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ABSTRACT: Fluorescence imaging in the shortwave infrared
(SWIR) region has emerged as a vital tool for studying mammals.
SWIR emissive polymethine dyes are well-suited to this endeavor;
however, advancing in vivo imaging utility with these dyes is
primarily limited by hydrophobicity and/or nonspecific protein
association. Herein, we take a distinct approach to combine
hydrophilicity and stealth behavior to construct bright, SWIR
emissive chromenylium fluorophores by employing a well-defined
poly(2-methyl-2-oxazoline) (POx) star polymer architecture, which
we refer to as chromenylium stars, or “CStars.” Of these polymer-
shielded dyes, the variant containing five POx chains (CStar30)
boasts particularly enhanced aqueous solubility and SWIR bright-
ness, enabling high-resolution SWIR imaging in mice. The swift renal
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clearance and stealth behavior displayed in vivo also achieves improved noninvasive visualization of the lymphatic system. Further,
CStar’s orthogonal biodistribution to an FDA-approved dye, indocyanine green (ICG), facilitates excitation-multiplexed SWIR
imaging in two colors to achieve simultaneous visualization of both fluid dynamics and protein dynamics in the same animal in real

time at video-rate frame counts.

Bl INTRODUCTION

Fluorophores are invaluable chemical tools for illuminating
biological systems from research to clinical settings. In
research, fluorescence imaging is a ubiquitous approach to
label biological structures, and quantify biomolecule expression
and localization." There are a plethora of fluorophores
available for these studies in cells, transparent organisms, and
even small mammals.” Clinically, fluorescence imaging aids in
tumor resection,” noninvasive visualization of biological
processes,” and mapping the lymphatic system.” Unlike in
research, the clinical optical imaging toolbox is sparse, which is
partially attributed to the challenge of gaining FDA approval.
Since the 1950s, indocyanine green (ICG), a heptamethine
cyanine dye that emits primarily in the near-infrared (NIR or
NIR-], 700—1000 nm) region, has been the most widely used
contrast agent for optical imaging in humans.’~” Excitingly, a
new NIR emitting dye with improved utility emerged from the
clinical pipeline in 2021.%

Recently, data from preclinical models as well as clinical
trials have indicated that moving to the longer, lower energy
wavelengths of the shortwave infrared (SWIR or NIR-I,
1000—2000 nm) region results in enhanced contrast,
resolution, and penetration of light through tissue.””™"!
Translating these advantages to the clinic would expand our
ability to diagnose and treat pervasive disease states with
increased sensitivity. Despite an explosion of effort over the
past decade designing SWIR emitting fluorophores and
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technologies,” optimization is still necessary to bring these
advantages to the clinic.

To produce SWIR dyes suitable for migration from
fundamental science to clinical settings, several metrics must
be achieved: (1) biocompatibility, (2) high SWIR brightness,
and (3) aqueous solubility."> Stealth behavior (i.e., minimal
interaction with biomolecules) in biological settings can also
increase stability and open the door for control over in vivo
localizations."* Of the array of SWIR emitters available, small
molecule organic polymethine fluorophores (defined as two
heterocycles linked by a polymethine chain) stand out for their
nontoxic nature and privileged brightness (Figure 1A)."*'¢
This is due to their favorable photophysical properties, such as
high absorption coefficients (&,,) and quantum yields of
fluorescence (®p) in organic solvents. However, imaging in
vivo requires translating brightness to the aqueous biological
environment. SWIR emitting polymethine fluorophores are
much more difficult to solubilize in water than their NIR
emitting analogs, owed to the more conjugated and hydro-
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Figure 1. Polymethine fluorophores for in vivo imaging. (A) General heptamethine dye structures and properties. (B) Previous work: NIR and
SWIR emitting fluorophores and properties according to heterocycle substituents. This work: SWIR emitting chromenylium star polymers and
properties. (C) Comparison of in vivo biodistribution patterns between protein-associated dyes ICG and SulfoChrom?7 (see Figure Sl for
structures) and polymer-shielded CStar30 (see Figure S3 for structure).

phobic heterocycles forming nonemissive, blue-shifted aggre- association limits the ability to modulate specific fluorophore
gates in aqueous media (Figure 1B)."””"" Water also localization and biodistribution in vivo.

inherently quenches emission through —OH bond vibra- Protein association is also a significant challenge for the
tions.”” Furthermore, the small HOMO—LUMO gap required nanomaterials community. In this field, covalent installation of
for SWIR emission leads to these fluorophores being more “stealth” polymers is a popular strategy to alleviate in vivo
prone to degradation by water and other nucleophiles.'”*"** interactions.””** Stealth polymers are neutral, hydrophilic, and
Typically, polymer-based noncovalent delivery vehicles (e.g,, flexible, which provides a high entropic barrier to cohesion of
micelles, liposomes) are used to protect SWIR dyes and allow biomolecules in solution. In addition to minimizing protein
for imaging in vivo.”>** Still, nonemissive aggregation is a interactions, stealth polymers also impart hydrophilicity to

major problem with these systems, along with fluorophore increase bioavailability and steric protection to enhance
leaching, stability concerns, nonspecific interactions, and stability. While poly(ethyleglfgsglycol) (PEG) is a popular
retention in vivo. S class of stealth polymers,”””” poly(2-methyl-2-oxazoline)
. o . 33,3637
Methods to overcome the aggregation, brightness, and (Ple) p oly{n ers ;)fffer.&mllar ;teﬁltg pr;)ler.tlesés . PfOx
biological interaction challenges of SWIR emissive dyes in po mers . as.o ofter 1ncreas? ydrop 11c1ty,' sites for
. . . functionalization and synthetic control to achieve a well-
aqueous environments are paramount for clinical translation. defined molecul fes (Fi 52) 39
Toward these goals, we recently reported hydrophilic versions ened molectiar Species i Fgure 524).

of heptamethine chromenylium dyes, such as SulfoChrom?7 Covalent p olyr.ner fur}ctiona} ization :IS an ‘underutiliz‘e d
(A 963 nm, fetal bovine seram [FBS]),*® which can be approach for specifically improving the biophysical properties
‘max, abs ] ]

f both NIR and SWIR emissive dyes. Typically, fl hore-
considered a SWIR emissive version of ICG (4, o 798 nm, or e an eussive dyes. Typicaty, fuoroprore

1 jugates invol fl h ded to th

FBS) (Figure S1). Both dyes have enabled high-resolution, po ?rn;er con%uga e lmvo VZ 2 duorop S Prendiadiy

; e T ] : periphery of a polymer-based therapeutic. Notable
carrier-free imaging in vivo, but ICG requires substantially

" X ] exceptions include work by Smith and co-workers, who
higher concen}t;it_lggs for adequate SWIR detection than demonstrated with NIR emitting cyanine dyes that short
SulfoChrom?7.”

9 S PEG oligomers can be strategically placed to shield the
To facilitate in vivo imaging, both SulfoChrom?7 and ICG fluorophore, increasing stability in aqueous environments.**
are captured by endogenous proteins such as albumin. This

_ ‘ y e ‘ e Zhou and co-workers took this strategy one step further and
interaction maintains a monomeric, emissive state of the placed cyanine dyes at the center of poly(lysine) dendrimers,

fluorophore via steric occlusion, leading to significantly demonstrating improvements in both brightness and stability
enhanced @y in serum and protein solutions (i.e., FBS).”* of these fluorophores in water.”> However, the highly cationic
In fact, SulfoChrom?7 is primarily aggregated and quenched in nature of these dendrimers introduced biocompatibility
protein-free solutions, such as water, and both dyes display concerns. While no SWIR polymethine dyes have invoked
poor stability in aqueous environments, regardless of protein stealth polymers to enhance fluorophore stability, aqueous
association. While striking vasculature imaging has been solubility, or brightness, other scaffolds such as xanthene,*’
achieved with these dyes, biodistribution dynamics and BODIPY,” and donor—acceptor—donor*® fluorophores have
clearance rates are dictated by the protein.’"** Thus, protein achieved at least one of these metrics using this strategy.
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Figure 2. Synthesis of chromenylium star polymers (CStars) via click chemistry. (A) Schematized retrosynthesis of CStars. (B) Structures and
syntheses of CStars (i.) Base chromenylium structure of core fluorophores 1—3 and CStars S—7 with R groups defined in (ii). (ii.) Copper-
catalyzed azide—alkyne cycloaddition (CuAAC) between azide-terminated POx polymer 4 and alkyne-containing dyes 1, 2, or 3 (core
fluorophores) to yield CStars S, 6, or 7, respectively (see Figure S3, Scheme S4 for structures). (C) Gel permeation chromatography (GPC, dUV
210 nm) of CStars 5—7, and linear POx polymer 4. (D) Matrix-assisted laser desorption ionization mass spectrometry (MALDI) of CStars 5—7,
and linear POx polymer 4. (E) Table of size parameters calculated (calcd) and observed (GPC, MALDI) for CStars 5—7, and linear POx polymer
4. b = M,/M, Note that GPC data were obtained via comparison of retention times to linear POx standards, which are unoptimized for the star

polymer architecture (see Appendix B).

In this work, we merge the advantages of stealth polymers
with SWIR emissive polymethine fluorophores. To keep the
contrast agents as molecularly discrete as possible, we adopt a
well-defined star polymer architecture. With three or more
polymer chains (“arms”) extending from a common core, star
polymers are known for their unique properties such as
reduced chain entanglements and solution viscosities com-
pared to analogous linear polymers.”> Through implementing a
SWIR emissive fluorophore at the core of a star polymer, we
reasoned the polymer arms would provide water solubility and
stealth properties in vivo, while also acting as a molecular shield
to protect the fluorophore in aqueous environments. Herein,
we introduce chromenylium star polymers, or “CStars,” which
feature a bright chromenylium fluorophore core with stealthy,
hydrophilic POx polymer arms extending outward (Figure 1B).
CStars are ultimately applied to excitation-multiplexed two-
color SWIR imaging in mice in tandem with ICG to reveal
how minimizing protein association alters biodistribution and
clearance rates in vivo (Figure 1C).

B RESULTS AND DISCUSSION

CStar Design. In pursuit of CStars, a heptamethine
chromenylium fluorophore (Chrom?7) was chosen as the
core for its respectable SWIR brightness.'> We structurally
amended the core chromenylium scaffold to contain three to
five terminal alkynes for polymer couplings via copper-

210

catalyzed click chemistry. For the stealthy polymer arms, we
selected azide-functionalized linear POx, polymerized from the
corresponding 2-methyl-2-oxazoline (MeOx) monomer. We
focused on a degree of polymerization of 30, as (MeOx)s,
polymers have demonstrated excellent hydrophilicity in
amphiphiles composing micelles and nanoemulsions.*”*’
Bringing the core fluorophore and polymer arms together
with a “coupling-onto” approach, where each component is
first prepared independently, favors star polymers with low
dispersity, resulting in a well-defined molecular species (Figure
2A)." Although the kinetics of large polymer—polymer
couplings are sluggish, copper-catalyzed azide—alkyne cyclo-
addition (CuAAC) has been demonstrated to be efficient for
this purpose.”’>

CStar Synthesis. To first explore how a star polymer
architecture influences the properties of chromenylium SWIR
dyes, three core fluorophores with varying numbers of alkynes
were prepared. These core fluorophores were accessed through
four common precursors: heptamethine linkers S1 and S2
(Scheme S1) and chromenylium heterocycles §7 and $10
(Scheme S2, S3). Briefly, the appropriate heterocycle and
linker pair were condensed in the presence of base and acetic
anhydride to access penta- (1), tetra- (2), and trialkyne (3)
functionalized heptamethine chromenylium dyes (Scheme S4).
Separately, a linear POx polymer (4) was synthesized through
a living cationic ring-opening polymerization of MeOx

https://doi.org/10.1021/acscentsci.4c01570
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Figure 3. Photophysical properties of CStars and core fluorophores. (A—B) Absorbance (A) and emission (B) spectra of CStars S—7 in water (15
4uM, 3 mm cuvette). Emission spectra: 860 nm ex, 885—1500 nm em. (C) Capillary brightness and intensity quantification of samples from (A)
measured via InGaAs camera (974 nm ex, 100 mW/cm? 5 ms ET, 1100 nm LP). (D) Table summarizing photophysical measurements of CStars
and core fluorophores. See Table S1 for DCM measurements and error values.

monomer, initiated with methyl triflate and terminated with
sodium azide as a complementary click chemistry handle to the
core fluorophores (Scheme SS). POx polymer 4 was found to
have an average degree of polymerization of 30 and was well-
defined with a low dispersity (D) of 1.06.

CStars were then synthesized via CuAAC, which cleanly
afforded low dispersity (P < 1.02) CStars (S, 6, and 7) with
either five, four, or three POx polymer arms, respectively
(Figure 2B, Figure S3). Optimizing these reaction conditions
with 5, we found that reactions proceed to full conversion in
just a few hours with a minimum of two equiv. POx polymer
per alkyne and 16% Cu(I) catalyst loading (Figure S4). Size
analysis of 5, 6, and 7 via gel permeation chromatography
(GPC), matrix-assisted laser desorption ionization mass
spectrometry (MALDI) (Figure 2C-E), and SDS-PAGE
(Figure SS) indicated efficient coupling chemistry was
achieved, with excellent reproducibility comparing replicate
reactions of 5, 6, and 7 via GPC (Figure S6, S7). Isolated
yields decreased with decreasing number of arms on CStars
due to the increased difficulty of separating species with more
similar molecular weights by size exclusion chromatography
and dialysis.

Photophysical Properties and Aqueous Solubility.
With five-, four-, and three-arm CStars (5—7) in hand, we
investigated the photophysical properties and aqueous
solubility compared to the core fluorophores (1—3, Figure
3). Initially, we discovered all CStars are insoluble in
dichloromethane (DCM), an organic solvent typically used

to benchmark small molecule fluorophore brightness in
vitro."”?> To accommodate these substantial changes in
solubility, a more polar solvent, methanol (MeOH), was
selected to directly compare core fluorophore and CStar
brightness. Gratifyingly, all CStars displayed typical poly-
methine absorption/emission profiles with a ~ 10 nm
bathochromic shift (A, s ~ 940 nm) compared to the
corresponding core fluorophore (Figure S8, S9). The bright-
ness (®@p X €,,.,,) of the core fluorophores was also maintained
or improved across all CStars (Figure 3D, Table S1). Taken
together, these data suggest that the polymer arms are able to
alter the solubility of a core fluorophore while preserving
desirable photophysical properties.

We then evaluated the CStar architecture’s ability to prevent
nonemissive aggregation and translate brightness to water.
Initially, we discovered concentration-matched absorption
profiles varied according to the number of arms (Figure 3A),
while emission profiles were unaffected (Figure 3B). The
three-arm CStar (7) failed to achieve an emissive, monomeric
absorption profile in water at any concentration tested (Figure
S10). On the other hand, the more substituted five- and four-
arm CStars (5 and 6) were similar, displaying majority
monomer absorption profiles across the same concentration
range in water (Figure S10). Comparing photophysical
properties of the five- and four-arm CStars (S and 6) in
water, 5 was superior with higher &, and ®; (Figure 3D,
Table S1). Since the three-arm CStar (7) was primarily
aggregated in water, we were not able to thoroughly measure
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its photophysical properties; however, an excitation spectrum
revealed the blue-shifted aggregate peak is indeed nonemissive
(Figure S9).

To directly compare relative SWIR brightness in water,
concentration-matched emission intensities of the five-, four-,
and three-arm CStar variants were measured in capillaries
under 974 nm excitation. Consistent with the photophysical
measurements, 5 boasted the highest SWIR emission intensity
beyond 1100 nm (Figure 3C). Overall, we conclude that five
polymer arms are optimal for maximizing both aqueous
solubility and brightness, and name the five-arm chromenylium
star polymer (5) CStar30, where the “30” indicates the
number of MeOx repeat units for each POx polymer arm. In
water, CStar30 is the brightest primarily SWIR emissive
polymethine fluorophore reported to date.””**™*°

Protein Association and Stability under Biological
Conditions. We next evaluated the ability of CStar30 to repel
protein capture, as compared to ICG and SulfoChrom?7
(Figure S1) as water-soluble small molecule polymethine
fluorophore benchmarks. We first examined CStar30 and
SulfoChrom? in water and FBS, which contains a high level of
albumin protein as well as other proteins and biomolecules
(Figure 4). Excitingly, CStar30 displayed a monomeric
absorption profile in water and FBS (Figure 44, Figure S10),
with nearly identical SWIR emission intensity (Figure 4C).
Further, the desirable photophysical properties of CStar30 in
water were unaffected in FBS (Figure 3D). Conversely,
absorption profiles and SWIR emission intensities varied
dramatically from water to FBS for SulfoChrom?7. Here,
nonemissive aggregation dominated in water, abolishing nearly
all SWIR emission, while FBS rescued the emissive monomer
state (Figure 4B, 4D). As previously characterized, ICG
displays similar behavior.”” Brightness increases in the
presence of protein are characteristic of protein association
for small molecule fluorophores.””*° Hence, these data suggest
that the star polymer architecture has the ability to shield the
core fluorophore component of CStar30 from protein capture.

Next, we probed for any interaction of CStar30 with
proteins via a native PAGE gel. Maintaining proteins in their
native state allows for noncovalent interactions to persist, as
previously demonstrated with ICG binding to albumin.*®
Using bovine serum albumin (BSA) as a standard, CStar30 did
not show any overlap between fluorescence and protein signal,
whereas SulfoChrom?7 fluorescence was readily observed
alongside BSA (Figure S11). Gratifyingly, opposite to
SulfoChrom?7, CStar30 also did not demonstrate any signal
overlap when tested with FBS or cell lysate (Figure S11).
Taken together, these data support that the star polymer
architecture of CStar30 broadly prevents protein association.

Stability in biologically relevant environments is also
notoriously challenging with small molecule dyes. Previous
reports have demonstrated that for both ICG and
SulfoChrom?7, little fluorophore remains in solution after
only a few hours at physiological temperature (37 °C).**%7*
Fortuitously, the stability of CStar30 was improved in both
water and FBS (Figure S12). Furthermore, the stability of
CStar30 was greatly enhanced in the presence of glutathione
(GSH) with more than 50% of fluorophore remaining after 20
days in 1 mM GSH, and SS days in 10 mM GSH (Figure S12).
Additionally, photobleaching rates of CStar30 in both water
and FBS solutions were improved ~10-fold when directly
compared to SulfoChrom7 in FBS’® under the same
conditions (Figure 4E, S13). ICG also has well-documented
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Figure 4. Comparison of CStar30 and SulfoChrom?7 in water and
protein solutions (see Figure 3D, S1 for photophysical properties).
(A—B) Absorbance spectra of CStar30 (A), SulfoChrom7 (B) in
water and FBS (15 uM, 3 mm cuvette). (C) Capillary image and
intensity quantification of CStar30 samples from (A) measured via
InGaAs camera (974 nm ex, 100 mW/cm? S ms ET, 1100 nm LP).
(D) Capillary image and intensity quantification of samples from (B)
measured via InGaAs camera (974 nm ex, 100 mW/cm?, 2 ms ET,
1100 nm LP). (E) Photobleaching of CStar30 samples in water and
FBS from (A), and SulfoChrom7°° in FBS measured via InGaAs
camera (974 nm ex, 100 mW/cm?, § ms ET CStar30, 30 ms ET
SulfoChrom?7, 1100 nm LP). The photobleaching rate constant for
CStar30 was determined to be 0.09 and 0.043 min~! in water and
FBS, respectively (see raw data in Figure S13). For SulfoChrom?7, the
photobleaching rate was reported to be 0.19 min™" in FBS.*

photostability concerns.”” Overall, these results suggest that
the star polymer architecture of CStar30 more effectively
shields the fluorophore in aqueous environments, thereby
increasing both chemo- and photostability over protein-
associated dyes.

Single Color CStar30 Biodistribution in Mice. With
CStar30 displaying excellent in vitro properties, we next
prepared for in vivo SWIR imaging in mice (Figure S).
Confirming the biocompatibility of CStar30 via toxicity
assessment in cellulo, CStar30 displayed no toxicity to cells
at and above the anticipated concentration in vivo (Figure
S14). This finding is consistent with the known biocompat-
ibility of the core Chrom?7 fluorophore and POx polymer arms.
We also ensured copper levels were low via ICP-MS, which
indicated that at the anticipated dose of 30 nmol, the estimated
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Figure S. Single color imaging of CStar30 in mice. (A) Schematic for intravenous (i.v.) tail vein injection. (B) In vivo images S min after i.v.
injection of CStar30 dissolved in sterile water (200 xL, 30 nmol) measured via InGaAs camera (974 nm ex, 1100 nm LP, 100 fps). (C) Schematic
for intradermal (i.d.) hind footpad injections. (D) In vivo images 20 min after i.d. injection of CStar30 dissolved in sterile water (S0 yL in each hind
footpad, 30 nmol total) measured via InGaAs camera (974 nm ex, 1100 nm LP, 50—100 fps). (E—F) Raw intensity profiles across ROI i, ii (E) and
iii, iv (F) from (B). (G) Focused region for dorsal lymph visualization 20 min postinjection with hind limbs extended outward, measured via
InGaAs camera. (H) Z-axis profile across ROI v and corresponding lymphatic flow velocity from (D). See Figure S17 for velocity calculation. See
Table S2 for sensitivity related parameters. Scale bars: 10 mm.

in vivo concentration of Cu is 0.002 ppm from CStar30, which footpad injections to visualize the lymphatic system (Figure
is well below toxicity levels (> 1.4 ppm total serum Cu). 5C). Lymph node (LN) mapping and lymphatic drainage rates
Initial in vivo experiments involved intravenous (i.v.) tail vein are important diagnostic tools for cancer staging, but
injection of CStar30 in mice (Figure SA). In contrast to all decoupling protein and fluid dynamics remains a challenge
previously reported experiments with chromenylium fluoro- due to protein association of small molecule dyes.””*” After i.d.
phores, we immediately observed kidney localization (Figure injection, LNs were strongly illuminated by CStar30, which,
5B, Video S1), followed by increased bladder signal over time combined with a high-resolution SWIR detection window,
(Figure S15, S16). Ultimately, under anesthesia the blood allowed for facile noninvasive LN identification (Figure SD,
circulation time of CStar30 is estimated to be on the order of SG). LNs are difficult to identify with white light even ex vivo
10—1S min via iv. injection (Figure S17). This biodistribution due to their small size and indistinguishable appearance from
suggests that CStar30 is small enough for renal clearance, in other tissues (Figure S19). The high-resolution SWIR region
line with the predicted hydrodynamic diameter of ~ S nm allowed for facile image-guided resection of LNs (Video S2).
(estimated from the Flory dimension of a single POx polymer In vivo, we were able to readily monitor the dye pulsing
arm).” Additionally, while the vast majority of small molecule through lymph vessels in real time and calculated a lymphatic
polymethine dyes rapidly localize to the liver, primarily as a drainage velocity of ~ 2.5 mm/min under anesthesia (Figure
consequence of protein association, signal in the liver was basal SH, Figure S20, Video S3). While previous reports of
with CStar30 (Figure SE, SF), suggesting stealth behavior in lymphatic visualization via fluorescence imaging vary drastically
vivo. At 3 h postinjection, the overall signal in the animal was with respect to LN identification and drainage velocities,”*~®*
substantially reduced, and became nearly undetectable after 1 d we hypothesize that minimizing nonspecific interactions of
(Figure S1S, S16). After 2 d, the animal was euthanized. Weak proteins and other biomolecules with CStar30 provides a more

fluorescence intensity in all organs ex vivo is consistent with the accurate representation of these dynamics.
majority of the probe clearing from the body (Figure S18). As CStar30 drained from LNs and was reabsorbed to the
Motivated by this distinct biodistribution and fast clearance, bloodstream, kidney and bladder localization increased
we also introduced CStar30 intradermally (id.) via hind proportionally over time (Figure S21, S22). Owed to the
213 https://doi.org/10.1021/acscentsci.4c01570
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Figure 6. Two-color excitation-multiplexed imaging of CStar30 and ICG in mice. (A) Schematic of CStar30 shielded by POx polymer arms versus
ICG associated with protein (see Figure S1 and S3 for structures). (B) Absorbance and emission spectra of CStar30 (15 M) in water and ICG
(100 M) in FBS. Measurements were taken with a 3 mm cuvette. CStar30 emission spectra: 860 nm ex, 885—1500 nm em. ICG emission spectra:
720 nm ex, 740—1400 nm em. SWIR excitation-multiplexed imaging parameters are schematized: excitation at either 974 nm (CStar30) or 786 nm
(ICG), and a single SWIR emission window > 1100 nm, defined by an 1100 nm LP filter. (C) Capillary images of samples from (B) measured via
InGaAs camera. Merged channels 974 nm ex (magenta, 160 mW/ cm? 5 ms ET) and 786 nm ex (blue, 100 mW/cm? 1 ms ET) and intensity
quantification. See Figure S22 for single channel images. (D) Two-color timecourse of 974 nm (magenta) and 786 nm (blue) excitation channels
after i.v. coinjection of CStar30 and ICG in sterile water (100 uL each dye, 30 nmol CStar30 and 200 nmol ICG) measured via InGaAs camera
(786 and 974 nm ex, 1100 nm LP, 15—100 fps). (E) Two-color timecourse of 974 (magenta) and 786 nm (blue) excitation channels after i.d.
coinjection of CStar30 and ICG in sterile water (25 uL each dye in each hind footpad, overall 30 nmol CStar30 and 200 nmol ICG) measured via
InGaAs camera (786 and 974 nm ex, 1100 nm LP, 17—100 fps). See Supporting Information for all corresponding single channel images and Table
S3 for sensitivity related parameters. Note that organs are labeled at first appearance in the timecourse, CStar30 and ICG fluorescence are colored
magenta and blue, respectively, with colocalization of the fluorophores colored purple. Max intensity: upper right of each image. Scale bars: 10 mm.

slow-absorbing nature of an i.d. injection mode, renal clearance
was mildly slower compared to an i.v. injection. Still, after 2 d
postinjection, the majority of CStar30 was absorbed from the
footpads, and ex vivo organ analysis confirms efficient clearance
overall (Figure S23).

Two Color Imaging in Mice: Stealthy CStar30 vs.
Protein-Associated ICG. To further explore the difference in
in vivo dynamics observed between a protein-associated and
protein-inert fluorophore, we performed excitation-multiplexed
two color imaging with ICG as a protein-associated dye, and
CStar30 as a protein-inert dye (Figure 6A). ICG was selected
as it is spectrally separated from CStar30, allowing for
alternating excitation of each dye at either 786 and 974 nm,
respectively, with a single SWIR emission window (Figure 6B,
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Figure S24). This approach allows for visualization of both
fluorophores at video-rate imaging speeds. Although ICG is a
primarily NIR emitting fluorophore, a minute emission tail can
still be visualized in the SWIR, albeit with higher injection
concentrations.””** We determined that a concentration ratio
of 15 to 100 M (CStar30:ICG) was optimal for eliminating
crosstalk between excitation channels (Figure 6C, Figure S25),
setting the stage for two-color imaging in vivo.

Co-injecting CStar30 and ICG via i.v. or id. injections, we
directly compared biodistribution dynamics and clearance
timelines of each fluorophore in the same animal. This
approach reduces biological variability and increases the
significance of in vivo imaging observations. First, with an i.v.
tail vein injection, we observed ICG traverse through the
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vasculature and accumulate in the liver within 2 min
postinjection, consistent with protein association (Figure 6D,
blue). On the other hand, polymer-shielded CStar30 avoided
protein capture and traveled to the kidneys in the same time
frame (Figure 6D, magenta). The animal was imaged in
intervals up to 30 min before coming out of anesthesia and
excreting the fluorophores. During this time, we observed
progressively increased signal from ICG in the liver (Figure
6D, blue). Meanwhile, signal from CStar30 in the kidneys
began decreasing around 10 min postinjection, and by the 30
min time point, bladder accumulation was most prominent
(Figure 6D, magenta). At 3 h postinjection, strong signal in the
liver, stomach and intestines was observed for ICG, but
negligible signal was detected from CStar30 in the kidneys,
along with relatively low signal remaining in the bladder
(Figure S26, S27). After 1 d, there was no detectable signal for
CStar30 (Figure S26, S27). However, ICG was still readily
visualized in tissues associated with the reticuloendothelial
system (RES), such as the liver, 2 d postinjection (Figure 6D,
blue). Such in vivo retention is characteristic for ICG and other
small molecule protein-associated dyes. Again, ex vivo analysis
of excised organs is consistent with the in vivo biodistribution
and clearance observations (Figure S28).

Finally, we performed the same coinjection experiment with
CStar30 and ICG via i.d. hind footpad injections to assess how
the distinct biodistribution and clearance rates extend to
visualizing the lymphatic system. Gratifyingly, similar trends
were observed. Immediately following injection, both dyes
were strongly localized to the same LNs (Figure 6E, purple).
ICG was also trafficked to the liver in the same time frame
(Figure 6E, blue), whereas CStar30 exhibited slower drainage
from LN, evident by low signal in the kidneys and bladder up
to 10 min postinjection (Figure 6E, magenta). In fact, strong
LN signal was present for CStar30 for up to 1 h postinjection
(Figure S29, S30). Following the same trend as the i.
coinjection, ICG signal in RES-associated tissues was still
readily visualized 2 d postinjection (Figure GE, blue), while
CStar30 was undetectable. This in vivo observation was further
validated via ex vivo organ analysis (Figure S31). Ultimately,
this direct comparison reveals how protein association with
ICG may confound LN mapping and lymphatic drainage
monitoring over time.

We conclude that CStar30 and ICG can be employed in
tandem for SWIR imaging as complementary fluorophores to
visualize both fluid and protein dynamics in the same animal.
Additionally, single channel images suggest that crosstalk was
negligible between the two dyes, allowing images to be
analyzed without need for linear unmixing corrections (see
Supporting Information). The orthogonal biodistributions,
independent of the mode of injection, demonstrated by
CStar30 and ICG highlight how a simple chemical
modification can instill distinct changes in in vivo localization
and clearance rates.

B CONCLUSION

Surveying the breadth of polymethine fluorophores available
for fluorescence imaging in wvivo, it is clear that SWIR
brightness, aqueous solubility, and the propensity for
biomolecule interaction fluctuate significantly. In this work,
we merged stealthy, hydrophilic linear POx polymers with
SWIR emissive chromenylium heptamethine fluorophores via
click chemistry to arrive at chromenylium star polymers
(CStars). Evaluating the number of polymer arms required for

215

maintaining the bright nature of the SWIR emissive
fluorophore core in water, we discovered five arms to be
optimal. This modification also has the benefit of substantially
enhancing both chemo- and photostability in aqueous
environments. Moving forward with § (CStar30), we
demonstrated that the star polymer architecture repels protein
interaction in vitro, evident by the negligible differences in
absorption profiles as well as SWIR brightness in water versus
protein solutions.

As the first in its class, we applied CStar30 for in vivo SWIR
imaging in mice via both i.v. and i.d. injections. Here, we were
delighted to observe that the dye clears readily through the
renal system, independent of the mode of injection, as SWIR
chromenylium dyes have been plagued by liver accumulation.
For the id. injection, we were also able to easily monitor LN
drainage in real time — an important biological marker of
disease states. Moreover, in excitation-multiplexed imaging
experiments with CStar30 and ICG, we showcased the
differences in biodistribution and in vivo dynamics imbued
by the star polymer architecture versus a protein-associated
small molecule dye.

Having finally surmounted the barrier of biomolecule
interactions with a water-soluble, SWIR emissive polymethine
fluorophore, we believe the CStar architecture has the potential
to greatly improve noninvasive clinically relevant endeavors
such as monitoring renal function and lymphatic drainage in
vivo. Furthermore, with the synthetic accessibility of attaching
POx polymer arms, we envision that this strategy will be
amenable to a variety of fluorophore scaffolds.
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