
to the different cell-death pathways between ROS and melanin
byproducts (39, 41, 42).

Wachter et al. (43) reported that most of the light energy absorbed
by melanin is converted to heat by phonon-phonon coupling but
that, under specific irradiation conditions, melanin could generate
phototoxic products (43). Baptista et al. (39) described the effect of
UV (355 nm) and visible light (532 nm) on epithelial cell lines with
different melanin content (without exogenous photosensitizer) and
found that cells with lower melanin were more susceptible to UVB
compared to highly pigmented cells measured by mitochondria activ-
ity, which is consistent with the UV photo-protection role of melanin.
Conversely, the most pigmented cells were more sensitive to visible
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Fig. 4. Photosensitizer photobleaching (A-C and G-/) and ROS generation (D-F and G-/) during multi-photon PDT using 3 different average laser powers of 29,
42,and 55 mW at 865 nm for Visudyne (A-F) and 25, 36, and 48 mW for Oxdime (G-/). Each plot is normalized to the value following the first laser scan at a given
power. The photobleaching rates (g, cm?]™") were calculated by fitting to a single exponential form, | =1, e ", Error bars correspond to SD, n = 4 each over 50 cells.

light. Moreover, singlet oxygen generated under visible light irradia-
tion, as measured by phosphorescence at 1,032 nm, increased in the
highly -pigmented cells, indicating a role for melanin in ROS pho-
togeneration (39). Free radical generation, including singlet oxygen,
could also be related to melanosome photodamage and account for
some of the higher susceptibility of pigmented than non-pigmented
melanoma to multi-photon PDT.

https://doi.org/10.1073/pnas.2316303121

A third potential contributing factor arises from how melanin
is synthesized. This is mediated by tyrosinase hydroxylase activity
that involves tyrosine (TYR) and tyrosinase-related proteins 1 and
2 (TYR1, TYR2) being converted to 3,4-dihydroxyphenylalanine
(DOPA), followed by the conversion into DOPAquinone
by DOPA oxidase (38). During these processes, two main toxic
byproducts are produced, namely 5,6-dihydroxyindole and
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Fig.5. H&E-stained sections of smaller pigmented tumors at 48 h post-treatment. Each row shows different sections for the same eye and black arrows indicate
the tumor. (A) light-only, (B) 2p-PDT with 0.5 mg/kg Visudyne, (C) with 0.8 mg/kg Visudyne. Although some residual tumor is still present in A and B, complete
ablation is seen at the highest photosensitizer concentration (C). (Scale bar indicates 2 mm.)

5,6-dihydroxyindole-2-carbolic acid (37). To circumvent this
potential toxicity, melanin is synthesized in melanosomes, which
are membrane protein-bound organelles that prevent leakage of
the toxic products into the cytoplasm (38). Davids and Kleeman
suggested that melanosome-targeted photosensitizer would
increase the efficacy of PDT since, if the photosensitizer could
penetrate the melanosomes, PDT membrane damage would cause
leakage of these cytotoxic intermediates, increasing the treatment
response (38). However, since these intermediates are generated
in late-maturing melanin synthesis (stages 3 and 4), this effect
would not be expected to increase equally in all cells in a
non-synchronized population such as used here. Investigation of
hypericin-mediated 1p PDT in non-pigmented and pigmented
melanoma cells has suggested that, even targeting the melano-
somes, PDT was more efficient in killing non-pigmented than
pigmented melanoma cells, emphasizing that the leakage of the
cytotoxic intermediates may be only an additive effect, but not be
the main contributor the cell death (38). By contrast, in the pres-
ent studies, 2p-PDT was more efficient in pigmented than non-
pigmented melanoma cells in which, rather than using a melanosome-
targeted photosensitizer, the light itself caused melanosome mem-
brane breakage, as seen in the TEM images (S/ Appendix, Fig. S3).
Hence, direct multiphoton absorption and multiphoton-PDT had
an additive effect, increasing cell death in pigmented relative to
non-pigmented cells. In addition, we hypothesize that, following
melanosomal membrane rupture, melanin itself may be released
into the cytoplasm. This was also considered by Watanabe et al.
(36). The melanin can then be excited by multiphoton absorption,
emitting green fluorescence which is absorbed by the Visudyne or
Oxdime, thereby also favoring multiphoton-PDT cell death in

PNAS 2024 Vol.121 No.14 e2316303121

pigmented cells. This can be seen in the ROS measurements with
Visudyne-mediated treatment.

Clinical translation of this modality to treat ocular tumors
should be feasible. First, using an already approved photosensitizer
such as Visudyne facilitates regulatory approval. For novel PS with
high higher ,,, whether molecular-based like Oxdime and others
(31) or nanoparticle-based as proposed, for example, by Gao et al.
(44), extensive preclinical validation (in vivo pharmacokinetics,
biodistribution, toxicology) and materials scale-up and good man-
ufacturing practice production would be required. Hence, at least
for pigmented lesions that form the majority (~85%) of ocular
melanomas, the melanin-mediated mechanisms shown here are
advantageous. In terms of pulsed excitation to target intraocular
tumors, 2p confocal laser scanning ophthalmoscopy has been
demonstrated (45) and other devices are under development that
would allow computer-controlled 3D scanning of the focal spot
through the target volume. Although capital costs will be high
and there is a relatively small clinical market, there is a significant
unmet clinical need for this technology.

Conclusions

Using both pigmented and non-pigmented melanomas, as well
as PS with high 2p cross-section and a conventional and well-
established 1p photosensitizer with much lower higher o,,, has
led to the unexpected observation of significantly higher piloto—
cytotoxicity in pigmented than non-pigmented cells, particularly
using the low 6,, photosensitizer. Subsequent investigation of this
difference has revealed the key role played by melanin when using
fs-pulsed laser excitation and suggests several mechanisms or

https://doi.org/10.1073/pnas.2316303121
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pathways to account for the observed effects, including contribu-
tion from 3p absorption.

This work opens up the possibility of a unique effective,
minimally-invasive, and highly targeted treatment of devastating
melanomas in the eye. The use of 2p excitation allows highly
conformal treatment that should minimize off-target damage to
other eye structures compared to conventional therapies (includ-
ing 1p PDT). This would apply also in non-pigmented ocular
tumors such as retinoblastoma, a childhood disease with high rates
of blindness and vision impairment post-treatment (46, 47). For
non-pigmented tumors, it is likely that new high o,, PS will be
required to avoid the need for very high light doses and hence
long treatment times. Finally, there is increasing evidence that
PDT can up-regulate the immune system, even when treatment
is localized to the tumor, leading to reduced metastases and
increased survival (48). This could be important also for cancers
in the eye since, for example, ~50% of ocular melanoma patients
die from metastatic disease even after local treatment, including
enucleation (18, 19). We are currently investigating this for cuta-
neous melanoma using 1p PDT and plan to evaluate its applica-
bility in the intraocular treatment setting and for 2p activation in
pigmented and non-pigmented tumors.

Materials and Methods

The studies were done using clonal B16F10 (pigmented) and B78H1 (non-
pigmented) melanoma cells, both in vitro and injected into the conjunctival of
nude mice. Light treatment was delivered via a 200-fs laser scanning confocal
microscope. In vitro responses were assessed by PrestoBlue live/dead assay, cell
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