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ABSTRACT: Imaging in the shortwave infrared (SWIR) region Nonamethine Chromenylium Dyes
offers fast, high-resolution visualization of in vivo targets in a R
multiplexed manner. These methods require bright, bathochromi-
cally shifted fluorescent dyes with sufficient emission at SWIR
wavelengths—ideally above 1500 nm for high-resolution deep tissue
imaging. Polymethine dyes are a privileged class of contrast agents
due to their excellent absorption and high degree of modularity. In
this work, we push flavylium and chromenylium dyes further into
the SWIR region through polymethine chain extension. This panel
of nonamethine dyes boasts absorbances as red as 1149 nm and tail
emission beyond 1500 nm. These dyes are the brightest organic 900 1000 1100
fluorophores at their respective bandgaps to date, with €, ~ 10° Wavelength (nm)
M cm™ and ®; up to 0.5%. Using two nonamethine dyes,

Chrom9 and JuloFlav9, we performed two-color alllSWIR multiplexed imaging (Excitation at 1060 and 1150 nm; Emission
collection at >1500 nm), enhancing the depths and resolutions able to be obtained in multicolor SWIR imaging with small molecule
contrast agents. Finally, we combine the nonamenthine dyes with other SWIR-emissive fluorophores and demonstrate five-color
awake imaging in an unrestrained mouse, simultaneously pushing the multiplexing, resolution, and speed limits of in vivo optical
imaging.
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B INTRODUCTION

Multiplexed optical imaging is a ubiquitous approach to real-
time studies of dynamic biological processes in cells and
transparent organisms. Considerable progress toward bringing

Hundreds of small molecule fluorophores have been
developed for imaging above 1000 nm since the seminal
report of SWIR (also called NIR-IT) imaging in 2009;" yet, the
majority of these fluorophores are only able to be detected at
real-time speeds at wavelengths in the first portion of the
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the advantages of optical imaging to mammals has been
achieved by leveraging the shortwave infrared (SWIR, 1000—
2000 nm, Figure 1A) region of the electromagnetic
spectrum.' > The SWIR region increases opportunities for
multiplexed imaging in mammals by expanding wavelengths
compatible with imaging through tissue from a few hundred
nanometers in the near-infrared (NIR, 700—1000 nm) region
to over 1000 nm, if the entire SWIR region can be utilized.®
Additionally, the SWIR region can provide higher resolution
imaging at greater depths as a result of the decreased scattering
of long wavelength light by tissue and minimal autofluor-
escence.”® However, not all regions of the SWIR display
equivalent properties.” The major advantages of the SWIR
region become especially apparent when imaging in the water
absorption band (i.e., 1350—1450 nm) to achieve exceptional
resolution,'”'" or imaging above 1500 nm where depths
upward of 0.5 cm can be obtained while maintaining superior

. 12,13
resolutions.
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SWIR region (i.e., 1000—1300 nm) where only subtle
improvements over the NIR are achieved.'”'* The lack of
small molecule fluorophores for real-time imaging above 1300
nm stems from brightness limitations due to the energy gap
laws that severely limit quantum vyields as the A, is
bathochromically shifted within the SWIR region.”'® To
date, there are only a handful of reports of single-color video-
rate imaging above 1350 nm."” >

Ultimately, a significant advantage of the SWIR region is
dynamic multiplexed imaging. For multiplexed imaging in real-
time, the brightness requirements for fluorophores are more
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Figure 1. (A) Subregions of the shortwave infrared region of the
electromagnetic spectrum and their utility for fluorescence imaging.
(B) Previously reported four-color excitation multiplexed imaging
strategy in the traditional SWIR imaging window. Image reproduced
from ref 23. Available under a CC-BY 4.0 license. Copyright 2023
Artis, Cosco, Yiu, Balba, Bischof, Sletten and Bruns. (C) Herein,
Chromenylium-based dyes (i) allow for the first example of all- SWIR
excitation-multiplexed imaging (ii) and five-color awake imaging with
video frame rates (iii).

stringent as imaging speeds are divided by the number of
channels. Using an excitation-based approach to multiplex-
ing,”" we have previously been able to perform four-color, real-
time imaging in mice using three NIR dyes (ICG, Ex = 78S
nm; JuloChromS$, Ex = 890 nm; Chrom?7, Ex = 980 nm) and
one SWIR dye (JuloFlav7; Ex = 1064 nm) and collection with
an 1150 nm long-pass (LP) filter.”> We were even able to
perform these multiplexed experiments in awake animals,
enabling organ tracking and contact-free telemetry (Figure
1B).”> However, we were unable to obtain video-rate
multiplexed images in the advantageous regions above 1350
nm.
Here (Figure 1C), we report the first all-SWIR excitation-
multiplexed imaging experiment with 1060 and 1150 nm
excitation and emission collection above 1500 nm at video-rate
speeds. True SWIR excitation-multiplexed imaging with
detection above 1500 nm enables all the advantages of the
SWIR (high resolution, greater depths, multiple channels) to
be capitalized upon. Additionally, we report five-color
multiplexed imaging on both anesthetized and awake animals.
These multiplexed imaging advances necessitated new SWIR
fluorophores which were lower in energy than previously
prepared flavylium dyes, and brighter than existing fluoro-
phores available for excitation above 1060 nm. We achieved

contrast agents which met these requirements by extending the
polymethine chain of flavylium and chromenylium dyes and
report four bright nonamethine dyes, 1—4, with SWIR
absorption and 100% SWIR emission. These fluorophores
are the brightest organic dyes at their respective bandgaps, with
Emx ~ 10° M™' cm™ and @p up to 0.5%. The lowest (4,
named JuloFlav9) and highest (1, named Chrom9) energy
nonamethine dyes are sufficiently spectrally separated for
multiplexed imaging. This work also required the introduction
of an 1150 nm laser to the excitation-based imaging setup,
highlighting the complementarity of chemistry and technology
improvements that have been necessary for the advancement
of SWIR imaging.

B RESULTS AND DISCUSSION

SWIR Fluorophore Design. To achieve multiplexed
imaging in the high-resolution regions of the SWIR with
organic contrast agents, fluorophores must be bright, spectrally
separated, contain 100% SWIR emission, and be bathochromi-
cally shifted as much as possible. Approaches to bathochromi-
cally shift NIR polymethine dyes, such as the FDA-approved
ICG, into the SWIR region have included polymethine chain
elongation or heterocycle modification. Toward the former,
extension of the polymethine chain by one C,H, unit reliably
imparts a ~100 nm wavelength red-shift.”**> This approach
has been less frequently applied toward SWIR fluorophores as
extension above seven methines (ie., heptamethine dyes)
often leads to electronic ground state desymmetrization, which
decreases contrast agent brightness.26 Recently, Schnermann
and co-workers have reported indolene-containing non-
amethine dyes for SWIR tail imaging, and Jin and co-workers
have prepared nonamethine and undecamethine variants of
ICG, deemed ICG-C9 and ICG-C11.””*” ICG-C11 has an
impressive fluorescence quantum yield (®p) but overall
moderate brightness due to its low absorption coefficient
(€max), likely a result of ground state desymmetrization from
polymethine chain elongation.

Heterocycle modification is a complementary strategy for
bathochromic shifting. These modifications include benzannu-
lation, tuning heterocycle electronics, heteroatom exchange or
heterocycle addition.”” > Over the years, we have applied the
strategy of heterocycle modification to produce bright, SWIR-
emissive fluorophores for multiplexed imaging. These fluo-
rophores employ chromenylium (Chrom) and flavylium (Flav)
heterocycles.””****~** Notable modifications include: (1) the
addition of a julolidine moiety (Julo) to provide a ~40 nm red-
shift, (2) exchange of the 2-position phenyl group in Flav dyes
for a tert-butyl group to give Chrom dyes that display a ~3-fold
increase in quantum yield.”* In pursuit of fluorophores with
red-shifted SWIR emission, we selected four permutations of
these heterocycles: Flav (9), JuloFlav (10), Chrom (11), and
JuloChrom (12) to transform into nonamethine dyes 1—4
(Figure 2A).

Synthesis of Nonamethine Dyes. Chromenylium and
flavylium heterocycles 9—12 were synthesized according to
previous reports (Scheme S1).** The heptatrienylidene
benzaminium perchlorate linker 13 was achieved through a
Vilsmeier—Haack reaction with S9 followed by a condensation
with aniline (Scheme S1). Finally, introduction of two
equivalents of heterocycle (9, 10, 11, or 12) with 13 in
basic conditions afforded the nonamethine dyes 1—4, with
yields between 7—23% (Figure 2A). Careful air-free technique
was required in the final condensation step to avoid oxygen-
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Figure 2. (A) Synthetic approach toward target nonamethine dyes 1—
4. (B) Normalized absorption of 1—4 in dichloromethane. (C)
Normalized emission of 1—4 in deuterated dichloromethane.
Emission in dichloromethane can be found in Figure S1.

mediated degradation to shorter polymethine derivatives
(Figure S2). This polymethine truncation has been observed
in pentamethine and heptamethine cyanine dyes.”””*' The
lower yields were attributed to a combination of truncation to
shorter chain polymethine dyes and challenges with
purification. Separation of the nonamethine dyes from the
heptamethine and pentamethine analogues was difficult due to
similar retention times.

Photophysical Properties of Nonamethine Dyes. With
dyes 1—4 in hand, we investigated their photophysical
properties in dichloromethane (Tables 1 and S1). The
absorption spectra of these dyes all displayed A b above
1000 nm (Figure 2B) with A, ., as low energy as 1188 nm
(Figure 2C). The ®; (DCM) of these four fluorophores
ranged from 0.15 to 0.5%, with the most red-shifted 4
(JuloFlav9) displaying the lowest @y, consistent with energy
gap laws.”” Notably, three of the four fluorophores: 2
(JuloChrom9; A, . = 1092 nm, @ = 0.31%), 3 (Flav9;

Amagabs = 1110 nm, @p = 0.19%), and 4 (JuloFlav9; 4, ., =
1149, @y = 0.15%), display the highest reported @y at their
respective wavelengths (Table 1 and Chart S1). The measured
@; agree with previously observed trends in that the
chromenylium heterocycles result in more emissive fluoro-
phores.

For contrast agent development, brightness is the most
important comparative metric for analyzing utility for in vivo
imaging.>** Brightness is the product of & and ®f, and thus a
high € can compensate for the inherently low quantum yields
in the SWIR region. Fortuitously, polymethine dyes possess
characteristically high &’s, rendering them excellent SWIR
imaging scaffolds.”* The ¢, for the nonamethine dyes 1—4
spanned 105,000—159,000 M em™, leading to brightness
values of 150—540 M~ cm™ (Table 1). These &,,,, values are
lower than that of shorter chain chromenylium and flavylium
dyes, which we attribute to the onset of ground state
desymmetrization, as has been observed with other long
chain polymethine dyes.”*** To further characterize the extent
of ground state desymmetrization, absorbance in various
solvents (DMSO, MeOH, acetone, and MeCN) was
investigated. As expected, the dyes display more polyene-like
character in polar solvents (Figure S3), which is evident in
their broadened absorbance profiles. Even with some ground
state desymmetrization occurring, the obtained & values are
still excellent for small-molecule dyes (~10° M™' cm™) and
result in brightness values that have previously been successful
for real-time, multiplexed in vivo imaging with SWIR
detection.”

Comparison of Nonamethine Dyes to Vinylene
Analogues. To fully appreciate the photophysical conse-
quences of chain extension, we directly compared the vinylene
analogues derived from heterocycles 9—12. Previously, we
reported the direct pentamethine analogues;”’ however, our
heptamethine congeners had substituted polymethine chains,
precluding a direct analysis. Consequently, linear heptamethine
analogues 5—8 were synthesized with commercially available
malonaldehyde bis(phenylimine) (S10) using standard con-
densation conditions (Scheme S2). We characterized their
Amaxaby Amaxems Emay and @p (Table 1; errors in Table S2).
These linear heptamethine dyes had 4, ., between 935 and
1022 nm, yielding a difference in A, by about 120 nm
between the 7- and 9- dyes, an observation consistent with the
vinylene shift rule.”* Interestingly, these derivatives displayed
impressive @ between 1.4 and 3.7%. A similar quantum yield
increase has been observed with flavylium heptamethine
derivatives with linear linkers.”* These dyes had typical
polymethine Stokes shifts of 26—33 nm with A, .., as red as
1055 nm. In tandem with previous data, we can now compare
the photophysical properties of 5-, 7-, and 9- linear Flav/

Table 1. Photophysical Properties of Linear Polymethine Dyes, 1—8 in Dichloromethane (DCM)

Dye Amaxabs (M) Amaxem (nM) Emax (M7 cm™)
1 (Chrom9) 1057 1088 107,000
5 (LChrom?7) 93s 961 227,000
2 (JuloChrom9) 1092 1128 146,000
6 (LJuloChrom?7) 970 1004 213,000
3 (Flav9) 1110 1133 159,000
7 (LFlav7) 986 1016 149,000
4 (JuloFlav9) 1149 1188 101,000
8 (LJuloFlav7) 1022 1085 212,000

D (%) Brightness (M~ cm™) SWIR brightness (M~ cm™)
0.5 540 500
3.7 8400 4100
0.31 450 440
1.5 3200 1600
0.19 300 290
1.53 2280 1500
0.15 150 140
1.4 3000 2800
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Chrom dyes (Tables S1—-S3). The A, values for the A. - 7T >
pentamethine dyes averaged 857 nm,””** while those for the 1 o Filters: el HDE LP L
heptamethine and nonamethine dyes averaged 978 and 1102 ’ —g I Colecting | Collecting | > | Collecting

nm, respectively. We then calculated the overall average
brightness values to be 52,000, 4,200, and 360 M~' cm™" for
the chromenylium penta-, hepta-, and nonamethine dyes,
respectively. Notably, these chromenylium dyes show a
decrease in brightness by one order of magnitude for every
vinylene added to the polymethine chain, largely due to a
decrease in @y as predicted by energy gap laws."> Apart from
these total brightness values, we looked to examine the
brightness of each of these scaffolds in different SWIR
subregions.

Considerations for SWIR Imaging. When imaging at
SWIR wavelengths, the depth and resolution achievable are
highly dependent on the wavelengths collected. The highest
resolution images are obtained when imaging in the 1350—
1450 nm region, where water absorbs scattered li$ht, leading to
high signal-to-noise ratios with mm resolution.'”"" For high
resolution with maximum depth penetration, recent works
using inorganic particles have demonstrated the privileges of
imaging at wavelengths above 1500 nm."* The wavelengths of
light collected during in vivo imaging experiments are defined
by a long pass (LP) filter, which allows only lower energy light
to pass through. LP filters can modulate the balance of signal
and resolution achieved. For SWIR dyes, using a 1000 nm LP
filter results in all photons emitted being collected, resulting in
maximum signal. Increasing the wavelength of LP filters
generally leads to higher resolution images since lower energy
light is scattered less by tissue and contributions from water
absorption become significant above 1350 nm (Figure 3A).
Therefore, imaging with 1400 nm LP or greater is preferred in
order to capitalize on the advantages of the SWIR region.

To assess the potential of the chromenylium and flavylium
polymethine dyes in SWIR imaging experiments with different
LP filters, we first calculated their SWIR brightness by
multiplying molecular brightness by their percentage of
SWIR emission (1000—1700 nm; note for this analysis 1700
nm is used as the end of the SWIR region because it is the limit
of the InGaAs detector). Among the nonamethine dyes, 1
(Chrom9) had the highest SWIR brightness around 500 M™!
cm™! (Table 1).

We next investigated the brightness of our dyes at
incrementally red-shifted LP filters, up to 1500 nm. We can
determine and compare these values by preparing solutions
with equal absorbance at the excitation wavelength and
measuring differences in the intensity of emission as a function
of LP filter. Figure 3B, 3C (1000 nm LP in Figure S4) show
raw images and quantified counts of absorbance-matched 1-8
in capillaries under 890 nm excitation, respectively. These
experiments demonstrate that despite lower ®g values, 4
(JuloFlav9), followed by 2 (Flav9), and 1 (Chrom9), are
poised to yield the best images in high resolution SWIR
imaging with >1400 nm LP filters. Notably, the high € and ®¢,
of the heptamethine dyes result in lower but still detectable
signal with redder LP filters.

Micelle Formulation and Characterization. We selected
1 (Chrom9) and 4 (JuloFlav9) as the most promising
nonamethine dyes for in vivo imaging due to their spectral
separation and ability to be excited by SWIR laser lines. In
preparation for animal experiments, we encapsulated the
hydrophobic nonamethine dyes into amphiphilic poly(ethylene
glycol)-phospholipid micelles (Figure 4A). In the micelles, the
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Figure 3. (A) Emission collected at different SWIR LP filters for dyes
4 (JuloFlav9) and § (LChrom?7). (B) Capillary images of absorbance
matched dyes in dichloromethane under 890 nm excitation, all with
0.7 ms ET. (C) Quantified results from capillaries in 3B, averaged
over 2 trials (black and white dot denote separate trials). 1000 LP
intensity is plotted in Figure S4.

nonamethine dye absorption was broadened and aggregation
was observed, particularly in the JuloFlav9 micelles (Figure
SS). The micelles were approximately 17 nm in size (Figure
S6, avg. number). These results are consistent with the
encapsulation of previously published fluorophores, where Flav
dyes displayed increased aggregation over Chrom dyes.”” We
further assayed the stability of the fluorophores within the
micelles. First, we addressed their chemical stability by treating
micelles containing nonamethine dyes 1 and 4, as well as
previously reported heptamethine analogues, with 1 mM
lysine, tyrosine, glutathione in phosphate buffered saline
(Figure S7). Good stability was observed over 24 h in all
conditions. At 48 h, degradation started to be apparent,
especially upon tyrosine treatment (Figure S7). The non-
amethine and heptamethine dyes were both susceptible to this
degradation pathway, although additional degradation produc-
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Figure 4. (A) Scheme for micelle formulation and subsequent in vivo
delivery. (B) Vasculature imaging with 1 (Chrom9). ETs are as listed
and scale bar = 10 mm. (C) Imaging with 1 (Chrom9) with zoom
lens (2.5X magnification), ET = 100 ms, scale bar = 10 mm. (D)
Quantification of ROI in (C). Power densities were 161 mW cm ™2

ing truncation products was also observed for JuloFlav9
(Figure S7B—D).

We evaluated the toxicity of micelles containing Chrom9
and JuloFlav9 in cellulo. A375 cells were incubated with three
concentrations of Chrom9, JuloFlav9, or empty micelles and
their viability after 24 h was assessed using the MTT assay
(Figure S8). The viability of cells cultured with empty micelles

were comparable to what was observed with Chrom9 and
JuloFlav9 micelles, suggesting negligible toxicity.

Next, we addressed the photostability of micelles containing
Chrom9 and JuloFlav9 compared to micelles containing
JuloFlav7. These samples were irradiated by a 1060 nm laser
for S min to assess the relative photostability of the novel
nonamethine dyes (Figure S9). We observed similar photo-
stability for all dye-containing micelles.

Single Color Imaging of Chrom9. With promising
micelle characterization in hand, micelles containing 1
(Chrom9) were iv. injected, and vasculature images were
immediately acquired with 1060 nm excitation (Figure 4B).
When using a 1300 nm LP filter, standard for imaging
experiments with 1060 nm excitation, video-rate speeds were
readily obtained (Video S1). When imaging with the 1400 nm
LP filter, the enhanced resolution of this SWIR subregion was
apparent, which was further highlighted when the magnifica-
tion was increased (Figure 4C—D). After 1 h, 1 (Chrom9) was
cleared from the vasculature and resided in the liver and
spleen, which was confirmed at 48 h by ex vivo analysis (Figure
$10). However, to gain greater insight into how long Chrom9
remained in the liver in vivo, longitudinal imaging was
performed (Figure S11). After 1 day, migration of Chrom9
toward the liver and spleen was observed. After 4 days, a
dramatic loss of signal was observed, with barely any signal at 8
days. At 16 days, organs were excised, giving hardly any
detectable signal and preventing a full ex vivo analysis. This loss
of signal is either due to clearance or degradation, which
cannot be decoupled in fluorescence-based clearance studies.
When considering the micelle stability studies (Figure S7), it is
likely that degradation is significant at the 1-week time point,
and that these probes are only applicable for imaging within
~48 h.

Imaging with 1150 nm Excitation. With the develop-
ment of 4 (JuloFlav9) that has a A,,,, ;,, = 1149 nm, we desired
an excitation source that was better aligned with this
fluorophore to maximize absorption (Figure SA). We
expanded our excitation capabilities through the addition of
a 1150 nm laser. Briefly, a 10 W 1150 nm laser from MPBC
was collimated, reflected off two mirrors and then aligned
through a series of achromats, short-pass filters, and diffusers
(see SI for further details). After validating that JuloFlav9 and
micelle formulations of JuloFlav9 could be visualized via
excitation with the 1150 nm setup, we performed single
channel vasculature imaging of JuloFlav9 using a 1200 nm LP
filter (Figure SB). Ex vivo analysis after 48 h showed
localization to the liver and spleen as seen with Chrom9
(Figure S12) but with overall lower signal.

Multiplexed Experiments. JuloFlav9 and the 1150 nm
laser line provided opportunities for two new multiplexed
imaging experiments: (1) all-SWIR two-color imaging with
collection in the high resolution/high depth penetration SWIR
subregions above 1500 nm and (2) five-color optical imaging
with biocompatible probes, even in awake and unrestrained
animals. We established that Chrom9 and JuloFlav9 in micelle
formulations were able to be multiplexed using 1060 and 1150
nm excitation (Figure SA). Upon optimization, we found that
using 15 nmol of 1 (Chrom9) and 10 nmol of 4 (JuloFlav9)
provided good signal from 1 (Chrom9) upon 1060 nm
excitation and 4 (JuloFlav9) upon 1150 nm excitation using a
1500 nm LP filter with minimal crosstalk (Figure SC).

Following these conditions that yielded minimal crosstalk,
we performed the first all-SWIR multiplexing experiment with
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Figure S. (A) Excitation-multiplexing strategy for two-color imaging with 1 (Chrom9) and 4 (JuloFlav9) with plotted monomer and micelle
absorption. (B) Single channel imaging of 4 (JuloFlav9) using 1150 nm excitation; ET = 100 ms, 1200 LP, scale bar = 10 mm, power density = S0
mW cm™2 (C) Two-color capillary imaging with 1 (Chrom9) and 4 (JuloFlav9) micelles. (D) Injection timeline for two-color excitation-
multiplexed SWIR in vivo imaging. (E) Representative two-color in vivo imaging over the course of 25 s; ET = 20—50 ms, 1500 LP, scale bar = 10
mm. (F) Side-view 1060 and 1150 nm imaging channels and ROJ, scale bar = 10 mm. (G) Plotted intensity for 1060 and 1150 nm channels from
(F). Power densities for each laser were as follows: 1060 nm = 161 mW cm™; 1150 nm = 160 mW cm™> Two-color imaging with 1 (Chrom9) and

4 (JuloFlav9) was performed in duplicate (Figure S13).

biocompatible contrast agents. We injected 4 (JuloFlav9) into
the intraperitoneal (ip.) cavity of a mouse and obtained good
signal with 1500 nm LP at 20 ms exposure time (Figure sD).
Next, we iv. injected 1 (Chrom9) in the same mouse and
performed excitation multiplexed two-color imaging to
simultaneously visualize the vasculature and i.p. cavity in the
high-resolution region of the SWIR (Figure SE). We then
demonstrated the orthogonal detection (Figure SF) and
subsequent quantification (Figure SG) of signal across a ROI
for both 1060 and 1150 nm channels. This is the first time
excitation-based multiplexing has been successfully achieved
with small molecule fluorophores with a 1500 nm LP filter. We
accomplished these multiplexed experiments with respectable
exposure times of 20—50 ms. Furthermore, the power densities
employed in these in vivo experiments were well within the
guidelines set by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP).46

The introduction of the 1150 nm laser also provided
opportunities to extend multiplexing to five channels, a feat
that was previously deemed “unlikely” for organic fluoro-
phores.*” By implementing the 786, 890, and 974 nm laser
lines alongside the 1060 and 1150 nm lines used in the all-
SWIR two-color experiments, we achieved five-color in vivo
imaging. Previously, we developed two fluorophores, ChromS$
and JuloChromS§, that could be preferentially excited by 786
and 890 nm lasers, respectively. For the 974 nm laser, there
was sufficient overlap with the newly synthesized 6, deemed
LJuloChrom?7, or 7, deemed LFlav7. Through optimization of
fluorophore concentration, exposure time, and/or laser power,
we were able to obtain preferential excitation of each
fluorophore in capillaries at their respective wavelengths
(Figure S14A). We commenced a similar experiment in a
mouse phantom, leading to five-color imaging of different
organ chambers (Figure S14B). Notably, imaging with the
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follows: 786 nm = 96.7 mW cm ™% 890 nm = 136 mW cm™% 974 nm = 169 mW cm™% 1060 nm = 161 mW cm™% 1150 nm = 160 mW cm ™=

1500 LP, 22 ms

mouse phantom was more challenging than the capillary
experiments due to decreased signal from light scattering.

Taking the lessons learned from the five-color capillary and
phantom experiments, we designed an in vivo experiment to
extend those capabilities to dynamic multicolor imaging. We
subcutaneously injected four dyes (1.1 nmol JuloChroms, 1.2
nmol ChromS, 0.7 nmol LJuloChrom?7, 0.8 nmol JuloFlav9)
at different spots on the back of the mouse and then
intravenously injected 7.8 nmol of Chrom9 (Figure 6A). Five-
color imaging was performed on the anesthetized mouse
(Figure 6B) clearly depicting five different channels using
exposure times ranging from 10 to 22 ms per channel. Linear
unmixing using crosstalk determined via imaging capillaries at
the same concentrations and exposure times was used to
separate the channels. This unmixing procedure successfully
isolated all channels, though some crosstalk remained between
the 974 and 1060 nm channels. We find that as we extend the
multiplexing capabilities, minimizing the crosstalk with the
middle channels becomes challenging as balancing contrast
agent concentration with exposure times leads to contradictory
results. Specifically, the increased exposure times provide
crosstalk at the longer wavelengths, while increased concen-
tration results in more significant excitation from the higher
energy wavelengths. Despite a small amount of crosstalk, we
were able to successfully perform a five-color, noninvasive
optical imaging experiment with all small molecule probes for
the first time.

Finally, we showcased the brightness of the fluorophores by
imaging the animal injected with five different polymethine
dyes after waking up from anesthesia. Awake animal imaging is
particularly well-suited toward the fast speeds that can be
achieved with optical imaging; however, the overall speed of
imaging is dependent on the time it takes to collect each
channel. Thus, the more channels, the more difficult it is to
perform real-time imaging of awake animals. Gratifyingly, we
were able to obtain satisfactory awake animal imaging with five

colors (Figure 6C). We then reduced the exposure times of all
five lasers down to 6 ms to enable video-rate five-color imaging
(30 fps; Figure S15 and Video S2). This work sets the stage for
multiplexed functional imaging of biological processes that are
affected by anesthesia, such as lymphatic and neurological
function.

B CONCLUSIONS

The number of bright small molecule dyes capable of imaging
within the higher resolution SWIR subregions of the
electromagnetic spectrum is limited. In this work, we
developed red-shifted nonamethine chromenylium and flavy-
lium fluorophores that were sufficiently bright at their
bandgaps. Fluorophore 1 (Chrom9) was shown to have bright
emission above 1400 nm. The most red-shifted dye in this
panel, 4 (JuloFlav9), allowed for imaging with excitation at
1150 nm. Upon incorporating an 1150 nm laser into an
excitation multiplexed imaging setup, Chrom9 and JuloFlav9
were used for the first two-color SWIR excitation-multiplexed
imaging with small molecule contrast agents. Notably,
collection with a 1500 nm long-pass filter was possible with
these bathochromically shifted fluorophores, enabling the high
contrast and high depth region of the SWIR to be leveraged for
multiplexed imaging. Finally, with sufficiently bright dyes, well-
matched at five separate laser lines, we successfully performed
real-time five color in vivo awake imaging with video frame
rates.

The Chrom9 and JuloFlav9 scaffolds represent excellent
core fluorophores for moving deeper into the SWIR region.
Moving forward, the utility of these fluorophores can be
further improved by optimizing delivery formulations, such as
obtaining better monomeric properties within micelles. Within
formulations, these fluorophores can be employed for
visualizing and monitoring vascularization and reperfusion in
real-time without the reliance of ionizing radiation. Alter-
natively, we have recently reported two methods to render the
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heptamethine dye Chrom?7 soluble in serum/water and we
expect these strategies will be applicable to the Chrom9
scaffold.”*** Hydrophilic variants offer opportunities for
targeted imaging and cell tracking, expanding the utility of
the fluorophores. Overall, contrast agents are only as good as
their imaging signal. Every endeavor toward functional probes
and clinical utility starts with identifying the optimal
chromophore core. Chrom9 and JuloFlav9 are the brightest
fluorophores at their respective wavelengths and, for the first
time with small molecule organic fluorophores, enable real-
time imaging in the high-resolution zones of the SWIR region.
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pass (filter); ET, exposure time; h, hour; PBS, phosphate
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