Light-Induced Decomposition of Indocyanine Green
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Purrose. To investigate the light-induced decomposition of
indocyanine green (ICG) and to test the cytotoxicity of light-
induced ICG decomposition products.

MerHODS. ICG in solution was irradiated with laser light, solar
light, or surgical endolight. The light-induced decomposition
of ICG was analyzed by high-performance liquid chromatogra-
phy (HPLC) and mass spectrometry. Porcine retinal pigment
epithelial (RPE) cells were incubated with the light-induced
decomposition products of ICG, and cell viability was mea-
sured by trypan blue exclusion assay.

Resurts. Independent of the light source used, singlet oxygen
(photodynamic type 2 reaction) is generated by ICG leading to
dioxetanes by [2+2]-cycloaddition of singlet oxygen. These
dioxetanes thermally decompose into several carbonyl com-
pounds. The decomposition products were identified by mass
spectrometry. The decomposition of ICG was inhibited by
adding sodium azide, a quencher of singlet oxygen. Incubation
with ICG decomposition products significantly reduced the
viability of RPE cells in contrast to control cells.

Concrusions. ICG is decomposed by light within a self-sensi-
tized photo oxidation. The decomposition products reduce the
viability of RPE cells in vitro. The toxic effects of decomposed
ICG should be further investigated under in vivo conditions.
(Invest Opbthalmol Vis Sci. 2008;49:1777-1783) DOIL:10.1167/
iovs.07-0911

ndocyanine green (ICG) is a water-soluble tricarbocyanine

dye developed in the Kodak Research Laboratories in 1955.
The dye was approved by the United States Food and Drug
Administration in 1956 and is widely applied in medical diag-
nosis."

Intravenously injected ICG is transported in the blood in
two different forms unbound or bound to serum proteins,
mainly globulins. Ninety-eight percent of the dye is bound to
serum proteins. Unbound ICG is quickly removed from the
vascular system by the liver and transported into the bile by
protein glutathione S-transferase without modification. ICG is
suited for diagnostic purposes because it has no known me-
tabolites. ICG shows a low incidence of adverse reactions,* and
its pharmacokinetics have been studied intensively.’

In ophthalmology, ICG is a commonly used dye with a long
history of safety after intravenous administration.* ICG has
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been used to stain and visualize epiretinal membranes and the
internal limiting membrane (ILM) to facilitate the delicate sur-
gical maneuver of their removal during epiretinal mem-
brane®~® and macular hole surgery.”!! Several authors have
reported good functional outcomes using ICG-assisted vitrec-
tomy,”'?7'® whereas some authors have reported less favor-
able results in visual acuity®'”'® and significant visual field
defects when intraocular ICG was used.®”~'” Because of this
controversy, a possible toxic effect of ICG on the retina has
become the subject of an ongoing debate.?**" Several authors
have investigated ICG toxicity using in vitro,> ¢ in vivo,?” "%
and ex vivo models,***"' and reports show dose-, light-, and
exposure time-dependent toxicity in ganglion cells,>* Miiller
cells,?* and retinal pigment epithelial (RPE) cells.?>*¢ After
incubation of human colonic cancer cells with ICG and subse-
quent irradiation with light at 810 nm, the cells were killed by
photodynamic mechanisms in which singlet oxygen should
play a major role.>*?? However, the exact mechanism of cyto-
toxicity of ICG remains unclear.

It was the aim of the present study to elucidate the mech-
anism of ICG light interaction. We established a method to
investigate the light-induced change of ICG using HPLC-DAD
technology and mass spectrometry. In a second step, porcine
RPE cells were incubated with laser-treated ICG solution to
investigate the toxicity of ICG decomposition products.

MATERIALS AND METHODS

Chemicals

Indocyanine green (ICG, CAS-No. 3599-32-4) is a tricarbocyanine dye
purchased from Pulsion Medical Systems (Munich, Germany). The
chemical name for ICG is 1H-Benz[e]indolium,2-{7[1,3-dihydro-1,1-
dimethyl-3-(-4-sulfobutyl)-2H-benz[e]indo-2-ylidene]-1,3,5-heptatrienyl}-
1,1-dimethyl-3-(4-sulfobutyl)-, hydroxide, innersalt, sodium. ICG was dis-
solved in water (Milli-Q,g5; Millipore-quality, Eschborn, Germany)/
acetonitrile (1:1) (HPLC-Ultra-Gradient-Grade; Mallinckrodt Baker,
Griesheim, Germany) with a concentration of 0.054 mg/mL before
irradiation. Solution (200 wL) was filled into a precision cell made of
special optical glass (type 100-OS; Hellma Optik, Jena, Germany). For
cell culture experiments, ICG was dissolved in glucose 5% correspond-
ing to the standard iso-osmolar preparation for the use in ophthalmol-
ogy. Except for sample preparation and irradiation, the solutions were
kept in the dark and analyzed.

Laser Irradiation

Irradiation of the ICG solution was performed using a diode laser
emitting light at 810 nm (Asclepion-Meditec, Jena, Germany), for a
total light energy of 50 J. The energy was delivered in 20 pulses of
10-ms duration and a radiant exposure of 20 J/cm? each. Because the
pulse repetition rate was 1 Hz, the irradiation time was finished after 20
seconds, and the total radiant exposure was 400 J/cm?.

Deterioration Studies

After laser irradiation, the samples were stored in the dark at room
temperature and analyzed 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, and 23 hours after
laser treatment.
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Exposure to Surgical Endolight

ICG was dissolved in water at a concentration of 0.1 mg/mL and was
filled in a quartz cuvette. A xenon light source was used for irradiation
(Hexon Illumination System, 1266 XII; Dutch Ophthalmic USA, King-
ston, NH). The fiber optic was fixed 1 cm in front of the cuvette, and
the light intensity was 5 mW/cm? as measured by a power meter (Nova
OPHIR, 3A-SH; Optilas, Munich, Germany). The cuvette was irradiated
for either 5 or 110 minutes. HPLC measurements were accomplished
1 hour after irradiation.

Deterioration Studies during Solar Light Exposure

ICG was dissolved in water/acetonitrile (1:1) with a concentration of
0.1 mg/mL. Three samples were stored at different conditions: one
sample was incubated at 4°C in darkness, the second sample was
stored at room temperature in the dark, and the third sample was
exposed to solar light at room temperature. HPLC measurements were
accomplished after 0, 1, 2, 3, 4, 7, 8, 9, 10, 11, and 14 days. We
measured radiant exposure using a power meter (Nova OPHIR, 3A-SH;
Optilas) sensitive in the range from 100 to 1200 nm and yielding a light
dose up to 210 J/cm?.

Thermal Studies

One milliliter ICG solution (0.054 mg/mL water/acetonitrile [1:1]) was
filled into glass ampoules and kept in an oil bath at temperatures of
21°C, 40°C, 60°C, 70°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C,
and 220°C for 5 minutes. Finally, the samples were cooled down in an
ice bath, filtered using a PTFEAilter, and kept in the dark at 4°C.

Effect of Sodium Azide on Laser Decomposition

A solution of sodium azide was prepared in water/acetonitrile (1:1; 50
mM), and ICG was dissolved with a concentration of 0.054 mg/mL.
Laser irradiation was performed as described.

Laser Treatment in Different Solvents

ICG was dissolved in dimethyl sulfoxide (DMSO), water, and blood
plasma with the concentration of 0.054 mg/mL. The solutions were
irradiated by laser light with the standard laser settings analyzed im-
mediately after irradiation.

High-Performance Liquid
Chromatography Analysis

Fifty microliters of each ICG probe was mixed with 50 wL naphthalene
(0.03 mg/mL water/acetonitrile [1:1]) as internal standard ASTD). The
solutions were filtered (PTFEAfilter), and 6 pL of each probe was
analyzed using an HPLC system (HP1050 Quaternary Pump 79852AX,
HP1050 Autosampler 79855A, HP 4-Channel-Online-Degasser
G1303AX, Agilent 1100 Column Thermostat G1316A, and Agilent 1100
PDA Detector G1315B; Agilent Technologies, Waldbronn, Germany).
Integration software (ChemsStation, Rev. A.08.03; Agilent Technolo-
gies, Palo Alto, CA) was used for data analysis. Analyses were per-
formed at 40°C on a column (ODS; 250 X 4.0 mm ID, 5-um particle
size; Thermo Hypersil Keystone, Bellefonte, PA). Gradient elution was
performed with acetic acid/ammonium acetate puffer at pH 5 (solvent
A) and acetonitrile (solvent B) at a constant flow rate of 1.5 mL/min. A
gradient profile with the following proportions of solvent B was ap-
plied ([t (min), %B]: (0,30), (7,75), (8,75), (10,30), (17,30)). The
chromatograms were monitored at 290 nm.

Quantitative Analysis

The concentration of ICG in the solutions was determined by the
method of internal standard. For the compound (7), the calibration
factor (CF)) was determined in a calibration run (single-level calibra-
tion).
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where f;, is the response-factor of the internal standard (ISTD), mzy is
the mass of compound 7 in solution &, and 2}, is the mass of ISTD in
solution k. aj, is the area of ISTD in solution &, and a; is the area of
compound 7 in solution .

LC/MS Online Coupling

HPLC separation coupled with mass spectrometry was performed with
a column phase that differed from the conditions used in the analytical
studies. The solid phase was a chromatography column (Xterra MS
C18; 150 X 2.1 mm, 3.5 um; Waters, Milford, MA). Mass spectra of the
laser-induced decomposition products were acquired on a triple-stage
mass spectrometer (TSQ 7000; Thermoquest Finnigan, Toronto, ON,
Canada) equipped with a positive electrospray ionization (+ESD inter-
face.

Cell Viability

RPE cells were harvested from fresh porcine eyes, proliferated to
passage 3 in culture flasks (Roux Paris F; Dunn Labortechnik, Asbach,
Germany) under standard conditions (DMEM [Gibco, Karlsruhe, Ger-
many] plus FCS 15% [Biochrom, Berlin, Germany], penicillin/strepto-
mycin 1% [Life Technologies, Karlsruhe, Germany], and CO, incuba-
tor), and seeded in 12-well plates (Corning Costar, Bodenheim,
Germany), 25,000 cells per well. ICG was dissolved in glucose 5% at a
concentration of 0.025% and irradiated by laser light (810 nm, 50 J)
that produced the decomposition products. Then RPE cells were
incubated with this decomposed ICG for 60 minutes, rinsed twice with
fresh medium, and cultivated for another 4 days before the viability
was tested. An equivalent number of RPE cells was kept without ICG
(control) or was incubated with untreated ICG for 60 minutes in the
dark. Cell viability was assessed by trypan blue (TB) exclusion. Total
cell number of viable cells was calculated directly as mean values of
viable (unstained) cells using the Neubauer chamber. Each experiment
was repeated five times.

RESULTS

Laser Light-Induced Decomposition of ICG

Laser irradiation of the ICG solution (0.054 mg/mL) produced
the peak pattern shown in the HPLC chromatogram (see Fig.
2b). In addition to the peak of ICG molecules, the chromato-
gram shows six additional peaks between retention time (RT)
2 minutes and 4 minutes. Using LC/MS online coupling, the
respective mass of the single peaks could be determined (Table
1). Calculation of the molecular weight was not achieved by
the exact molecular atomic units but by summation of the
empirically obtained data from the mass spectra. Therefore,
the values show an experimental accuracy of approximately
0.1%.

TABLE 1. Mass to Charge Ratio and Molecular Weight of Single Peaks
as Determined by LC/MS Online Coupling

Mass to Charge Ratio Molecular Weight
Peak (m/z) MW)
1 412.0 411.0
2 373.9 372.9
3 364.9 363.9
4 438.0 437.0
5 438.0 437.0
6 785.5 783.5
7 753.4 752.4
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ICG eluted at RT 5.7 minutes (peak 7) with a mass-to-charge
ratio (m/z) of 753.4. Given that the detection was accom-
plished by +ESI, the molecular weight of the uncharged mol-
ecule was 752.4 Da. ICG itself is a negatively charged ion with
a respective molecular weight of 751.4 Da (see Fig. 2).

For peak 6 (RT 3.7 minutes), the respective mass of 784.5
Da could be obtained for the uncharged molecule. The differ-
ence between ICG (752.4 Da for the uncharged molecule) and
this molecule was 32 Da, indicating a reaction of ICG with
oxygen. Peak 6 can be a dioxetane derived from ICG.>* It is
also negatively charged and shows a mass of 783.5 Da. Because
the position of the addition of singlet oxygen was unknown, no
possible structure for the dioxetane is shown. Mass spectra of
the other four products can be separated into two groups. The
first group shows peaks with m/z = 412.0 (peak 1, RT 2.5
minutes) and m/z = 373.9 (peak 2, RT 2.6 minutes). Resultant
molecular weights for the uncharged products were 411.0 Da
for product 1 and 371.9 Da for product 2. Addition of both
these values resulted in the mass of 782.9 Da, the weight of the
uncharged product 6. That is a further hint of the reaction
mechanism of the polymethine chain with singlet oxygen by
dioxetane and finally thermal decomposition into carbonyl
compounds (Fig. 1, scheme).
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The second group shows peaks with m/z = 348.0 (peak 3,
RT 2.8 minutes) and m/z = 438.0 (peak 4, RT 2.9 minutes;
peak 5, RT 3.1 minutes). Masses of the uncharged molecules
were 346.0 Da (product 3) and 437.0 d (products 4 and 5). The
summation also resulted in 783 Da, the mass of product 6.
Hence, these compounds were carbonyl products resulting
from dioxetane generated by the reaction of singlet oxygen
with ICG, but at a position other than that for the generation of
products 1 and 2. Finally, this dioxetane was also thermally
fragmented. Figure 2b shows the structures for these com-
pounds, whereas products 4 and 5 may be isomers.

To check for the stability of the laser-irradiated solution and
to detect any alterations in the peak pattern, a solution of ICG
exposed to laser light (standard laser settings) was incubated in
darkness at room temperature up to 23 hours. Within 23 hours,
product 6 decreased strongly, a further indication of a ther-
mally instable dioxetane (data not shown). In addition, prod-
ucts 1 and 4 decreased with increasing time, whereas products
2, 3, and 5 increased within 23 hours. During the deterioration
studies, no other decomposition products were detected, and
the area under the ICG peak did not change. After laser treat-
ment, the remaining ICG was stabile and did not further de-
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FIGURE 2. Standard HPLC chro-
matogram of an ICG solution [0.054
mg/mL  water/acetonitrile  (1:1)]
without laser treatment (@), laser-
treated ICG solution [0.054 mg/mL
water/acetonitrile (1:1)] (b), and la-
ser-treated solution containing ICG
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chemical structure of ICG (peak 7) maU
and the decomposition products c
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treatment ICG decomposed, result-
ing in a dioxetane as intermediate
product (peak 6) and carbonyl prod-
ucts as decomposition products
(peaks 1-5). By adding sodium azide
to the solution of ICG only products

2, 3, and 5 are generated in much
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compose. Thus, decomposition of the dye strongly depended
on light.

Effect of Sodium Azide on the Laser-Induced
Decomposition of ICG

The azide anion is a strong physical quencher of singlet oxy-
gen. It is often used for the proof of singlet oxygen in oxidation
processes.®> In the presence of sodium azide (50 mM), the
laser-induced decomposition of ICG diminished significantly.
Only products 2, 3, and 5 could be detected with much smaller
areas under the HPLC peak (Fig. 2¢). During irradiation, and in
contrast to laser irradiation of ICG without quencher, the
generation rates of decomposition products were reduced by
82% (peak 2), 75% (peak 3), and 77% (peak 5) in the presence
of sodium azide. These results confirm the impact of singlet
oxygen for the light-induced decomposition of ICG.

Solar Light-Induced Decomposition of ICG

The laser light used for irradiation matches the absorption
maximum of ICG at approximately 800 nm. To check whether
polychromatic incoherent light such as solar radiation can
induce comparable decomposition products, fresh ICG solu-
tion was exposed to ambient solar light for 14 days. One
sample was incubated in darkness at 4°C, another was incu-
bated in darkness at room temperature, and a third sample was
exposed to solar light at room temperature. After certain inter-
vals, the samples were analyzed by HPLC (Fig. 3). The color of
ICG samples stored in darkness at 4°C was still dark green, and
the chromatogram showed only the ICG peak (data not
shown). In addition, the sample incubated at room tempera-
ture in darkness did not show any additional peaks and main-
tained the green color. The solution stored at room tempera-
ture in solar light showed several alterations in the peak
pattern, and the color changed from green to yellow. After 14
days of incubation, the chromatogram revealed several decom-
position products, and the ICG peak in HPLC disappeared.
These results reveal the photosensitivity of ICG and show that
it is absolutely required for the storing of untreated and treated
solutions in darkness at 4°C.

Exposure to Surgical Endolight

The exposure of ICG to the surgical endolight yielded the same
products compared with laser light (data not shown). After 5

mAU |
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minutes of irradiation, the peaks of light-induced decomposi-
tion products (peaks 1-5) were small but above the noise level.
After 110 minutes of irradiation, peaks 1 to 5 were consider-
ably higher. Decomposition products were exactly the same as
they were with laser or solar irradiation.

Heat-Induced Decomposition of ICG

Photothermal effects can damage cells by an increase in intra-
cellular temperature, shown by the use of ICG for photocoag-
ulation or tissue welding.>®>” Most of the light energy ab-
sorbed by the ICG molecule is converted to heat by internal
conversion,”® which could lead to two different decomposi-
tion mechanisms. First, the decomposition of ICG may occur
because of light absorption and the generation of singlet oxy-
gen in the excited state of the molecule. Second, ICG is cleaved
by heat energy generated by other light-absorbing ICG mole-
cules. To elucidate these mechanisms, ICG solutions were
exposed to different temperature levels in the dark. Tempera-
tures higher than 180°C resulted in several decomposition
products, and its peak areas increased with increasing temper-
ature. At the same time, the concentration of ICG decreased
(data not shown).

ICG solution irradiated by laser light or heated to 220°C
showed a different peak pattern (data not shown). Only com-
pounds 2 and 3 could be detected in the heated sample. The
other compounds were different from those detected in the
laser-treated solutions with regard to retention time and UV
spectra, confirming two distinct mechanisms in case ICG was
exposed to light or heat. However, the heating effects in the
ICG molecules should have played a minor role because the
addition of sodium azide (singlet oxygen quencher) clearly
arrested the decomposition under light exposure.

Laser-Induced Decomposition of ICG
in Different Solvents

To study the influence of the solvent on the decomposition
pattern of ICG, solutions of ICG were prepared in DMSO,
water, and blood plasma as physiological medium (0.054 mg/
mL). Each experiment was performed in duplicate.

With the use of the solvent DMSO, all products except
product 1 could be verified. In water, all six compounds could
be detected. Only the amount of induced decomposition prod-
ucts was lower than in solvent water/acetonitrile (1:1). In

FIGURE 3. Deterioration study of la-
ser-treated sample. At different time
points after laser treatment, the con-
tent of the ICG solution was analyzed
by HPLC. The blue line shows the
chromatogram after 0.5 hours, the
red line after 2.5 hours, and the
green line after 23 hours. Areas of
peaks 1, 4, and 6 decreased with in-
creasing deterioration of the laser-
treated solution, whereas areas un-
der the curve of peaks 2, 3, and 5

increased.
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FIGURE 4. The number of RPE cells after incubation with untreated
ICG and decomposed ICG using trypan blue exclusion assay. Cells
without ICG served as control.

blood plasma, only products 2 and 3 could be detected in low
amounts (data not shown). The decomposition products of
ICG are reactive species that may quickly react with other
molecules such as proteins in the blood plasma. This would
lead to a rapid decrease of the concentration of these com-
pounds in the solution. Moreover, plasma proteins such as
sodium azide are potent quenchers and may prevent ICG from
decomposition by singlet oxygen.

In Vitro Experiments

Using the TB exclusion assay, the number of unstained cells
was 112 * 5 X 10° (n = 5) without ICG (control). The number
of TB-unstained cells decreased to 86 = 14 X 10°> (n = 5) when
the cells had been incubated with untreated ICG for 60 min-
utes The number of TB-unstained cells decreased to 23 = 5 X
10® (n = 5) when the cells had been incubated with decom-
posed ICG for 60 minutes (Fig. 4).

Di1scUsSION

In our previous work, we have shown that ICG kills cells in
vitro in a photodynamic reaction.>>>* Cell killing was inhibited

FIGURE 5. Scheme to illustrate the
mechanisms of action when RPE or
other cells are killed by ICG photo-
dynamically. After light activation,
ICG produced singlet oxygen, which
did not directly kill cells by oxidative
damage of cellular components. ICG
was decomposed by singlet oxygen
itself, and the decomposition prod-
ucts decreased cell viability.
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by the addition of sodium azide (quencher of singlet oxygen)
but was intensified by the addition of deuterium oxide (D,O).
The use of both sodium azide and D,O is part of the usual
procedure to prove photodynamic action of a photosensitizer
that kills cells by oxidative reactions of singlet oxygen.*> How-
ever, direct proof of singlet oxygen by the detection of its
luminescence at 1270 nm*®*! failed in ICG solutions (data not
shown). Moreover, it is well known that ICG is chemically
fairly unstable once it is dissolved in any solvent, particularly
when ICG solutions are exposed to light.*® The exact mecha-
nism of ICG light interaction was unclear thus far.

Other cyanine dyes are known to decompose on light ex-
posure by self-sensitized photograph oxidation.*? The decom-
position involves singlet oxygen that reacts with double bonds
of the polymethine chain under [2+2]-cycloaddition resulting
in dioxetanes.>* These molecules tend to fragment thermally at
room temperature, yielding two carbonyl products in which
one product is electronically excited (Fig. 1).*> Based on this
knowledge, we investigated the light-induced change of ICG
molecules in different experimental setups using chemical
analysis.

The light irradiation of ICG yielded the main finding of the
present study. ICG in fact produces singlet oxygen under
irradiation, but singlet oxygen predominantly oxidizes the ICG
molecule itself, causing its decomposition by dioxetane reac-
tion. Here ICG is decomposed when located inside or close to
cells; the decomposition product compounds can affect cellu-
lar integrity. Therefore, we incubated RPE cells with untreated
ICG or decomposed ICG for 60 minutes. The results clearly
showed that decomposed ICG decreased cell viability. That is,
ICG produces singlet oxygen, ICG is decomposed, and the
decomposition products of ICG kill the cells (Fig. 5).

The mechanism of ICG decomposition by light is of clinical
relevance mainly because of the widespread use of ICG in
macular surgery. ICG toxicity is expected to depend on the
concentration of the ICG solution,*?? its osmolarity,® the
time span before ICG is removed from the eye,?” whether ICG
is injected into an airfilled or a fluid-filled eye (with less
toxicity in fluid-illed eyes),”” and on the emission spectrum
and the energy of the surgical light source.>*>* Gandorfer et
al.*° found severe damage of the inner retina of human donor
eyes after exposure to ICG and exposure to light from a
standard surgical light pipe, whereas Grisanti et al.>' did not
find any disruption of the retinal cytoarchitecture in fresh
porcine eyes under otherwise similar experimental conditions.
We have previously undertaken experimental safety testing of
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ICG using RPE and glial cell cultures®® and using an ex vivo
porcine organ culture retina model.** In the latter study, we
mimicked macular surgery by applying ICG solutions of differ-
ent concentrations to the retinal surface and rinsed the surface
1 minute or 3 minutes after application. We then examined the
retina for the presence of signs of necrosis and apoptosis. We
found that in accordance with our clinical studies,'>'® a brief
application of a low concentrated (0.1%) ICG solution may be
safe.** However, both experimental studies showed that the
safety margin is narrow.?*>** Furthermore, clinical observations
have shown that ICG fluorescence persists after ICG-assisted
epiretinal membrane surgery,*>4® even within the area of in-
ternal limiting membrane removal.*> Fundus fluorescence from
residual ICG has been detected for up to 9 months after
epiretinal membrane surgery.*® It is possible that the intrareti-
nal persistence of ICG may cause a low-grade accumulative
toxic effect. The results of these investigations indicate that
ICG should be used cautiously. Further work aimed at a reduc-
tion of its toxicity or the exploration of other, potentially
nontoxic, dyes would be of clinical relevance.

In summary, the results of the present study show that RPE
cells are not predominantly killed because of singlet oxygen
oxidation of cellular constituents but because of the toxicity of
the ICG decomposition products. The latter are produced by
light absorption of ICG under photodynamic conditions (Fig.
5). ICG light absorption is maximal at approximately 800 nm
and decreases for shorter wavelengths. When exposing the eye
to solar light, the light is spectrally filtered by the cornea and
the lens; however, both are transparent for wavelengths less
than 700 nm. Especially from 600 to 700 nm, there is still
sufficient light absorption in the ICG molecule. Therefore,
once a photon is absorbed by ICG, singlet oxygen can be
generated and can decompose the ICG molecule. The spec-
trally filtering of solar light by cornea and lens could reduce the
effect, but the mechanisms of action and the nature of the
decomposition products are not affected. This is confirmed by
the fact that the decomposition mechanisms and the light-
induced products of ICG were independent of the light source
used.

The results of this study elucidate the mechanism of light-
induced decomposition of ICG and demonstrate that ICG de-
composition is cytotoxic without quantifying toxicity. We
know from our previous experimental work that the safety
margin is narrow.** Therefore, careless or repeated intraoper-
ative use of ICG should be avoided. The question whether low
concentrations of ICG with short intraoperative exposure
times can cause clinically detectable damage to retinal function
cannot be answered by the present study. Precise safety thresh-
olds for the intraocular application of ICG taking into consid-
eration the different retinal cell types, ICG concentration, ICG
exposure time, parameters of the surgical light source, and
postoperative exposure to ambient light have yet to be deter-
mined. However, the results of the present study provide an
understanding of the mechanism of ICG toxicity and thus may
lead to ways to reduce ICG-related cytotoxicity, perhaps by
adding quenchers of singlet oxygen.
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