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Deuterated Indocyanine Green (ICG) With Extended Aqueous
Storage Shelf-Life: Chemical and Clinical Implications

Dong-Hao Li and Bradley D. Smith*

Abstract: Indocyanine Green (ICG) is a clinically approved near-
infrared fluorescent dye that is used extensively for various imaging
and diagnostic procedures. A drawback with ICG is its instability in
water which means that reconstituted clinical doses have to be utilized
very shortly after preparation. Two deuterated versions of ICG were
prepared with deuterium atoms on the heptamethine chain, and the
spectral, physiochemical, and photostability properties were
quantified. A notable mechanistic finding is that self-aggregation of
ICG in water strongly favors dye degradation by a photochemical
oxidative dimerization reaction that gives a non-fluorescent product.
Storage stability studies showed that replacement of C-H with C-D
slowed the dimerization rate constant by a factor of 3.1, and it is likely
that many medical and pre-clinical procedures will benefit from the
longer shelf-lives of these two deuterated ICG dyes. The discovery
that ICG self-aggregation promotes photoinduced electron transfer
can be exploited as a new paradigm for next-generation
photodynamic therapies.

Introduction

Indocyanine green (ICG, Scheme 1) is the only clinically approved
near-infrared (NIR) fluorescent dye with emission wavelength
above 700 nm. It is commonly employed in a wide range of
medical imaging and diagnostic procedures that assess cardiac
output or hepatic function; visualize tissue perfusion, lymph nodes,
or cancerous tissue before, during and after surgery; or visualize
blood flow during ophthalmic angiography.*- ICG is also used a
great deal in preclinical research as a NIR fluorescence contrast
agent for enhanced imaging of various animal models of disease.
More than 5,000 research papers and review articles have been
published over the last five years with “indocyanine green” in the
title or abstract. The recent discovery that the fluorescence
emission tail of ICG extends beyond 1000 nm and can be
detected using modern commercial cameras heralds a new set of
opportunities in short wave infrared (SWIR) imaging,”8 and there
is also considerable ongoing development of nanoscale ICG
delivery systems for next-generation imaging and treatment
strategies.®! The clinical safety record for ICG over several
decades is impressive,'% and substantial growth in clinical and
pre-clinical usage is expected in the coming years.
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ICG is chemically stable when stored as a dry powder and the
standard clinical procedure is to reconstitute it as a sterile
aqueous solution immediately before patient dosage. In some
cases, the formulation includes ~5% Nal.[®! The clinical dose size
varies with procedure, but a common concentration in a single 3
mL aqueous bolus is 2.5 mg/mL. ICG binds rapidly and strongly
to serum proteins and the non-covalent ICG/protein complexes
exhibit enhanced stability and fluorescence emission at 820
nm.' Moreover, there is very little extravasation of the
ICG/protein complexes from the bloodstream which enables
vasculature visualization using standard biomedical NIR
fluorescence imaging equipment.[*213 Within ~20 minutes after
dosing, virtually all of the ICG/protein complex is cleared from the
bloodstream through the liver and into the bile juice without
chemical modification.*45 Some clinical procedures, such as
fluorescence guided surgery, benefit from repeated cycles of
intravenous ICG dosing and subsequent fluorescence
imaging.'+® A recently modified approach to fluorescence
guided surgery of cancer is named “second-window ICG” and
involves infusion of a high dose of ICG (~5.0 mg/kg) at 24 hours
before surgery.l*7-1

Scheme 1. Chemical structures of ICG, ICG-ds, and ICG-d5.

A well-known drawback with ICG is its propensity to degrade
rapidly in aqueous solution and generate non-fluorescent by-
products. For example, one study found that a solution in water
had only 20% ICG remaining after sitting for 24 hours,?® and a rat
imaging study reported almost complete loss of vasculature
image if the aqueous solution was more than 24 hours old.?!
Because of this rapid decrease in aqueous ICG purity, the FDA
recommendation is to discard any unused aqueous sample within
six hours of reconstitution. There is little doubt that the clinical
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benefit of ICG would be enhanced if the shelf-life of an aqueous
stock solution could be extended and, not surprisingly,
considerable effort has been made over the years to elucidate the
degradation pathway(s) and identify the contributing factors.
Systematic studies of ICG degradation are hard to conduct
because the dye has an amphiphilic molecular structure which
promotes extensive self-aggregation at concentrations >10 uM,
and the aggregation alters the chemical and photophysical
properties.B® However, there is good evidence that the
degradation of ICG depends on several factors, including dye
concentration, the nature of the solvent, temperature, and the
presence of air, light, or specific chemical additives.[®2%22
Moreover, the combination of light and molecular oxygen
promotes three chemically distinct ICG degradation pathways
(Scheme 2). The best known pathway is a photosensitized
reaction of excited state singlet oxygen with ICG to produce
carbonyl-containing fragments that do not absorb or emit NIR
light.?324 A second, minor photochemical process is a
heptamethine truncation reaction that generates small amounts of
the pentamethine homologue.?>%%1 Quite recently, a third
degradation process was elucidated, namely, coupling of two
molecules of ICG to give the oxidative dimer 1.2728 However, its
prevalence in a stored clinical formulation (2.5 mg/mL in water)

was not reported.
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Scheme 2. Three distinct degradation pathways for aqueous ICG in the
presence of air and light. Pathway (A): double bond cleavage to produce
carbonyl-containing fragments. Pathway (B): truncation to produce
pentamethine homologue. Pathway (C): oxidative dimerization to produce 1.

The general goal of this present study was to determine whether
the kinetics of ICG degradation are altered if specific hydrogen
atoms (H) on the heptamethine dye are replaced with heavier
deuterium atoms (D). We reasoned that a large deuterium kinetic
isotope effect would reveal valuable new chemical insight
concerning the degradation mechanism, and at the same time
provide a novel way to extend the shelf-life of a clinical aqueous
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dose. The substantial literature on deuterium kinetic isotope
effects includes multiple examples of deuterated pharmaceuticals
and biomolecules with enhanced chemical stability.?® The very
few reports of deuterated dyes have primarily focused on the
isotope-induced changes in photophysical properties,® but a
recent photostability study found that visible rhodamine dyes with
appended deuterated alkylamino groups (auxochromes) exhibit
decreased photobleaching when irradiated with intense light.[3%.32
Here, we demonstrate enhanced stability using a very different
deuterium substitution strategy that has not been described
before; that is, direct deuteration of a near-infrared polyene
chromophore. We describe the synthesis of two novel deuterated
analogues of ICG, specifically ICG-ds and ICG-d7 (Scheme 1) and
a comparison of spectral and chemical stabilities that reveals a
three-fold reduction in the rate of degradation in agueous solution,
leading to extended shelf-life of stock solutions that match the
clinical formulation. The results suggest that switching to
deuterated ICG is likely to mitigate the sixty-year clinical problem
of aqueous ICG instability.

Results and Discussion

Synthesis and Aqueous Stability Studies

We decided that direct deuteration of ICG to make ICG-ds or ICG-
dz was not possible,®*34 and that a more feasible approach was
to exploit a recently refined method to make heptamethine
cyanine dyes via Zincke salts as reaction intermediates.[3>-38l
Using this versatile process we prepared ICG-ds and ICG-d-7on a
large scale using the chemical reactions in Scheme 3. The key
intermediate is the Zincke salt 2, derived from cheap and readily
available pyridine-ds.®4% Separate transimination reactions
provided the linear dianil intermediates 4 or 5 which were not
isolated but condensed in situ with indolenium 3 to give ICG-ds.
Alternatively, conversion of pyridine-ds into isolable
glutaconaldehyde-ds, 6,1 offered a third successful path to ICG-
ds. These three different synthetic methods provide broad
reactivity scope for future efforts to make additional heptamethine
dyes with deuterated polymethines. To make ICG-d7, the solvent
was simply switched to CHsOD which enabled deuterium
exchange with the acidic methyl protons on indolenium 3 to
generate 3-ds in situ. The number of peaks and peak splitting
patterns within the 'H spectra of ICG-ds and ICG-d; were
consistent with their >99% isotopically labeled structures.
Moreover, the *H spectra showed that stock solutions of ICG-ds
and ICG-d7 sitting in H20 for one month do not undergo any
measurable amount of deuterium/hydrogen exchange. In
summary, the technically straightforward and scalable syntheses
of ICG-ds and ICG-d7 combined with the enhanced shelf-life (see
below) make them economically attractive options for immediate
employment in pre-clinical research or future development for
clinical applications.

Listed in Table 1 are the photophysical properties of ICG, ICG-ds
and ICG-d7. To ensure no spectral artefacts due to differences in
synthetic methods, all three dyes were prepared and purified by
homologous procedures. In DMSO, the solutions of ICG-ds and
ICG-d7 were found to be ~30% brighter than an equivalent
solution of ICG, but in fetal bovine serum (FBS) there was
essentially no difference in fluorescence brightness. We
speculate that the brightness increase of free monomeric dye in
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Scheme 3. Syntheses of ICG-ds and ICG-d.

Table 1. Photophysical properties at room temperature.
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Dye Solvent(® Ao (NM)  A*Max (NM) £ (Mtecm™) R? @k (%) Brightness!®
ICG DMSO 795 820 224,000 0.999 16.7 £ 0.6 37,000
ICG FBS 800 813 197,000 0.998 9.7+0.4 19,000

ICG-ds DMSO 793 819 253,000 0.999 19.8+05 49,000
ICG-ds FBS 796 813 205,000 0.997 105 £0.3 21,000
ICG-d7 DMSO 794 818 228,000 0.999 20.8+05 48,000
ICG-d7 FBS 796 812 200,000 0.999 103+04 21,000
1 DMSO 787 820 327,000 0.999 0.12 + 0.06 390
1 FBS 796 820 256,000 0.998 0.12 +0.04 310

[a] DMSO = dimethylsulfoxide; FBS = fetal bovine serum. Dye concentration range is 0 — 5 pM. All measurements conducted at room temperature. [b] For all ICG
derivatives, absolute fluorescence quantum yield measured directly by photon counting. For 1, the measurements are relative to ICG in DMSO. [c] Brightness = ¢

x quantum yield, error is +15%.

DMSO is due to diminished non-radiative decay since C-D bonds
have significantly lower vibrational energy (v = 2200 cm™*) than C-
H bonds (v = 3000 cm) and that the effect is lost when the dye
is associated with serum proteins.

The relative stabilities of aqueous ICG, ICG-ds, and ICG-d7 were
assessed under two distinctly different conditions. The first set of
studies were high photon intensity photobleaching experiments
that mimicked clinical imaging or diagnostic conditions that
fragment the ICG and produce non-fluorescent carbonyl-
containing compounds (pathway A in Scheme 2).2324 That is, the
dye concentration was low (2 uM), the photon flux was continuous
and high, and the samples were exposed to air. An intense light
source (Xenon lamp) was used to simultaneously illuminate
separate solutions of the three dyes (each 2.0 uM in PBS), and
the changes in NIR absorption spectra were monitored over time.
The curves in Figure S15 show that all three dye solutions
exhibited essentially the same rate of photobleaching. A repeat
experiment examined the three dyes in FBS and observed a
slower rate of photobleaching (consistent with the known
protection of ICG due to non-covalent association with the

albumin, globulin, and lipoprotein in FBS) with no difference
between the dyes.'Y In other words, the photobleaching
experiments indicated no significant deuterium kinetic isotope
effect, a finding that is consistent with two literature facts: (a) the
mechanism for ICG photobleaching under high photon intensity
illumination conditions (Scheme S1) is cycloaddition with
photogenerated singlet oxygen and formation of unstable
dioxetane intermediates that fragment to produce the carbonyl-
containing compounds, 23244243 and (b) dioxetane fragmentation
is known to exhibit a negligible secondary deuterium kinetic
isotope effect.*4

The second set of dye stability experiments were designed to
mimic the low photon intensity storage conditions experienced by
a typical reconstituted dose in water before it is administered in a
clinical setting. Thus, stock solutions of the dyes were exposed to
the atmosphere and laboratory lights during the initial
reconstitution and periodic sampling, but otherwise stored as
capped vials in the dark at room temperature. Most literature
studies on the stability of aqueous ICG have focused on relatively
dilute solutions (< 50 pg/mL), 20-2845.48] gnd very few studies have
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examined aqueous ICG solutions at the higher concentrations
that match a reconstituted clinical dose (e.g., 1.0 - 2.5 mg/mL).[*"
The water solubility of ICG is often quoted as 1 mg/mL and to
ensure that all our studies used completely dissolved aqueous
solutions we employed a consistent concentration of 1.0 mM
(0.775 mg/mL). We discovered that the purity and composition of
a 1.0 mM stock solution of ICG in water could be conveniently
tracked over time by periodically removing a small aliquot and
analyzing its chemical composition at a semi-quantitative level by
reverse phase thin layer chromatography (TLC),“*¥ or at a
quantitative level using *H NMR spectroscopy.?”21 We found that
under normal clinical reconstitution and shelf-storage conditions,
the oxidative dimerization of aqueous ICG to produce 1 (pathway
C in Scheme 2) was by far the dominant degradation pathway and
preparative experiments provided pure samples of 1, 1-ds, and 1-
di2 whose *H NMR and mass spectra were internally consistent
(Figures S2) and matched the literature data.?”-%849 The first
indication that a stored 1.0 mM solution of agqueous ICG-ds was
substantially more stable than a homologous solution of ICG was
gained by monitoring stock solutions over one week at room
temperature using reverse phase TLC (Figure S18). This finding
was confirmed by comparing NMR spectra of aliquots taken
periodically from the separate stored stock solutions (Figure S19-
S20). Shown in Figure la are the changes over time for one
particularly diagnostic peak corresponding to the -CH2SOs
protons at 6 = 2.91 ppm for ICG or ICG-ds, and 6 = 2.80 ppm for
1 or 1-ds. Comparison of peak integration values with an internal
NMR standard (CH3SOsNa, 6 = 2.69 ppm) produced kinetic plots
(Figure 1b, with expanded time plot in Figure S21) that could be
analyzed to provide second order rate constants for the
bimolecular dimerization reaction to form 1 (or 1-ds) (Figure 1c).
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Figure 1. (a) Partial *H NMR spectra (500 MHz, methanol-ds, 25 °C) showing
differences in stability for separate stock solutions of ICG or ICG-ds in water (1.0
mM) at room temperature. The spectra show decrease of the peak for -CH.SO3"
protons at 6 = 2.91 ppm for ICG or ICG-ds and increase of the corresponding
peak at & = 2.80 ppm for oxidative dimer 1 or 1-ds. (b) Speciation plots showing
the change in weight percentage with storage time. Each plot was fit to a
pseudo-second order dimerization reaction model. (c) Curve fitting of the data
to give the ratio of rate constants (ku/ko) as a deuterium kinetic isotope effect in
water (1.0 mM) at room temperature (22 °C).
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The ratio of rate constants (deuterium kinetic isotope effect)
shows that the conversion of aqueous ICG-ds to 1-ds is slower
than the conversion of ICG to 1 by a factor of 3.1. A subsequent
kinetic study used the same NMR assay to quantify the
conversion of ICG-d7 to oxidized dimer 1-di> and found that it
matched the conversion rate of ICG-ds to 1-ds (Figure S22 and
Table S2).

Chemical Implications

The scattered literature reports on ICG stability over several
decades reflect a complicated dependence on light and solvent,
and there is some previous evidence that ICG stability in water is
moderately enhanced by higher concentration.®® Repeated
kinetic measurements on different batches of aqueous ICG (1.0
mM) under the same multiday storage and sampling conditions
revealed a slight batch-to-batch variation in the rates of oxidative
dimerization, likely reflecting minor differences in sample
exposure to laboratory lighting. A systematic series of
comparative experiments produced the following mechanistic
observations.

1. The dimerization reaction to produce 1 was inhibited when air
and/or light was excluded from the reaction (Figure S26).
However, slow production of 1 continued after an illuminated
sample of ICG was placed in the dark.

2. The dimerization reaction was strongly inhibited by the
presence of additives that act as antioxidants, such as azide
and ascorbate, but it was promoted by the presence of Nal an
additive in some commercial versions of ICG (Figure S27).

3. There was less photochemical degradation when the
concentration of ICG in water or ethanol was increased
(Figure S16-17, 28b).

4. Under low photon intensity conditions, a stored solution of 1.0
mM ICG in water slowly produced 1 but an analogous solution
of ICG in ethanol did not (Figure S28a).

5. The dimerization reaction to produce 1 under low photon
intensity light conditions was enhanced when the aqueous
solution of ICG (1.0 mM) included H202 (10 mM) (Figure S29).

The chemical analysis data clearly shows that the dominant
degradation pathway for a stored clinical formulation of aqueous
ICG (1.0 - 2.5 mg/mL) is oxidative dimerization to produce 1. The
observed deuterium kinetic isotope effect of 3.1 with ICG-ds (or
ICG-d~) is consistent with the reaction mechanism proposed by
Rittger and coworkers,l?”l although significant new insight is
provided by the experimental observations listed above. The new
chemical insight can be summarized as four major points.

1. The high optical density of a clinical formulation produces a
very strong inner filter effect that stops light reaching the dye
molecules located deep in the solution, thus attenuating ICG
photobleaching by any mechanism (Figures S16-S17, S28b).

2. There is extensive self-association of ICG in water to form
face-to-face H-aggregates that favor rapid quenching of dye
excited states,®51 This aggregation-induced quenching
reinforces the inner filter effect to further slow photobleaching
of a clinical ICG formulation in water.

3. As summarized in Scheme 4a, the dominant reaction of a
monomeric ICG molecule and photosensitized singlet oxygen
is cycloaddition with the heptamethine and subsequent
fragmentation of the dioxetane intermediates to produce
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carbonyl-containing fragments (pathway A in Scheme 2). A
major finding of this work is an aggregation-induced switch in
ICG photoreactivity towards a path that produces the oxidative
dimer 1 (pathway C in Scheme 2). As summarized in Scheme
4b, a tightly packed H-aggregate sterically hinders attack of
singlet oxygen at the polymethine double bonds, and
concomitantly favors photosensitized oxidative dimerization
by promoting the covalent coupling of an ICG radical cation
with an adjacent ICG molecule in the same aggregate.® This
picture of aggregation-dependent reactivity is supported by
experiments in organic solvents, such as ethanol, where there
is negligible ICG self-aggregation and very little oxidative
dimerization (Figure S28a). There is also recent literature
evidence that self-aggregation in water promotes
photoinduced electron transfer from ICG to molecular
oxygen.kl

4. The first two steps in the proposed photosensitized oxidative
dimerization mechanism in Scheme 4c involve reversible
electron transfer from excited triplet state ICG to dissolved
molecular oxygen to produce a superoxide radical anion and
ICG radical cation, followed by reversible attack of the radical
cation on a second ICG molecule.?3274753-56 Sypsequent
proton abstraction is an irreversible third step that is slowed in
ICG-ds (and also in ICG-d7) because the activation energy for
deuteron abstraction is higher. These three steps rationalize
the observed deuterium kinetic isotope effect of 3.1 and also
the observed second order dependence on [ICG] (see Figure

(a) ' 0, carbonyl fragments
' ‘ (pathway A, Scheme 2)

ICG monomer

Maijor reaction is cycloaddition of singlet oxygen with one of the
heptamethine double bonds and subsequent fragmentation of the
dioxetane intermediate to produce carbonyl-containing compounds.

(b) ' 0, carbony!

'p‘ " " ' fragments

KT
' -‘l f’ k ~}‘ oxidative dimer

ICG H-aggregate (pathway C, Scheme 2)

H-aggregate suppresses photochemical quantum yield and sterically
hinders singlet oxygen attack at heptamethine. Major reaction is
electron transfer from ICG and oxidative dimerization to produce 1.

(c) Hy

H H 0, y R 0,
Hy 1
. O,
HW o % H‘.(\eo H Hg
LR R TR R
R R R
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Hy Hy icc M
Hy0, 22V 4y o0

Scheme 4. Different major pathways for reaction of: (a) ICG monomer with
photosensitized singlet oxygen in any solvent, or (b) excited state ICG in H-
aggregate with molecular oxygen. (c) Proposed mechanism for photosensitized
oxidative dimerization of ICG to form 1.2754
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S30 for expanded kinetic expression). Hydrogen peroxide is a
reaction by-product that subsequently dimerizes two additional
ICG molecules in a light-independent manner;57 and thus the
oxidative dimer 1 continues to be slowly produced after an
illuminated clinical dose of aqueous ICG is stored in the dark. In
terms of reaction stoichiometry, one singlet oxygen molecule
converts four molecules of ICG into two molecules of 1.

Clinical Implications

The oxidative dimer 1 has a similar NIR absorption spectrum as
ICG but the fluorescence quantum yield is ~100 fold lower (Table
1) and as shown in Figures S9-S10, compound 1 emits virtually
no fluorescence. The very low fluorescence quantum yield is
consistent with that reported for an analogous oxidized dimer of a
pentamethine cyanine dye,®® and an energy minimized
molecular model of 1 (Figure S31) reveals a highly twisted 3-
dimensional shape with the two connected heptamethines
oriented almost orthogonally. Compared to ICG there is little
change in the absorption maxima band indicating very weak
coupling of the polymethine transition state dipoles, but there is
efficient intramolecular energy transfer and non-radiative decay of
the excited state. In terms of fluorescence imaging, oxidized dimer
1 is a NIR light-absorbing but non-fluorescent product of ICG
degradation that builds up during storage of a clinical aqueous
formulation and lowers the image brightness produced by the
dose. To illustrate the difference in image brightness due to the
change in stock solution stability, we conducted an NIR
fluorescence imaging study that compared two mouse phantoms
with fillable organs (Figure 2 and S31). To mimic a typical ICG in
vivo imaging scenario, the heart port of each phantom mouse was
filled with FBS and an aliquot from a 1.0 mM stock solution of
either ICG or ICG-ds (final dye concentration was 2 pM). NIR
fluorescence images were acquired using an animal imaging
station and the mean pixel intensities of the heart regions where
determined. When the experiment used fresh stock solutions
there was no difference in image intensities for the phantoms
containing ICG or ICG-ds, which is consistent with the matching
fluorescence brightness observed when the dyes are in serum

100
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Fresh Solutions

ICG-d;

3-Day Old
Stock
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100
80
60
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3-Day Qld Solutions

Figure 2. NIR fluorescence images (ex: 745 nm, em: 850 nm) of two mouse
phantoms with heart portals containing FBS and an aliquot from a 1.0 mM
aqueous stock solution of either ICG or ICG-ds (final dye concentration, 2 pM).
The top pair of phantoms contain freshly prepared stock solutions and the
bottom pair of phantoms contain 1.0 mM aqueous stock solutions that had been
stored for 3 days at room temperature (22 °C). Fluorescence intensity scale in
arbitrarily units. The graphs compare normalized mean pixel intensity (MPI) for
the fluorescent heart regions within each pair of mouse phantom images. The
graph error bars are too small to visualize.
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(Table 1). But when the imaging experiment was repeated using
aliquots from stock solutions that had been stored in the dark for
3 days, the image intensity of the heart region containing ICG was
80% of the image intensity of the heart region filled with ICG-ds.
TLC analysis of the stock solutions showed that conversion into
non-fluorescent 1 was the primary reason for the decreased ICG
image intensity (Figure S31). Undoubtedly, the difference in NIR
fluorescent image intensities would be even larger if the aqueous
stock solutions were stored for longer periods or if they were
exposed to more light during preparation and storage.

One of the key pharmaceutical properties of ICG is its high affinity
for blood proteins which ensures that it does not leave the
vasculature of a living subject. Compared to ICG, the oxidative
dimer 1 exhibits a higher retention factor (Rf value) on a reverse
phase TLC plate, indicating a more polar molecular structure
which is consistent with the molecular model in Figure S32
showing a dispersed projection of the four anionic sulfonate
groups. The combination of polyanionic charge and non-planar
shape suggested to us that 1 would likely have relatively low
affinity for blood proteins,’® and this supposition was confirmed
by measuring dissociation constants for binding to bovine serum
albumin in pH 7.4 PBS buffer at 37 °C (Figure S11-S14). The
measured values of Kq for ICG, ICG-ds, ICG-d7 were all within
measurement error of 2.9 UM which is close to the literature value
for ICG. 9 In contrast, the Kq for 1 was ten-fold higher at 34 uM
which means if 1 was present in the blood at the low micromolar
dose concentrations that are typically employed for clinical
imaging, hardly any of it would be associated with high molecular
weight albumin protein. Thus, there is high potential for polar 1 to
extravasate from the bloodstream,® and a goal of future work is
to determine if 1 induces any undesired pharmaceutical effects as
a storage degradation product of ICG. For example, the structure
of 1 suggests that it might be an inhibitor of the organic anion
transporters that mediate renal clearance of many environmental
toxins or clinically important drugs.®”

Since ICG is excreted chemically unchanged into the intestines,
itis very unlikely that ICG-ds (or ICG-d7) will exhibit any significant
difference in clinical pharmacokinetics or in vivo imaging
performance.**51 The longer shelf-life of aqueous ICG-ds (or
ICG-d7) is an attractive clinical prospect for several reasons. It
means that multiple doses can be drawn from a single large stock
solution of aqueous ICG-ds (or ICG-d7) and used for a multi-dose
imaging procedure with the reassurance that the purity of a
carefully stored stock solution will not change significantly over
several days at room temperature. In particular, multi-dose
surgical procedures using ICG would be simplified and shortened
if all the doses could be drawn from a single stock solution.** Not
surprisingly, the shelf-life of an ICG stock solution is extended
significantly when stored in the dark at 4 °C in a refrigerator. As
shown in Figure S23, the purity of an agueous solution of ICG (1.0
mM) was 85% and 52% after 7 and 28 days storage at 4 °C in the
dark, whereas the purity of an analogous stored sample of ICG-
ds (1.0 mM) was 95% and 85% after the same storage times. The
enhanced shelf-life of refrigerated stock solutions of ICG-ds will
make it very convenient and economical for longitudinal pre-
clinical in vivo imaging studies that need to repeatedly dose a
large cohort of animals over a long period of time.[6162
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Conclusions

Indocyanine Green (ICG) has been used extensively as a
clinically approved NIR fluorescent dye for more than 60 years.
While ICG is reasonably stable when associated with proteins in
the bloodstream, its propensity to degrade as a concentrated
aqueous stock solution means that clinical doses have to be
utilized shortly after reconstitution. The results of this study show
that self-aggregation of ICG in water favors dye degradation by a
photochemical oxidative dimerization reaction that gives the non-
fluorescent product 1. ICG-ds and ICG-d; are deuterated versions
of ICG with deuterium atoms on the heptamethine chain, and
storage stability studies show that the replacement of C-H with C-
D slows the dimerization rate constant by a factor of 3.1. All three
homologues have the same affinity for albumin protein and
produce non-covalent complexes with the same fluorescence
brightness. Since ICG is excreted unchanged from the body, it is
very likely that ICG-ds and ICG-d7 will exhibit the same clinical
performance. But the extended storage shelf-lives of aqueous
ICG-ds and ICG-d7 will improve many biomedical imaging and
diagnostic procedures, including fluorescence-guided surgeries
that draw repeated doses from the same stock solution over a
lengthy period of time. From a broader biomedical perspective,
the results of this study suggest additional future research
directions for pursuit. For example, the idea that self-aggregation
of amphiphilic cyanine dyes, like ICG, can promote photoinduced
electron transfer chemistry has been recognized by dye chemists
for some time,®3 but has not yet been fully exploited as a rational
design paradigm for next-generation photodynamic therapy.%64
Likewise, deuterated polymethine cyanine dyes with a low
propensity for photooxidative dimerization are promising future
candidates for optimized super-resolution microscopy.(
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Entry for the Table of Contents

Stored clinical dose in water

v

degradation by
oxidative dimerization
Kulkp = 3.1

X =Y = H: Indocyanine Green (clinical Near-IR fluorescent dye) z
X=D,Y=H,orX=Y = D: this work, extended shelf-life Non-fluorescent degradation product

A heavy deuterium atom in the right place mitigates the sixty-year problem of aqueous Indocyanine Green (ICG) instability. A clinical stock
solution of heavy ICG in water can be stored for an extended period without significant loss of fluorescence brightness which will improve the
effectiveness of various biomedical imaging, diagnostic and therapy procedures.
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