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A near-infrared dye for multichannel imaging
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A large Stokes shift dye, composed of water-solubility and
near-infrared feature, was developed for multichannel imaging
applications.

The development of near-infrared (NIR) dyes is a rate-limiting
step in any potential advancement and translation of in vivo
optical molecular imaging. Since scattering and autofluores-
cence decrease as wavelength increases, NIR fluorescent dyes
offer a considerable advantage over blue-shift dyes. Specially,
because the fluorescent labels associated with NIR emission
wavelengths can penetrate tissue deeper than those associated
with blue emission wavelengths, imaging within the NIR
window provides enormous potential for non-invasive in vivo
imaging applications. Several NIR fluorescent dyes based on
cyanine scaffolding have demonstrated great promise for in
vivo imaging of several biological targets such as somastostatin
receptors,l and proteases.z’5

In recent years, there has been increasing interest in imaging
multiple biological events simultaneously in one environment.
One approach to realizing this goal is the use of optical
reporters which emit photons that are readily distinguishable
both from their own excitation photons and from the emission
photons of other reporters.® For example, quantum dots, with
their large Stokes shift, are a preferred optical contrasting
agent in many such applications. On the basis of this concept
involving multichannel imaging that utilizes large Stokes shift
molecules, we hypothesized that NIR organic dyes with a large
Stokes shift would have similar applicability. Furthermore,
since organic dyes have lower steric hindrance and toxicity
than quantum dots, we conjecture that large Stokes shift
organic dyes may provide superior sources of optical contrast
in biological studies.

In this report, we discuss the development of a large Stokes
shift dye and quantification of its fluorescent intensity for
application in multichannel imaging. The synthesis begins with
the condensation of disulfonated indole 1 and the iminium
adduct 2 in the presence of sodium acetate and ethanol. This
provides the dye intermediate 3 which has also been reported
by others”® (Scheme 1). This compound contains four sulfo-
nate groups, thus enabling its isolation from other less water-
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soluble by-products, such as aniline, from the elimination
process or the product of semi-condensation (this intermediate
absorbs at A, = 650 nm) with a decent yield. We observed
that if the final dye product has distinct polarity when
compared to the by-products, the purification process is simple
and could be performed on a flash column for large scale
operation. Otherwise, we are required to use HPLC to isolate
the product, as seen in the case NIR820-I1° (Fig. 1).

Due to high polarity, compound 3 precipitated out in
ethanol as soon as the starting material completely disap-
peared, to afford the expected product with good yield (39%).
Other by-products can be removed by repeatedly washing the
product mixture with methanol.

The nucleophilic substitution (Sygr;) at the central vinylo-
gous halide carbon (C(sp?)-X) of compound 3 by an amine
group from aminodecanoic acid 4 at an elevated temperature
provides the final product 4-Sulfonir with good yield (73%).
Our motivation for accomplishing this reaction is twofold.
First, the generation of a carboxylic functional group creates a
site for the bioconjugation of targeted molecules. Secondly, a
large Stokes shift is formed as a result of substitution with a
amino group at the central methine moiety which contributes
to the intramolecular charge transfer (ICT) process.'%!! Inter-
estingly, we learned that this reaction is conveniently mon-
itored by a color change in the reaction solution. Specifically,
the completion of the reaction is indicated by a conversion of
color from green to blue, which corresponds to a hypsochro-
mic shift of the dye from the initial wavelength at 790 nm to
600 nm. It is worth emphasizing that this reaction does not
occur at room temperature. This eliminates concerns regard-
ing the reaction of the NIR820 and NIRS820-II at central
chloride by amine-containing biomolecules.

The quantum yield and molar extinction coefficient of
4-Sulfonir is 37% and 1.0 x 10° M~ cm™!, respectively, as
measured against indocyanine green (supporting informa-
tiont). Experiences with the previous generations of NIR dyes
suggest that the sulfonate groups cause the enhanced water
solubility, thus reducing the effect of hydrophobic-mediated
quenching-effect. In the previous works, we reported that the
quantum yield of the second generation NIR&20-II is nearly
double that of the first generation, NIR820, because the
former is more water-soluble’ (Fig. 1). As we have found with
the previous dyes, the absorbance bands of 4-Sulfonir are
created by the electronic transition of the © electrons across the
polymethine bridge. The Stokes shift of this family of cyclic
heptamethinylated cyanine dyes can be tuned for imaging
purposes depending on where we derivatize the functional
groups for bioconjugation. For instance, if the indole ring
system is functionalized as seen in NIR820 and NIR8&20-I1, the
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Fig. 1 Previous generations of NIR820 dyes.

Stokes shift is ~30 nm (spectra of NIR820, Fig. 2). However,
the Stokes shift expands to 140 nm when the functional group
is on the methine bridge. It is noteworthy that the absorbance
and emission profiles of 4-Sulfonir are asymmetric, indicating
the characteristic geometrical change in the emitting and
absorbing states.'?

In light of the unique large Stokes shift of 4-Sulfonir, we
speculated that the dye could be used in parallel with other
NIR dyes for imaging two molecular events simultaneously in
one target. To this end we attempted to define the imaging
parameters. The fluorescent signal of 4-Sulfonir and NIR820

A 4-SULFONIR NIR820

100

600 800 1000 1200
C X-Pixel Location

400 600 800 1000 1200
X- Pixel Location

gg&gs

Y-Pixel Location
=]

g8sa

=3
<1
<

(CH2)4803H
4-Sulfonir

Synthesis of a large Stokes shift and conjugatable near-infrared dye.

—— Absorbance
. 4-SULFONIR
--~- Emission
= —— Absorbance |y rszg
-% --- Emission
§ 0.5
o
=z
00

400 500 600 700 80O 900
Wavelength (nm)

Fig. 2 Spectral characteristics of the developed NIR dyes.

were determined in their respective excitation/emission wave-
length using the Maestro™ imaging system (Cambridge
Research and Instrumentation Inc.) and were analyzed quan-
titatively using our in-house developed program run in Ma-
tlab. When the dyes were excited in the NIR channel (700-850
nm), NIR820 emitted a significant stronger fluorescent signal
(emision photons were collected from 780-950 nm) than did 4-
Sulfonir (Fig. 3A). In contrast, when the excitation channel
was switched to visible light (500-620 nm), under the same
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Fig. 3 Differential imaging of two near-infrared dyes in one environment gating at different excitation channels (A) and quantitative analysis of
the fluorescence intensity of the dyes pertaining to the detection of two distinct events.
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settings, the 4-Sulfonir illuminated with remarkable intensity
in the NIR region (Fig. 3C). The data were subsequently
imported into Matlab for analysis using the trapezoidal inte-
gration function to calculate the total signal intensity of each
pixel over the emission range to yield an associated matrix of
values corresponding to the area under the curve of each
pixel’s spectra (detailed analysis is available in the supporting
informationt). Quantitative analysis revealed that when ex-
cited in the NIR range, the NIR820 emitted about 90% of the
total fluorescent signal (4.1 x 10® arbitrary intensity units),
while, the emission of 4-Sulfonir accounted for only 10% (3.4
x 107 arbitrary intensity units) of the total signal (Fig. 3B). To
monitor an event linked to 4-Sulfonir, the same process was
repeated with excitation in the visible range. In this domain, 4-
Sulfonir emitted approximately 80% of the total signal (2.7 x
10® arbitrary intensity units) while the NIR820 emitted around
20% (6.3 x 107 arbitrary intensity units) of the total signal
(Fig. 3D). From these results, we concluded that 4-Sulfonir
can be used in parallel with other NIR dyes for multichannel
imaging.

In summary, we have demonstrated the synthesis of a stable,
water-soluble, and bioconjugatable NIR dye with a remark-
able improvement in quantum yield. The synthesis of this dye
is cost-effective and time-efficient. Additionally, we also show
the proof-of-principle for using this large Stokes shift dye for
multichannel imaging with collection in the NIR spectrum.
Current efforts in our laboratory are being directed toward
applying this new dye for imaging the activities of proteases in
a tumor microenvironment within a living system. Finally, it is
noteworthy that during the course of work we found that the

remarkable stability of 4-Sulfonir constitutes a significant
advantage over other dyes, in as much as it supports conve-
nience in our work by eliminating the concern of decay being
caused by exposure to light or room temperature.
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