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Abstract

A major restriction on optical imaging techniques is the range of available fluorophores that are compatible
with aqueous media without aggregation, absorb light above 750 nm with high extinction coefficients, fluoresce
with relatively high quantum yields, and resist photodecomposition. Indocyanine green (ICG or A in this paper)
is an important example of a fluorophore that fits this description. Other dyes that are becoming increasingly
prevalent are select heptamethine cyanine dyes (Cy7) which feature a cyclohexyl framework to rigidify the
conjugated alkenes, and meso-chlorine substitution; MHI-148 (B) is one example.

Methods: Research described here was initiated to uncover the consequences of a simple isoelectronic
substitution to MHI-148 that replaces a cyclohexyl methylene with a dialkyl ammonium fragment. Solubility
experiments were carried out in aqueous and cell culture media, photophysical properties including
fluorescence quantum yields, brightness and stability were measured. Moreover, in vivo pharmacokinetics,
distribution and tumor seeking properties were also explored.

Results: Modification to incorporate dialkyl ammonium fragment leads to a brighter, more photostable
fluorophore, with a decreased tendency to aggregation, complementary solubility characteristics, and a lower
cytotoxicity.

Conclusion: All the above-mentioned parameters are favorable for many anticipated applications of the new
dye we now call quaternary cyanine-7 or QuatCy.
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Introduction

There is a growing sentiment that new optical
methods for clinical imaging and diagnosis may be
transformative in the next decade. This assertion is
reasonable because optical images can be
accumulated in real-time, during surgery, and on
substantially less costly equipment than for
complementary techniques like positron emission
tomography and magnetic resonance imaging. This is
also true because there is vast room for improvement
to clinical optical imaging methods currently used
today [1-5].

Many of the potential improvements to clinical
optical imaging trace back to development of new
fluorophores with improved photophysical and

solubility characteristics. There is also the intriguing
prospect of using different dyes that accumulate in
diseased and healthy tissue giving, for instance,
images of red-stained abnormalities on a panorama of
green. Despite this, indocyanine green (ICG, A) is the
only near-IR (absorbance maximum above 750 nm)
FDA-approved optical marker for clinical use [6, 7].
ICG is widely used in surgical procedures
because it is fluorescent with an absorbance
maximum above 750 nm. Excitation of dyes below 750
nm becomes impractical, even with the highest laser
powers that can be applied in surgical settings, if they
are obscured by more than a few millimeters of tissue;
to “calibrate” this statement, depth of penetration of
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light wavelength 800 nm into tissue is twice that of
light 630 nm [8]. Another attribute of ICG is that the
structure contains two sulfonate groups and only two
small planar aromatic = components; these
characteristics engender increased aqueous-media
solubility and suppress aggregation to particles with
heterogeneous dimensional, optical, and
physiological properties.

HO3S SOzH
A
indocyanine green (ICG)
Despite its attributes, there are several

photophysical characteristics of ICG that might be
improved via structural modifications; one of these is
quantum yield. Under a typical set of conditions, the
quantum yield of ICG (A) in 10 mM pH 7.4 PBS buffer
is only 0.017. That quantum yield may seem
discouragingly low when evaluated side-by-side with
fluorophores that are excited below 600 nm, for which
® can be higher than 0.9. However, dyes excited
below 600 nm are almost useless for non-superficial
real-time clinical imaging in patients, even if they
have high quantum yields, due to the tissue
penetration  issue.  Conversely, a  two-fold
®-improvement relative to ICG, ie >0.034, would
literally double the brightness of this fluorophore on
the operating table (assuming all other factors remain
equal). Exactly the same criteria can be applied to
extinction coefficient at the excitation wavelength,
because brightness is the product of this parameter
and quantum yield: doubling extinction coefficient
alone corresponds to a two-fold improvement
brightness. Finally, another parameter that could
clearly be improved relates to photostabilities.
Photostabilities of cyanine dyes tend to be low hence
their lack of robustness can be problematic under
continuous illumination [9-11].

It is certainly also possible to make ICG
modifications to change the ways the derivatives
interact with living tissue. ICG accumulates in liver
and gastrointestinal tract [12]; it can be used to image
tumors, but it is not disposed to especially accumulate
in cancer tissue. There is enormous scope for
discovery of new near-IR dyes that stain all tissue
equally (to provide background) and others that
accumulate in specific organs or in diseased tissue,
but ICG does not fit cleanly into either category.
Expanding the palette of near-IR dyes used for
painting diseased tissue is a particularly interesting
field, and that is why near-IR fluorophore B is so
intriguing.

HO,C

MHI-148, IR-808
Fluorophore B is almost twice as bright as the
clinical benchmark, ICG, A (see Table 1 in Results and

Discussion, below). This fluorophore, variously
known as MHI-148 [13] or IR-808 [14], is also
exceptional because it accumulates in solid tumors (eg
prostate [15], gastric [16], kidney [17]) but not in
normal cells and tissue [13, 14, 18-20]. Consequently,
tumors in animal experiments can be stained with B
then detected in vivo via optical imaging [13, 14, 16,17,
21, 22]. This “tumor-localizing” dye B has been
applied extensively for in vivo experiments but not, to
the best of our knowledge, in patients. Lack of
application of B in patients could be attributed to the
fact that this dye is cytotoxic, and this is undesirable
for diagnostic optical imaging.

In summary, even though cyanine-7 dyes are
privileged near-IR fluorophores for optical imaging in
tissue, there is plenty of scope for improvement.
Current understanding does not facilitate prediction
of modified Cy7 structures with improved brilliance,
or which will localize in different tissues; dyes with
these characteristics largely have to be discovered
rather than invented. However, rational changes to
increase water solubilities and suppress aggregation
effects can be made, then tests can be launched to
probe for these “known unknowns”. With this
strategy in mind, we conceived the novel fluorophore
1, and that molecule is the focus of this paper.

\\tg“
O,H
quaternary-Cy O QuatCy

Structure 1 is identical to B except for
isoelectronic substitution of a methylene group with a
dimethyl quaternary ammonium nitrogen. Focusing
on this key substitution then, we began to call this
fluorophore quaternary cyanine-7, or QuatCy. That
simple modification changes several fundamental
properties of the dye in significant ways. Relative to
B, 1 has one greater positive charge at all ionization
states since the quaternary ammonium is cationic at
all physiological pH values. At face value, it would be
expected to be more soluble in water and less inclined
to aggregate since the dimethyl ammonium
functionality repels like molecules via charge-charge
interactions, breaks the planarity of the structure, and
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together these factors help to prevent aryl stacking. In
the event, QuatCy (1) is more water soluble than B,
but its solubility characteristics are more complex and
interesting than anticipated. Data presented below
show that QuatCy is, in fact, also less prone to
aggregation in aqueous media than B. Intriguingly,
testing of some known unknowns for QuatCy also
revealed potentially useful photophysical and
physiological characteristics that could not have been
foreseen prior to experimentation.

Results and Discussion

Design, Syntheses, and Solid State Structure

Just as dye B can be made from cyclohexanone,
so 1 can be made from the corresponding known [23]
ammonium salt shown in Scheme 1. Reaction of that
ammonium salt under the Vilsmeier-Haack
conditions furnished one component for the
convergent final step, ie tautomerized-dialdehyde 3.
The known indolozinidinium C [24] is the other
component of the QuatCy synthesis. Condensation of
3 and C worked well in refluxing ethanol [14].

0] Cl
Mel, acetone (i) POCl3, DMF 2™\~ 2"0H
—— —_—

N 25°C,4h N* (i} HCI/H,0 o

‘ AU s Gl

3
N
Ij/’ )4
Br

CH4CN, reflux, 12 h

AcONa, EtOH
3+C —

reflux, 5 h

HO,C £ CO,H

Scheme 1. Synthesis of compound 1 converges from two key fragments, the
Vilsmeier-Haack product 3 and the indolozinidinium C.

°C overnight. After the final condensation step (3 + C),
the ethanol was removed, and the residue purified by
preparative rp HPLC (C18 column) using 30 - 80%
acetonitrile/water ~ gradient  containing  0.1%
trifluoroacetic acid (TFA). A batch of 1.6 g of QuatCy
could be prepared via this procedure.

X-ray Crystal Structure

A single crystal of 1 was obtained by diffusing
ether into a dichloromethane solution of the
fluorophore. Unfortunately, there was a considerable
degree of disorder in the structure, due to
non-uniform arrangements of the carboxyalkyl
side-chains and trifluoroacetate counterions (R value
15%, enough to unambiguously confirm the structure
of the fluorophore, Figure 1). A full discussion of the
procedures used to refine the crystallographic data
are given in the supporting material.

Figure 1. Representation of 1 from coordinates collected in a single crystal X-ray
analysis.

Isolation of cyanine dyes in most syntheses tends
to be difficult because of their extreme polarity and
water solubilities. For QuatCy, after considerable
experimentation, the following procedure proved
effective. First, we found that the purity of dialdehyde
3 is critical; sub-optimal batches of this starting
material significantly reduce the yield of the final
product 1. Fortunately, 3 could be isolated ona 15 g
scale by slow addition (over 30 min) of 2 M HCl,) to
the Vilsmeier-Haack mixture since the product can
precipitate out when that solution is maintained at -20

Photophysical and Aggregation Properties

Figure 2 shows the absorbance (A) and
fluorescence (B) of equimolar solutions of
fluorophores A, B, and 1. Qualitatively, these data
show that QuatCy has a greater maximal absorbance
than A or B, and its fluorescence brightness was
markedly higher than the other two fluorophores.
Fluorescence maxima for these three compounds shift
to longer wavelengths in the order 1 < B < A, ie ICG
has the most red-shifted fluorescence maximum.
Absorbance and fluorescence spectra in MeOH and
H>O for all three fluorophores can be found in the
supporting information (Figure S2 and Table S1).

The qualitative observations made above are
supported by quantitative measurements of select
photophysical characteristics of these fluorophores
(Table 1). They have approximately the same Stokes’
shifts (23 - 28 nm), but the extinction coefficients and
fluorescence quantum yields are different, and both
parameters follow the order 1 > B > A. More
specifically, the absorbance of ICG is only about 60%
of that of QuatCy, and the fluorescence quantum yield
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for QuatCy is about three times greater; more
specifically, the absorbance of ICG is only about 60 %
of that of QuatCy, and the fluorescence quantum yield
for QuatCy is about three times greater; data for B are
intermediate.
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Figure 2. Relative absorbance (A) and fluorescence (B) of 5 pM the featured
compounds in 10 mM pH 7.4 phosphate buffer saline (PBS).

The quantum yields of all three dyes A, B, and 1
are not even close to 10%. A common misconception
when evaluating quantum yields is to compare
near-IR fluorophores with dyes excited at lower
wavelengths. Lower quantum yields are expected in
the near-IR region because bond stretches and
deformations tend to be favored relative to electronic
transitions for long wavelength incident light.
Consequently, modifications to near-IR dyes that
result in quantum yield increases from, for instance, 1
to 3% should be viewed as a 300% improvement, and
not in the context of @ values for dyes that are excited
at much shorter wavelengths. Table 1 indicates the
brightness of QuatCy is over five-fold greater than
ICG.

A blue-shifted shoulder is apparent for B in the
absorbance spectra shown in Figure 3A. Shoulders of
that kind are indicative of H-aggregates, ie associative
oligomers in which the transition moments of the
monomers are well aligned leading to bathochromic
(blue) shifts. Concentration dependences of

absorbance spectra of 1 and B (chosen because these
are structurally closest) were determined to explore
H-aggregation further. It emerged (Figure 3B) that
QuatCy is considerably less aggregated than B; there
is no shoulder on the absorbance spectra of QuatCy
that is attributed to H-aggregates. In unpublished
results with human serum albumin it was observed
that 1 does not react with albumin unlike other
hydrophobic cyanines. Calculated physiochemical
properties of compound 1, A and B at pH 7.4 are
described in Table S2 (logP, LogD, H-bond donor
acceptor properties, polar surface area).
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Figure 3. Concentration dependence of absorbance spectra in the range 1.25 — 20
uMin 10 mM pH 7.4 PBS buffer of compound B (A) and compound 1 (B).

Photostabilities

Solutions of fluorophores A, B, and 1 in 10 mM
pH 7.4 PBS buffer open to the air were illuminated at
780 nm with an LED. Initially, equimolar
concentrations (20 pM) were used. QuatCy was more
photostable and more robust than the other two
(Figure S3), but the difference was more than we
anticipated “so” we suspected our experimental
design. Hypothesizing that the difference observed
could be because QuatCy simply absorbs less quanta
at 780 nm (recall, its absorbance maxima is
blue-shifted relative to A and B, Table 1), the

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 10

2860

experiment was repeated using solutions diluted to
have the same absorbance at 780 nm. These
experiments (Figure 4) gave essentially the same data,
except that A and B decomposed at different rates, but
still 1 proved essentially stable, it shows almost no
decomposition after 1 h continuous illumination.
Photostability tests were also performed on QuatCy
(1) using a 750 nm LED and similar results were
obtained: QuatCy is stable (Figure S3).

Table 1. Comparative photophysical properties of A, B and 1 in
10 mM PBS buffer pH 7.4

compound  Aas A AN gy @b brightness relative
(nm) (nm) (cm M) (Emarx @) brightness

A 779 807 28 111060 0.017 1941 1.00

B 775 799 24 149940 0.025 3689 1.90

1 745 768 23 192460 0.051 9901 5.10

aStokes’ shifts of A, B and 1. PFluorescence quantum yield were performed using A
(® = 0.13 in DMSO; Aex 730 nm) as a standard.
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Figure 4. Photostabilities of A (2.7 uM), B (2 pM) and 1 (1.7 pM) such that each
solution had the same absolute absorbance at 780 nm in 10 mM pH 7.4 PBS buffer at
780 nm (Thor Lab, LED780E). Compound 1 was the most photostable whereas B
was the least stable and decomposed (ti2 < 10 min). Throughout, n = 3, mean * SD.

Solubility Characteristics

Crystallographic evidence presented above
indicates QuatCy isolated via preparative HPLC,
using TFA, CH3CN, H>O mixture as eluents, tends to
bear one trifluoroacetate counterion, and one
molecule of CF;CO,H solvation. Consequently, in
water the net charge of 1*CF;CO,H is +1 hence it is
unsurprising that it is freely soluble (Figure 5A, red
line). Conversely, under the same conditions,
B+ CF;CO,H has no charge and is therefore much less
soluble (Figure 5A, green line). Somewhat
surprisingly, QuatCy proved less soluble than B in a
typical medium for cell culture (Dulbecco's Modified
Eagle's medium or DMEM) or buffered media (Figure
5B and C). In fact, B has good solubility in 10 mM pH
7.4 PBS buffer up to 1 mM but begins to aggregate in
H>O at 100 uM “whereas” QuatCy 1 is soluble in H,O
up to 1 mM but precipitates out after 50 uM PBS buffer
(Figure S4). Generally, reduced solubility in aqueous

media is a disadvantage, but that factor is somewhat
mitigated in this case because the solubility was
improved in when 10% fetal bovine serum (FBS) was
added to the DMEM medium (Figure S5).
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Figure 5. Solubility (at 25 °C) of compound B and 1 in H,O (A); Dulbecco's Modified

Eagle's medium (DMEM) (B) and B, 1, and 2 in 10 mM pH 7.4 PBS buffer (C). (n =3,
mean * SD)

A possible explanation for the solubility data
outlined above is that CF;CO.H of solvation is
neutralized in buffered media, hence the net charges
of 1 and B are zero and -1 under these conditions, and
only the anion B dissolves well. It follows that if one
of the carboxylic acid groups of QuatCy were
converted to a mneutral functionality, then this
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derivative in PBS would have a net charge of +1 and it
should have greater solubility than 1 in this buffer. To
test this hypothesis, the morpholine amide 2 was
prepared (Scheme S1) and we found that it was
indeed more soluble than 1 in PBS (Figure 5C, purple
line) despite the fact that the amide is more
hydrophobic than the carboxylic acid it was made
from.

Cytotoxicities

Cytotoxicity of QuatCy 1 was studied using
U87-MG cells (a glioblastoma multiforme line).
According to Figure 6, both ICG (A) and 1 were not
cytotoxic up to 80 uM and were significantly less
cytotoxic than B (ICsp value = 19.1 + 1.01 puM).
Unfortunately, ICsp values for 1 could not be
measured since fluorophore 1 is insoluble at higher
concentrations in buffer solution, but the data shows
it is certainly less toxic than B.

1001
<
P
% 504 -+ A
=
-~ B
- 1
0 T T T T 1
0.001 0.01 0.1 1 10 100

concentration (uM)

Figure 6. Cytotoxicity of compound A, B and 1 on U87-MG cells after incubating
with the test compounds for 72 h in the dark, before an AlamarBlue test for cell
viability. Cyanine B was toxic at (ICso value = 19.1 £ 1.01 yM) but compound A and 1
were not very toxic until 80 yM. (n=5, mean % SD)

Table 2. Organelle localization of the fluorophores in U87-MG
glioblastoma cells at relatively short and long time intervals after
incubation with the cells at 37 °C in DMEM/F12 supplemented by
10% FBS pH 7.4.

fluorophore localization after time (h)
0.5 24
A golgi and ER golgi and lysosome
B mitochondria mitochondria and lysosome
1 golgi lysosome and ER

Intracellular Localization Of A, B, and 1

Confocal imaging experiments were performed
with the three featured fluorophores to check for
colocalization with the four tracking probes found to
be most pertinent: ie for localization in mitochondria,
lysosomes, the endoplasmic recticulum (ER), and
golgi. Figures 7 and 8 respectively, show that
compound 1 initially accumulated in the golgi (after
30 min incubation) but after an extended period (24 h)
it was found primarily in the lysosome and ER.

Similar experiments were performed for A and B; that
data is shown in the supporting information (Figures
56-S9) and summarized in Table 2.

Pharmacokinetics and Biodistribution

Data presented above indicates QuatCy is less
cytotoxic than B, and this might be attributed to
accumulation in golgi, lysosomes and the ER whereas
B is found in the mitochondria. Toxicity is undesirable
for diagnostic optical imaging in patients; ideal
near-IR dyes should be non-toxic and should not
accumulate in other organs; dyes of this type can be
attached to tumor targeting ligands to stain tumor
tissue [1-5]. Cytotoxicity of fluorophore B (ICs
around 20 pM in most cell lines) [13] might preclude it
from clinical applications in near-IR imaging, or at
least put restrictions on its use. Consequently, we
were intrigued to compare the pharmacokinetics of
retention of our less toxic dye, QuatCy 1, with B in
mice.

Intraoperative biodistribution and clearance
were compared in normal CD-1 mice over a 4 h period
after a single intravenous injection of near-IR
fluorophores. QuatCy showed both renal and hepatic
clearance, while B displayed predominantly hepatic
clearance (Figure 9A). QuatCy 1 was detected in the
gastrointestinal tract from 1 h post-injection,
indicating fast excretion from liver and bile duct,
while B still had high signal in the liver and low signal
in duodenum even after 4 h post-injection (Figure 9B).
Quantification of the compound 1 was performed to
characterize the concentration of plasma samples and
the urinary excretion after intravenous administration
of 25 nmol for up to 5 h. The plasma elimination
half-life of compound 1 is 100 min and 32% of injected
dose was excreted through the urine (Figure 9C). Fast
clearance of a contrast agent from the body is
desirable because it can highlight the target tissue
with a reduced background, giving a better detection
target-to-background contrast.

To test tumor targetability, we intravenously
administered 25 nmol of 1 to a syngeneic mouse
model with NIT-1 pancreatic tumor cell line and
observed signal accumulation in the tumor over 8 h,
and tumor-to-background ratios were determined
against nearby muscle at 0.5, 1, 2, 4, and 8 h. These
experiments showed values greater than 2.0 were
attained 2 h post-intravenous injection of 1, and
increased continuously over 8 h (Figure 10B). The
highest tumor-to-background ratio was at 8 h
post-injection. At  that stage, fluorescence
image-guided surgical resection showed the tumor
was highly fluorescent, and the cross-section analysis
of this indicated deep penetration of 1 in that tissue
(Figure 10A).
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Figure 7. Localization of compound 1 (20 uM) after 30 min incubation at 37 °C with U87-MG cells (A). Mitochondria (Pearson’s R Value 0.77) (B). Lysosome (0.29) (C). ER
Tracker (0.40) and (D) Golgi (0.78) in DMEM/F12 supplemented by 10% FBS pH 7.4.
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Figure 8. Uptake of compound 1 (20 pM) after 24 h of incubation in U87-MG cells in (A). Mitochondria (Pearson’s R Value 0.56) (B). Lysosome (0.45) (C). ER Tracker (0.58) and
(D). Golgi (0.54) DMEM/F12 supplemented by 10% FBS pH 7.4.
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Figure 9. Biodistribution and clearance of 1 and B. (A) Compound 1 or B (each 25 nmol) was injected intravenously into normal mice and fluorescence images were measured
at 0.5, 1, 2, and 4 h post-injection. (B) Major organs harvested at 4 h post-administration of | and B and quantitative analysis to calculate the tumor-to-background ratio against
muscle. Bl, bladder; BD, bile duct; Du; duodenum; He, heart; In, intestine; Ki, kidney; Li, liver; Lu, lung; Pa, pancreas; Sp, spleen. Scale bars = 5 mm. (C) Percent of injected dose
of compound 1 in plasma at each time point was calculated from fluorescence signal intensities. ti2 (min), elimination half-life; AUC, area under the curve.

For the evaluation of acute in vivo toxicity, the = S2) synthesis of one unsymmetrical QuatCy
maximum tolerance dose (250 nmol) was  derivative 4 indicating that a series of other dyes of
administered intravenously into CD-1 mice. We did  this kind could be prepared.
not observe any significant signs of toxicity after
examining the mortality, general behavior, and body
weight change for up to 72 h.

Scope For QuatCy Variations

Unsymmetrical Cy7 dyes are important because
they allow differential functionalization of two
different side-chains, or subtle modulation of Conclusion
physiochemical properties. Previously, we have made
unsymmetrical cyanine dyes via a stepwise
condensation sequence [25]. The Sl illustrates (Scheme

QuatCy 1 is less prone to aggregation than
fluorophores A and B because it must engender more
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positive charge repulsion between individual
molecules, and it uniquely is not a totally planar
structure. We predicted QuatCy would be more
soluble in aqueous media, but, in fact, it is more
soluble in water, but not in neutral buffers, and the
inverse was true for fluorophores B; this is an
interesting and useful set of findings for applications
of these dyes in aqueous media. Based on the data
presented above, we assert that solubility is closely
correlated with the overall charge state of the
molecule, with neutral, zwitterionic forms being least
soluble in aqueous environments.

A

Color image
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Figure 10. Real-time intraoperative tumor targeting. (A) QuatCy (25 nmol) was
injected intravenously into nude mice with NIT-1 subcutaneous tumors. Arrows
indicate the location of the tumor. (B) Tumor-to-background ratios were quantified
as tumor against nearby background up to 8 h post-injection. Tu, tumor; Mu, muscle.
Scale bars = 5 mm

Some other photophysical properties of the three
featured fluorophores can be rationalized in
retrospect. Blue-shifted absorbance and fluorescence
maxima of 1 relative to A and B may be a consequence
of inductive attraction towards the ammonium
functionality in QuatCy, that would tend to lower the
energy of the conjugated HOMO, and increase the
HOMO - LUMO gap. Less aggregation of QuatCy
might decrease self-shielding and -quenching effects,

thus increasing the relative absorption and the
fluorescence efficiency of QuatCy. Currently, our best
explanation for the increased photostability of
QuatCy relative to A and B is as follows. All the dyes
presumably generate small amounts of singlet oxygen
while in their excited states. Aggregates, have high
local ~ concentrations  of  fluorophores  in
microenvironments in which 'O, is produced, this
favors more decomposition of the more aggregating
dye B, all other factors being equal. Finally, it may be
that the fluorophore cytotoxicities partially correlate
with the intracellular organelles that they accumulate
in. Cyanines in mitochondria, the “engine room” of
the cell, might be more detrimental to cellular
function than in other organelles [26-28]. If so, this
would explain why B, which accumulates in
mitochondria more than A and 1, is also more
cytotoxic. Even in retrospect, we still find it somewhat
surprising that QuatCy, which is more positively
charged than B, tends to accumulate in other
organelles than the mitochondria since positive
organic ions tend towards mitochondria-localization.
Currently we cannot suggest an explanation for why
that trend does not hold in this series.

In the long-term, one of the most important
applications of heptamethine cyanine dyes is likely to
be for optical imaging in clinical or surgical settings.
Our interpretation of the literature is that dye B has
considerable potential for straining tumor tissue, but
its cytotoxicity and retention in the liver is a concern.
In this respect, it is encouraging that QuatCy is both
less cytotoxic, shows less retention in the liver, and
localized in a subcutaneous pancreatic tumor model.

In summary, QuatCy has enhanced absorption,
quantum yield, photostability, complementary water
solubility characteristics, and lesser cytotoxicity than
the very similar dye B. The same statement is true for
1 relative to A, except A is marginally less cytotoxic.
In vivo, preliminary tests of 1 in mice showed none of
the standard indications of acute toxicity. QuatCy has
high tumor specificity with fast background
clearance, hence it an excellent contrast agent with
potential to be used for highlighting tumors in
surgery. In our opinion these characteristics indicate
QuatCy has a bright future for optical imaging in cells
and in vivo, for instance in molecular imaging using
integrin based RGD molecules.

Experimental Section

Fluorescence Quantum Yield calculation

Fluorescence quantum yield was determined
according to literature procedure [29]. The
fluorescence emission spectra of A, B and 1 were
determined in 10 mM pH 7.4 PBS buffer using
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Cary-Varian 100 UV-Vis NIR spectrophotometer.
Samples were excited in 1 cm path length cuvettes at
730 nm and integrated emission (740-900) was
quantified, keeping maximum absorbance below 0.1.
ICG (A) in DMSO (Q.Y 0.13) was used as internal
standard to do the calculations. Briefly, the integrated
fluorescence intensity was plotted against absorbance
at different concentrations to generate gradient, which
is proportional to the quantum yield of the samples.

D, = O (Grady/Gradst) (ni/n%t)

® represents the quantum yield of the standard,
and O represents the quantum yield of the unknown,
Grad is the slope of the best linear fit, n is the
refractive index of the solvent used and subscript x
and st denote wunknown and the standard
respectively.

Photostability

Photostability of compounds A, B and 1 were
compared by irradiating samples under 780 nm LEDs
(Thor Lab, LED780E) and 750 nm LEDs (Thor Lab,
LED750L) for 1. The compounds were dissolved in 10
mM pH 7.4 PBS buffer and H>O with 1% DMSO to
give the equal absorbance at 780 nm (Figure 4).
Moreover, the equimolar concentrations (20 pM) of A,
B and 1 were used to determine the photostability of
the compound. The absorbance at 780 nm was
measured every 10 min until 60 min by BioTek
Synergy 4 Microplate Reader. The absorbance results
were plotted against time as shown in Figure 4 for
equal absorbance and Figure S3 for equimolar
concentration.

Solubility Measurement

Compound solubility was measured by UV
absorbance following the literature [30, 31] . Briefly,
stock solution (100 mM) of B and 1 was prepared in
DMSO. Then various concentrations (0 -1000 pM,
Figure. 5) were prepared in 10 mM pH 7.4 PBS buffer
with 1% DMSO on 24-well plate (500 pL per
concentration). The plate was shaken on a horizontal
orbital shaker in dark for 6 h at room temperature,
and kept steady overnight for equilibrium. Then the
plate was centrifuged at 600 x g for 15 min.
Supernatant (3 x 100 pL of compound B and 1 was
transferred into 96-well UV transparent plate
(Corning® 96 Well Clear Flat Bottom UV-Transparent
Microplate) and read the absorbance at 780 nm
against blank wusing microplate reader (BioTek

Synergy 4).
Biological Studies

U87-MG cells were grown in Dulbecco's
Modified Eagle's medium (DMEM) containing 10%
fetal bovine serum (FBS). Cells were grown in an

incubator at 37 °C, humidified atmosphere containing
5% COa. Cells were grown in T-75 culture flask till
70% confluency before splitting into next passage.

Cytotoxicity Assay

U87-MG cells were seeded on 96-well plates as
5000 cells/well (50 pL) containing 10% FBS and
incubated in the incubator overnight before adding
compound A, B and 1. Stock solutions of A, B and 1
(0.02 M in DMSO) were diluted with protein-free
hybridoma medium (PFHM-II) to make desired final
concentrations varying from 0.01 to 80 pM. The cells
were incubated with the desired concentration for 72
h. The cell viabilities were calculated using
AlamarBlue assay (Invitrogen). Briefly, in a well
containing 100 pL medium, 10 pL of AlamarBlue
reagent was added and incubated for an additional 2
h. Fluorescence intensity (Ex/Em 560/590 nm) was
measured by using a BioTek Synergy 4 Microplate
Reader. The viability of each cell line in response to
the treatment with tested compounds was calculated
as: % viability cells = (OD treated - background)/(OD
full viability control - background) x 100. Results are
processed through GraphPad Prism 6.0 software
(Figure 6).

Organelle Co-localization

The images of Intracellular localization in the
U87-MG cells were taken using Olympus Fluoview
FV1000 Confocal microscope at 60x/1.20 water
immersed objective. Lysosome, mitochondria, golgi
apparatus, endoplasmic reticulum (ER) and Nucleus
were stained using Lysotracker Green DND 26,
Mitotracker Green FM, BODIPY® FL C5-Ceramide
complexed to BSA, ER Tracker Green, NucBlue
respectively (Life Technologies). 488 nm laser was
used for lysosomes, mitochondria, golgi and ER
stains, 405 nm laser was used for nucleus and 633 nm
laser was used for compound A, B and 1. Briefly,
50,000 cells were seeded on 4 well chambers (Nunc
Lab-Tek) and allowed to adhere overnight. The cells
were incubated with 20 pM of compound A, B and 1
for 30 mins, washed twice with PBS, incubated with
organelle stains according to manufacturer’s
instructions. The cells were washed twice again and
stained with Nuc Blue for 10 min. After imaging, the
cells were incubated with FluoroBrite DMEM Media
(Invitrogen) + 10% FBS for 24 h and were imaged
directly under confocal microscope.

Pharmacokinetics and urinary excretion

Animals were injected with 25 nmol of
compound 1 in saline containing 10% BSA, and the
blood sample was collected at the following time
points: 0, 10, 30, 60, 120, 180, 240, and 300 min. The
samples were centrifuged at 3,000 rpm for 20 min to
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separate plasma and blood cells in capillary tubes.
Fluorescence intensities of the plasma at each time
point was measured by the NIR imaging system. To
determine the urinary excretion rate, the penis of male
mice was ligated and 25 nmol of compound 1 was
intravenously administered. The animals were
sacrificed 4 h post-injection, and urine was collected,
and fluorescence intensity was measured by the NIR
imaging system.

In vivo Biodistribution and Clearance

Mice were anesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg) before the surgery.
A midline incision was performed to open abdominal
cavity and 25 nmol of compound 1 or B in 10% BSA
were injected intravenously into 25 g CD-1 mice and
images were taken at 05, 1, 2, and 4 h
post-administration. Animals were imaged using the
in-house built real-time intraoperative near-IR
imaging system. A 760 nm excitation laser source (4
mW/cm?) was used with white light (400-650 nm;
40,000 lux). Color and NIR fluorescence images were
acquired simultaneously with custom software at
rates up to 15 Hz over a 15 cm diameter field of view.

Quantitative Analysis

At each time point, the fluorescence (FL) and
background (BG) intensity of a region of interest
(ROI) over each organ/muscle or tumor/background
was quantified using the custom FLARE™ software.
The signal-to-background ratio (SBR) was calculated
as SBR = target signal/background signal, where a
background is surrounding tissue, using Image]
version 1.52q. At least 3 animals were analyzed at
each time point.
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