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ABSTRACT

The term polymethine dye (PMD) has been intimately connected to the dinuclear scaffold-two heterocycles linked together by

a polymethine chain of varying length. Dinuclear PMDs have been a successful scaffold for noninvasive in vivo imaging in the

biologically advantageous near infrared (NIR) and shortwave infrared (SWIR) regions of the electromagnetic spectrum. Trinuclear

PMDs, resulting from the addition of a third heterocycle into the polymethine chain, possess the same photophysical properties that

make dinuclear dyes excellent fluorescent probes, but have yet to be investigated for in vivo imaging. Herein, we expand upon the
dinuclear and trinuclear heptamethine dye scaffolds by taking advantage of the increased reactivity of a cyclopentenyl linker and
synthesizing flavylium- and chromenylium-based SWIR-emitting fluorophores. The trinuclear scaffold instills the fluorophores
with increased steric bulk, leading to beneficial photophysical properties in micelles and outperforming their classic dinuclear
counterparts. In this work, we apply trinuclear PMDs for in vivo SWIR imaging in mice and find them to be particularly efficient

at lymph node labeling upon intravenous administration.

1 | Introduction

Polymethine dyes (PMDs) have exploded in popularity due to
their intense absorptive properties and fluorescent nature [1,
2]. The polymethine chain gives PMDs their defining feature:
the delocalization of 7-electrons across a conjugated methine
chain linking electron-rich heterocycles [3, 4]. PMDs have a
small ground-to-first excited state absorption band, resulting in
narrow absorption and emission profiles —ideal photophysical
properties for optical imaging [3]. These scaffolds have been
successful as contrast agents for optical imaging applications
in the visible (Vis, 400-700 nm), near infrared (NIR, 700-

1000 nm), and shortwave infrared (SWIR, 1000-2000 nm) regions
of the electromagnetic spectrum [5-10]. The NIR and SWIR are
optimal regions to perform in vivo imaging due to the enhanced
penetration of low-energy light through tissue, and decreased
background autofluorescence of endogenous emitters [11].

A selection of PMDs have been reported to preferentially accu-
mulate in specific organs, cell types, or tissues. This localization
is dependent on the chemical structure of the dye [12-14].
Traditional PMDs have shown notable accumulation in solid
tumors (e.g., prostate and gastric cancer), bone, cartilage, and
lymph nodes. The versatility in tissue specificity has been
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FIGURE 1 | Polymethine dye structures and advantages. (A)
Cyclohexenyl- and cyclopentenyl-bearing dinuclear and trinuclear
heptamethine dyes. (B) Trinuclear heptamethine dyes are reported
herein with schematized advantages of increased stability and decreased
aggregation due to the heterocycle appended at the C4’ position. (C) This
work: First use of trinuclear heptamethine dyes for in vivo imaging.

leveraged for applications in optical imaging, photodynamic
therapy, photothermal therapy, and tumor resection [12, 13, 15-
20]. Consequently, modifications to PMDs not only modulate the
photophysical properties and stability of the fluorophore, but also
enable new biological applications.

The overwhelming majority of PMDs are composed of two
heterocycles, the so-called dinuclear scaffolds. Trinuclear scaf-
folds, defined by the addition of a third heterocycle into the
polymethine chain, have also been reported (Figure 1A) 5, 21-25],
but insight into the biodistribution patterns of trinuclear PMDs
is currently sparse. One of the most studied examples in the
literature is NK-4, a quinolinium-based trinuclear pentamethine
dye which has been explored for its anti-oxidative, anti-cancer,
and neuroprotective effects [26-28]. Overall, there is significant
room for expanding the fundamental understanding and utility
of trinuclear PMDs for in vivo imaging.

While trinuclear heptamethine dyes were first reported almost
50 years ago, they remain an underexplored scaffold for optical
imaging. Herein, we use previously established heterocycles for
SWIR fluorophores to synthesize bright chlorocyclopentenyl-
bearing dinuclear heptamethine dyes. Taking advantage of the
increased susceptibility for nucleophilic addition at the central
position (C4’) of these dinuclear fluorophores, we synthesize
trinuclear heptamethine dyes, expanding upon the current syn-
thetic toolbox toward chromenylium PMDs (Figure 1B). In

comparison to their dinuclear counterparts, the trinuclear dyes
demonstrate improved chemical stability and advantageous pho-
tophysical properties in micelles, a delivery vehicle commonly
used for in vivo imaging. These findings prompted exploration
for their first use as contrast agents for in vivo SWIR imaging,
enabling the labeling and subsequent image-guided resection of
lymph nodes (Figure 1C).

2 | Results and Discussion

2.1 | Trinuclear Flavylium- and
Chromenylium-Based Heptamethine Dyes

Previously, we have synthesized a diverse panel of flavylium- and
chromenylium-based cyclohexenyl-bridged heptamethine SWIR-
emissive fluorophores and applied them to in vivo imaging
[29-32]. Chromenylium and flavylium heterocycles balance high
absorption coefficients, SWIR emission, and favorable biological
compatibility when incorporated into PMD scaffolds. These
heterocycles have consistently provided some of the brightest
small-molecule SWIR emitters [29-32]. Furthermore, their mod-
ular synthetic accessibility enables facile electronic tuning of
absorption maxima, facilitating precise matching of A,y s t0
common NIR and SWIR laser lines, which maximizes signal
and enables multiplexed imaging [30-32]. These fluorophores
can also be elaborated with versatile functional groups to tailor
them to a variety of applications. Recent developments include
incorporation into star polymer architectures to imbue protein-
repelling “stealth” behavior in vivo, as well as addition of charged
moieties to enable aqueous solubility, cell tracking, and bone
imaging [20, 33].

In an effort to expand chromenylium and flavylium heptamethine
dinuclear PMDs further into the SWIR region, we exchanged
the cyclohexenyl-bridged linker with a cyclopentenyl ring,
expecting a moderate red-shift [35-37]. We began our exploration
of cyclopentenyl-bridged PMDs with a dimethylamino-
substituted flavylium heterocycle (1). Heterocycle 1 yields
Flav7 when condensed with a cyclohexenyl linker, N-((E)-
((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-en-1
ylDmethylene)benzenaminium chloride, at 100°C in a n-
BuOH:PhMe mixture. Repeating these conditions with the
cyclopentenyl linker, (E))-((E)-2-chloro-3-((phenylamino)
methylene)cyclopent-1-en-1-yl)methylene)benzenaminium
chloride, produced a cyclopentenyl-bridged flavylium-based
fluorophore (2) in 39% yield. Notably, with long reaction times,
we also observed the addition of a third heterocycle to form
a trinuclear heptamethine, 3 (Figure 2A). Optimization of the
reaction with 3 equivalents of heterocycle 1 and switching the
solvent to Ac,O favored the formation of 3, and resulted in a 42%
yield. We postulated that the reaction mechanism undergoes an
SxAr pathway due to the increased stabilization of the negative
charge within a Meisenheimer complex in solvents of higher
polarity, increasing reactivity at the C4’ position [38, 39].

Having prepared the new dinuclear polymethine 2 and trinuclear
polymethine 3, we investigated their photophysical properties
compared to Flav7 (Figure 2B). As expected, the A, .ps Of the
cyclopentenyl-containing dinuclear PMD 2 was bathochromi-
cally shifted 30 nm from that of Flav7. Interestingly, the
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FIGURE 2 | Synthesis and characterization of flavylium dinuclear
and trinuclear polymethine dyes. (A) Reaction schemes to access Flav7,
2, and 3. (B) Normalized absorbance and emission spectra of di- and
trinuclear polymethine dyes in dichloromethane. Absorbance (abs) sam-
ples were 2.1-2.7 uM and emission (em) samples were 0.4-0.7 uM. Ex. =
885 nm.

absorption profile of the trinuclear PMD, 3, matched that of
Flav7, providing an alternative fluorophore scaffold at that
Amaxabs: The absorption coefficients (e,c) of 2 and 3 were
similar to those of Flav7. The emission properties of all three
fluorophores were also similar, with a small increase in Stokes
shift (38, 33 nm for 2, 3 vs. 26 nm for Flav7) and a small
decrease in quantum yield of fluorescence (®g, 0.54%, 0.53% for
2, 3 vs. 0.61% for Flav7) observed for 2 and 3 when compared
to Flav7. Overall, the photophysical properties of the trinu-
clear PMDs appear promising for their use as SWIR contrast
agents.

2.2 | Panel of Trinuclear Polymethine Dyes

In addition to the tissue penetration and enhanced signal-to-noise
ratios that can be achieved using SWIR light, a major advantage
of imaging in the SWIR region is its wider range of wavelengths
that can be used for imaging through tissue. An important
consideration in the design of SWIR-emitting fluorophores is
how to maximize the amount of signal beyond 1000 nm. Due
to the energy gap law, NIR and SWIR fluorophores suffer
from low quantum yields of fluorescence, which significantly
impact brightness (brightness = @ X €,,,) [3]. Therefore, the
design of SWIR contrast agents benefits from careful matching
of the A.x.ps With the excitation wavelength to maximize the

number of photons absorbed, thereby overcoming these intrinsic
limitations in emission. We have previously showcased this
through the preparation of fluorophores spanning the NIR and
SWIR that are well-matched to common laser lines [30-32]. The
finding that the trinuclear PMDs have very similar A, .,s as
the chlorocyclohexenyl-containing dinuclear PMDs guided the
design of trinuclear PMDs for in vivo imaging at three standard
laser lines: 890, 974, and 1060 nm.

To match these laser lines, we chose dimethylamino-substituted
chromenylium (S1), methoxy-substituted chromenylium (S2),
and diphenylamino-substituted flavylium (S3) as heterocycles
(Scheme S1). Reacting three equivalences of each heterocycle
readily produced the trinuclear cyclopentenyl-bridged heptame-
thines 5, 7, and 8 in moderate yields, 21-42% (Figure 3A, Scheme
S1, see Chart S1 for full structures). The dinuclear cyclopen-
tenyl counterparts 4 and 6 were also synthesized in 28-38%
isolated yields (Scheme S2). Unfortunately, the cyclopentenyl-
bridged dinuclear heptamethine dye with diphenylamino sub-
stituents (derived from heterocycle S3) was unstable to isolation
conditions. We also briefly explored the synthesis of trinu-
clear cyclohexenyl-bridged PMDs (S4), which produced a crude
absorption spectrum with A, .»s = 944 nm (Figure S1), but faced
difficulties in isolating the fluorophore due to degradation during
purification procedures.

Having synthesized a set of SWIR-emitting dinuclear and
trinuclear cyclopentenyl-bridged PMDs, we investigated their
photophysical properties and compared them to their dinuclear
cyclohexenyl-bridged counterparts (Figure 3B). We confirmed
that the absorption and emission profiles of trinuclear scaffolds
closely match those of their dinuclear cyclohexenyl-bridged
counterparts (Figure 3C), verifying our approach to synthesize
trinuclear PMDs with A, .,s matching common laser lines.
Fluorophore 7 (A, aps = 925 nm) was designed toward the 890 nm
laser, 5 (Aax abs = 975 ) matches the 974 nm laser, and 8 (A aps
= 1047 nm) absorbs near the 1060 nm laser. Similar to other
reports of trimethine and pentamethine trinuclear PMDs [40-43],
we noticed that all trinuclear heptamethine dyes are blue-
shifted from their dinuclear cyclopentenyl-bridged counterparts
by approximately 25 nm. This blue-shift can be attributed to
the lowering of the highest occupied molecule orbital (HOMO)
levels in trinuclear PMDs [40]. Moreover, these spectroscopic
trends and previous DFT calculations with similar trinuclear
scaffolds [44] suggest that the third heterocycle is out-of-plane
relative to the polymethine chain, and minimally participates
in conjugation across the delocalized 7 -system. In terms of
®, the cyclopentenyl-containing PMDs are slightly less efficient
than their cyclohexenyl-containing counterparts. Fortunately, the
high absorption coefficients (g, on the order of 10° M~'cm™)
characteristic of PMDs are maintained.

2.3 | Nucleophilic Stability of Dinuclear and
Trinuclear Heptamethine Dyes

With a method to synthesize the trinuclear polymethine scaffold
established, we next looked to investigate their nucleophilic
stability. Due to the additional heterocycle at the C4’ position, we
postulated that the fluorophores would display superior stability
due to steric hindrance. As such, we compared the stability of
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FIGURE 3 | Comparison of photophysical properties of di- and trinuclear polymethine dyes. (A) Panel of published (hexagons) and synthesized

(pentagons) heptamethine dyes. (B) Electromagnetic spectrum indicating the absorbance maxima, and a table of photophysical parameters in

dichloromethane. See Table Sl for error values associated with measurements. (C) Absorbance and emission spectra in dichloromethane. Absorbance

samples were 2.0-5.8 uM, and emission samples were 0.4-2.4 uM. Ex. = 885
online publication: Figure 3, Figure 4 and Figure 5 has been updated.]

Chrom?7 with its dinuclear and trinuclear cyclopentenyl-bridged
analogues 4 and 5, respectively. We explored the reactivity of
this scaffold to nucleophiles bearing thiol, alcohol, and amine
functionalities, representative of common endogenous biological
nucleophiles. Due to the insolubility of the trinuclear scaffold
in water, we pivoted to the use of organic mixtures, which
also promote SyAr reactivity and facilitate the comparison of
different PMD scaffolds. When subjecting Chrom?7, 4, and 5 to
1.1 equivalences of cysteamine at 50°C in a basic solution of n-
BuOH:Tol, the increased reactivity of the cyclopentenyl scaffold
was apparent. Fluorophore 4 was quantitatively converted to the
thiol adduct (S6) within 1 h (Figure S2). In contrast, Chrom?7
displayed significantly increased stability with 88% conversion to
the thiol adduct over 24 h (Figure S2). Gratifyingly, 5 showed
no susceptibility to nucleophilic addition by the thiol substrate,
which we attribute to the absence of the chlorine atom at the C4’
position and the steric bulk of the third heterocycle. Addition of
the weaker nucleophiles, phenol, and butylamine, did not result
in as rapid or full conversion to the corresponding products.
We observed some reactivity with 4 (phenol = 5%, butylamine
= 11%), but none was observed with Chrom?7 or the trinuclear
counterpart 5 (Figure S3-S5). Aniline and Boc-L-serine methyl
ester displayed no reactivity with any of the fluorophores tested.
These data indicate that if the stability of Chrom?7, Flav7, and

nm: 2-5, 8; 840 nm: 6-7. [Correction added on February 23, 2026, after first

their similar congeners is a limitation, trinuclear dyes may be a
valuable alternative.

2.4 | Micelle Characterization

We next explored the potential for the trinuclear heptamethine
dyes, 3, 5, 7, and 8, to be used as optical imaging agents for in
vivo applications. Due to their insolubility in biological media,
hydrophobic dinuclear PMDs necessitate a water-solubilizing
delivery vehicle, with the most common approach being encap-
sulation within DSPE-PEG micelles [29-32]. Unfortunately, the
extended structural conjugation of SWIR-emissive PMDs is prone
to 7-stacking, forming nonemissive H-aggregates in the deliv-
ery vehicle. This phenomenon results in a blue-shifted, broad
absorbance, lowering the concentration of emissive species and
diminishing the brightness of the probes [45]. Previously, we
have found that substitution at the C4’ position can minimize
the H-aggregation observed in micelles [32]. Thus, the trinuclear
dyes with bulky C4’ substituents are poised to have excellent
fluorescent properties in micelle formulations.

To understand how the structural differences of the dinuclear
and trinuclear scaffolds modulate their aggregation in micelles,
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Improved solubility of micelle-encapsulated fluorophores leads to brighter probes. (A) Micelle formulation scheme. (B) Normalized

absorbance (with respect to the H-aggregate signal) of Chrom7@micelles, 4@micelles, and 5@micelles in PBS. (C) Capillary image of absorption-
matched micelles in PBS and normalized brightness comparisons with respect to 5@micelles. Images were captured via InGaAs camera (Ex. = 890 nm,

148 mW cm~2, 1400 nm LP, ET = 100 ms).

we prepared micelles encapsulating Chrom?7, 4, or 5 (our best
974 nm laser-matched fluorophores) to form Chrom7@micelles,
4@micelles, and 5@micelles (Figure 4A and Scheme S3).
All micelles were approximately 10 nm in size (Figure S6)
and displayed a negative zeta potential, as is typical of DSPE-
PEG micelles (5@micelles zeta = —6.1 mV, Figure S7). UV-Vis
analysis of the micelles revealed significant H-aggregation with
4@micelles, as observed by the broad absorption at ~820 nm,
with a monomer-to-H-aggregate ratio of 0.6:1. In contrast, the
trinuclear 5@micelles showed increased monomeric charac-
ter (monomer-to-H-aggregate ratio of 2.1:1, Figure 4B) and
characteristic SWIR emission (Figure S7), indicating that the
increased steric bulk diminishes H-aggregation. Encouraged by
these results, we performed a brightness comparison experiment
between 4@micelles, 5@micelles, and Chrom7@micelles,
exciting with a 974 nm laser and measuring SWIR emission
with an InGaAs camera (Figures 4C and S8). When normaliz-
ing for concentration of dye within the micelle, the increased
portion of monomer species in the micelle improved the
brightness of 5@micelles, boasting a 3x increase compared
to the Chrom7@micelles, and a 7x increase compared to
the 4@micelles when using a 1400 nm longpass (LP) filter
(Figures 4C and S8). The photobleaching rates of all micelles
were measured by illuminating with the 890 nm laser (110 mW
cm~2) and detecting the percentage loss in fluorescence. While
Chrom7@micelles had the lowest relative photobleaching
rate (1.09 x 1072 s7!), trinuclear dye micelles demonstrated
increased photobleaching rates relative to Chrom7@micelles
(5@micelles, 7@micelles, and 8@micelles: 3.5, 2.1, 2.7, respec-
tively; Figure S9 and Table S2). We investigated if these differences
were due to changes in singlet oxygen (*O,) generation by using

the '0, trap 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA, Figure S10A). However, there was no detectable reactivity
of 10, with ABDA upon photobleaching Chrom7@micelles or
5@micelles (Figure S10B-D), suggesting other reactive oxygen
species are dominant or that 'O, reacts more rapidly with 5 than
ABDA.

2.5 | InVivo Imaging With Trinuclear
Heptamethine Dyes

Ultimately, our goal was to implement the trinuclear polyme-
thine dye scaffold for single-channel SWIR imaging of live
mice. We first assessed cell viability of the excitation-matched
fluorophores—5@micelles, 7@micelles, 8@micelles—as well
as empty micelles by incubating with A375 cells overnight. Given
acceptable cell viability across all PMDs when compared to empty
micelles (Figure S11), we began in vivo studies by injecting the
brightest probe, 5@micelles, into anesthetized mice and mon-
itoring the signal over time (Figure 5A). The trinuclear scaffold
provided impressive visualization of the vasculature system in
great detail with a 1400 nm LP filter as observed from the lateral
views of the animal (Figure 5B-E). Immediately after injection,
we also observed accumulation in the liver, a common result with
micelle-delivered PMDs [29-32, 34]. Interestingly, while we saw
signal in the liver over extended periods of time, 5@micelles
also circulated the vasculature over 3 h (Figures 5C and SA1-4),
much longer than previously observed with Chrom7@micelles,
its dinuclear fluorophore analogue. Vasculature imaging, which
is critical for blood flow and perfusion studies, is one application
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In vivo SWIR imaging of nude mouse i.v. injected with 5@micelles. (A) Experimental scheme and imaging timeline (not to scale).

SWIR images captured via InGaAs camera after i.v. injection of 5@micelle (32 uM (B-E); 14 uM (F-I), 200 uL injection, Ex. = 974 nm, 152 mW cm~2,
100 ms ET). (B-E): Right lateral view of mouse after injection at t = 0 h (B), 3h (C), 24 h (D), and 48 h (E). Collect: 1400 nm LP. (F-I): Dorsal (F), ventral
(G), right lateral (H), and left lateral (I) views of the mouse at ¢ = 0 h. Collect 1100 nm LP (B-E). Scale bars = 10 mm.

where the trinuclear scaffold appears superior to traditional
dinuclear PMDs [46].

At 3 h, we also started to observe some accumulation on the
skin, which became dominant by 24 h (Figure 5D). At 48 h, the
mouse was euthanized, and an ex vivo analysis of internal organs
was performed (Figure S12A). This exploration confirmed the
typically observed accumulation in the liver, but also revealed a
surprising degree of lymph node labeling. Murine lymph nodes
are small and are very difficult to resect without a contrast
agent [33, 47]. Notably, in mice injected with 5@micelles,
the accumulation within lymph nodes was bright enough to
allow for the precise, image-guided necroscopic resection of
various lymph nodes (Figure S12B). On a subsequent injection
of 5@micelles at a lower dose, we noticed we were immediately
able to noninvasively visualize several lymph nodes (Figures 5F-1,
and SA5). Noninvasive detection gradually became more difficult
over time, as skin accumulation began to obscure the lymph

node signal (Figure SA6-8). However, the lymph nodes remained
labeled, enabling image-guided resection (Figure 6A-C, Video S1,
SA9).

Next, we investigated the in vivo biodistribution of trinuclear
dyes 7 and 8, which could be imaged upon 890 and 1060 nm
excitation, respectively. Again, we encapsulated the fluorophores
in micelles, administered them to mice, and imaged over 48 h. For
both 7@micelles and 8@micelles, lymph node accumulation
could also be observed noninvasively at early timepoints (Figure
SA10-25). Upon ex vivo analysis, broad lymph node labeling was
evident, and image-guided resection resulted in multiple lymph
nodes being resected from each mouse (Figure 6D,E, Video S2,
and Figure SA26-29). While we have previously observed lymph
node labeling with dinuclear PMDs encapsulated in micelles or
the FDA-approved PMD indocyanine green (ICG), the rapid and
extensive lymph node labeling with the trinuclear PMDs upon
intravenous injection was striking.
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for resection.

Intrigued by the observed systemic lymph node accumulation,
we explored a few different hypotheses to explain the observed
localization. Previous work has indicated that covalent modifi-
cation of albumin can lead to preferential lymph node labeling
[48, 49], and we searched for evidence of the trinuclear PMDs
covalently modifying proteins in vivo. However, despite multiple
rounds of ex vivo analysis, we were unable to detect any indication
of covalent protein modification, suggesting the labeling is a
function of the micelle formulation or noncovalent association of
the fluorophore with other biomolecules [50]. To test if the lymph
node accumulation was exclusive to the trinuclear scaffold, we
formulated the dinuclear cyclopentenyl derivative 4 to yield
4@micelles and analyzed the biodistribution upon i.v. injection
(Figures 6F and SA30-34). We found that 4@micelles also dis-
played lymph node labeling; however, we do not recommend the

use of 4@micelles, as a hives-like skin rash was observed one day
post-injection. We attribute this adverse reaction to reactivity at
the C4‘ position in vivo, but do not believe this reactivity is related
to the lymph node labeling. However, an inflammatory response
could be another reason for lymph node accumulation of the
micelles [51]. The immune response was probed by culturing
5@micelles, 7@micelles, 8@micelles, and empty micelles,
and monitoring the fold-change of inflammatory gene expression
(IL-1a, IL-1B, IL-6, TNF-ar) in RAW cells, a murine macrophage
cell line. These data indicate that the trinuclear micelles do not
cause a greater fold change in any inflammatory gene in com-
parison to empty micelles (Figure S13), which does not support
the hypothesis that an immune response is the cause of the
observed biodistribution. To test whether the micelle composition
may play a role, we formulated 5 with DSPE-mPEG5000 micelles
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to yield 5@micelles*, and analyzed the biodistribution upon
i.v. injection (Figure SA35-43). 5@micelles* behaved similarly
to 5@micelles. Upon quantification of organ to lymph node
ratios from all mice injected with trinuclear dyes formulated in
DSPE-mPEG2000 micelles versus DSPE-mPEG5000 micelles, we
observed no statistically significant differences between the two
surfactants (Figures S14 and SA44). This analysis also highlights
the large biological variability with respect to the degree of
lymph node labeling. Ultimately, the root cause of the inherent
lymph node accumulation by these fluorophore remains elusive;
however, we can conclude that micelles containing trinuclear
PMDs are bright, biocompatible, and nonimmunogenic, and have
potential for the global imaging of lymph nodes in vivo.

3 | Conclusion

Optical imaging in the NIR and SWIR regions has enhanced
how we study biological systems. While the classic PMD scaf-
fold for in vivo imaging has been primarily associated with
dinuclear heptamethine dyes, the much rarer trinuclear hep-
tamethine scaffold has never been explored as a contrast agent
for this application. Here, we leverage the heightened reac-
tivity of cyclopentenyl-bridged dinuclear heptamethine dyes,
introducing a third heterocycle at the C4° position through
SyAr chemistry. We expanded upon this scaffold to synthesize
a panel of laser-matched, SWIR-emissive, chromenylium-based
cyclopentenyl-bridged trinuclear heptamethine dyes. Compared
to their dinuclear analogues, this scaffold exhibited reduced elec-
trophilic reactivity to various biologically relevant nucleophiles.
Photophysical studies demonstrated that the high brightness
characteristic of previous dinuclear cyclohexenyl heptamethine
dyes was retained by the trinuclear scaffold. Moreover, the
nearly identical absorption profile and A, .1 to their dinuclear
cyclohexenyl counterparts enabled seamless use with existing
laser lines for which their cyclohexenyl dinuclear counterparts
were designed, circumventing further tedious synthetic modifi-
cations to fine-tune absorption maxima. When encapsulated in
micelles, the trinuclear scaffold advantage shone, where the steric
bulk imparted by the third heterocycle diminished nonemissive
H-aggregation, a problem plaguing other hydrophobic PMDs.

This work establishes the utility of trinuclear PMDs for in
vivo imaging, expanding beyond the classic dinuclear scaffold.
When administered in vivo, these dyes accumulated in lymph
nodes, providing high contrast SWIR imaging and enabling the
precise, image-guided resection of lymph nodes post-mortem. By
combining chemical stability, exceptional SWIR brightness, and
lymphatic targeting, these PMDs offer avenues for noninvasive
mapping of lymph nodes, surgical guidance, and broader bio-
logical imaging applications where deep-tissue penetration and
low background are paramount. This study demonstrates that
trinuclear heptamethine dyes are a viable alternative scaffold for
optical imaging, advancing our capabilities to study biological
systems.
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