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ABSTRACT OF THE DISSERTATION

Polymethine fluorophores for in vivo shortwave infrared imaging

Emily Donovan Cosco

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2020

Professor Ellen May Sletten, Chair

Optical detection of biological function in living cells, model organisms, and humans is a
powerful approach for studying physiology and disease. The amount of information that can be
gained noninvasively, however, is limited in penetration depth and resolution by unfavorable
interactions between light and tissue. Optical imaging with detection in the shortwave infrared
(SWIR, 1,000-2,000 nm) region enables the observation of structure and function in deep tissue.
With low scattering coefficients and few naturally occurring molecules with SWIR absorption or
emission, SWIR light has minimal competing optical phenomena within biology. While rapid
development of contrast agents has followed the decade-old discovery of SWIR detection as a
noninvasive imaging technique, improved bright and biocompatible contrast agents are vital for

imaging with minimal biological perturbation. In this dissertation, long wavelength absorbing and

i



emitting polymethine dyes are established, optimized, and applied, in combination with imaging
methodology, to advance SWIR imaging in mice.

Chapter One is a perspective on the growth and application of polymethine dyes as
shortwave infrared contrast agents. Chapter Two describes the initial development and in vivo
SWIR imaging application of 7-dimethylamino flavylium polymethine dyes.

Chapters Three and Four establish excitation multiplexing with shortwave infrared
detection as an effective method to obtain real-time multicolor images in vivo, noninvasively. In
Chapter Three, flavylium heptamethine dyes with absorption wavelengths matched to excitation
lasers enable two- and three-color imaging in anesthetized and awake animals. Chromenylium
penta- and heptamethine dyes which display increased brightness are offered in Chapter Four as
improved labels for fast and multicolor SWIR imaging using near infrared excitation wavelengths.

Chapter Five details strategies taken to facilitate delivery of polymethine dyes to biological
systems. The approaches include encapsulation in phospholipid, organic polymer-based, and
perfluorocarbon nanomaterials, as well as appending lipophilic, fluorophilic, and hydrophilic
solubilizing tags to the chromophores. Chapter Six explores the use of hollow mesoporous silica
nanoparticles (HSMNSs) to stabilize J-aggregates for SWIR imaging. Chapter Seven is a study of
the photophysical properties of indocyanine green (ICG) relevant to benchmarking SWIR imaging

experiments.
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CHAPTER ONE

Polymethine Dyes in Shortwave Infrared Optical Imaging, from the Flask to the Clinic

1.1 Perspective

Optical imaging is a sensitive, low cost, non-invasive, and safe imaging modality that is
widely used for clinical diagnosis and for studying physiology and pathophysiology.[1] Currently,
optical detection in these contexts has been constrained to the narrow range of wavelengths
compatible with imaging in living tissue, as well as the limited depth penetration and resolution
that is available using visible (350—700 nm) and near-infrared (NIR, 700—1,000 nm) light. Deep
tissue optical imaging techniques, including multiphoton methods,[2] which use long wavelength
excitation sources, and shortwave infrared (SWIR, 1,000-2,000 nm, also called NIR-II)
imaging,[3] which relies on a long wavelength detection region, advertise improvement in depth
penetration, resolution, contrast, and reduction in background autofluorescence compared to
traditional visible or NIR optical imaging. A combination of properties governs the interaction
between tissue and different wavelengths of light. In the case of SWIR detection, the improved
contrast and resolution observed is a result of decreased scattering coefficients,[4—6] fewer
endogenous chromophores which can absorb and emit light at these wavelengths,[7-8] and
increased water absorption that preferentially attenuates scattered light.[9] Additionally, adding
the wavelengths at which current InGaAs detectors[10] are sensitive (~950—1,700 nm) to those in
the NIR, accessed using silicon-based detectors,[11] more than triples the wavelength region that
can be utilized for deep tissue imaging, facilitating multiplexed experiments. These combined

properties manifest in an optical imaging technique which could render improvement in the



amount, quality and specificity of optical information available to clinicians in diagnosing and
treating disease, including in resection and preservation of tissues during planning, procedures,
and post-operative assessments. Likewise, non-invasive longitudinal experiments become readily
accessible to scientists studying disease in model organisms, greatly increasing the amount of
information that can be gained from a single animal. For these aims to be realized, suitable label-
free or contrast-based fluorescence tools, and appropriate imaging technologies are needed.
Initiated by the first report of in vivo SWIR imaging using carbon nanotubes,[12] there has
been a great deal of effort devoted to developing and optimizing contrast agents that can be used
for SWIR experiments. For the first several years, these studies were focused primarily on carbon
nanotubes,[13] quantum dots,[8,14], and rare-earth metal-based materials.[15-16] More recently,
organic molecules and materials have taken up some of the spotlight in the field on the platform
of biocompatibility, relatively small sizes, and simple bioconjugation approaches. Beginning in
2016, benzo-bis-thiadiazole acceptor-based donor-acceptor-donor (DAD) dyes[17] have been
optimized for brightness[18—19] solubility, nanomaterial encapsulation[20-21] and protein
binding,[22] and used in a variety of SWIR imaging applications as bioconjugates for imaging
ovarian,[23-24] brain,[25] and tumor tissues.[20,26—27] Concurrently, polymethine dyes, charged
fluorophores composed of two terminal group heterocycles linked by a polymethine backbone,
were introduced to shortwave infrared imaging with the laser dye, IR-1061, as a component of
layer-by-layer assemblies[28] or in lipid based micelles.[29-30] In 2017, we reported a
polymethine dye designed for SWIR imaging (named Flav7) which demonstrated improved
brightness compared to classical long wavelength laser dyes like IR-1061 and IR-26.[31] Since
this time, there has been increased focus in the optimization of polymethine fluorophores for SWIR

imaging applications.



Figure 1.1 Polymethine dyes applied as contrast agents in mammalian cells (A), in mice (B), and
in humans (C). Microscopy image in (A) of RAW264.7 cells by Rachael Day. SWIR image in 4-
colors of a living mouse in (B), with Bernardo Aris. SWIR image of the thorax in a mouse
necropsy in (C), with Irene Lim.

Polymethine dyes encompass a diverse class of chromophores, widely studied since their
initial discovery in 1857.[32] Early applications as photographic sensitizers[33] fueled
development of the molecule class and preceded use in lasing,[34] all optical switching,[35] and

in dye sensitized solar cells[36]. In biology, polymethine dyes have been a staple in optical

microscopy, flow cytometry, and microarray[37] experiments. Most classically, applications are



with the nitrogen-containing indoleninium heterocycle-based “Cy” dyes, developed for biological
use in the 1990s (Figure 1.1A).[38] Electronically symmetric polymethine dyes are characterized
by their high absorption coefficients (&), narrow absorption and emission bands, and small Stokes
shifts, and typically display moderate fluorescence quantum yields (®r).[39] While all of these
qualities are favorable for experiments relying on fluorescence detection, the early success of
polymethine dyes in cell biology, proteomics, immunological studies, and nucleotide labelling was
largely due to the wide and facile photophysical tunability of the scaffold.[40] Course tuning of
the Amax,abs can be achieved by adjusting the number of methine units in the polymethine chain, i.e.
Cy3, Cy5, Cy7, which represent dyes with 3, 5, and 7 methine units, respectively, and result in
~100 nm red shift per two methine extension. Congruently, the heterocycle identity and functional
group substitution allowed for a finer tuning of the Amaxabs. These properties were ideal for
obtaining probes with orthogonal excitation and emission wavelengths for multicolor experiments.
Thus, along with optimization of solubility and bioconjugation handles, probes which were closely
matched to laser wavelengths and filter sets in commercial microscopes and flow cytometers were
developed and became widely available.[40] The tunability of the polymethine scaffold also
provides an ideal platform for chemosensors based on non-covalent or covalent chemistries which
can alter the absorption and emission wavelengths and/or brightness of the chromophore. Probes
based on the cyanine scaffold have afforded a wide array of responsive probes for ions, pH,
biological signaling molecules, and enzyme activity.[41]

Polymethine dyes have also been a workhorse of in vivo optical imaging in humans and in
preclinical model organisms (Figure 1.1B-C). Indocyanine green (ICG), a benzo[e]indoleninium
based polymethine dye with absorption and emission in the NIR, has been FDA approved since

1956.[42] With clinical and pre-clinical uses including angiography,[43] lymphatic,[44]



biliary[45] and intestinal[46] imaging, ICG is one of two contrast agents for optical imaging used
in the clinic (the other being methylene blue). In addition to clinical trials for a multitude of
expanded uses of ICG, related conjugatable probes including IRDye800 and ZW800-1[47]
conjugates are in trials for oncological image guided surgery.[48] The translation of responsive
probes which can increase sensitivity is also imminent.[49] These advances in molecular targeted
probes are complemented by the development of advanced optical and robotic devices to further
assist clinicians in identifying healthy vs diseased tissue.[50]

While there is substantial momentum centered around intraoperative guidance using
fluorescence based molecular imaging, some of the key advantages of polymethine dyes which are
highlighted in optical microscopy experiments, particularly their ability to provide opportunities
for multiplexing, lag further behind in their applications in vivo. In comes the SWIR, and with it,
the broadened region of the electromagnetic spectrum which is compatible with deep tissue
imaging. In parallel to the use of Cy dyes in multicolor experiments in the visible and NIR regions,
long wavelength polymethine dyes can now enable advanced multicolor experiments with NIR
and SWIR excitation wavelengths.[51] Further, with longer wavelength detection, advantages in
resolution and imaging depth can also be capitalized on. For many of the same reasons that the Cy
dyes are successful in the visible and NIR regions, we envision that long wavelength polymethine
dyes will thrive in SWIR applications. High absorption coefficients, narrow absorption profiles,
and structural tunability conferred on the visible and NIR cyanine dyes are also present in their
long-wavelength counterparts. A few additional challenges apply to longer wavelength dyes,
including arriving at molecules which are chemically stable, photostable, and bright enough for
real-time detection, as all three of these properties trend downward with more red-shifted dyes.[52]

Further obstacles for SWIR dyes include obtaining fully aqueous soluble or non-aggregating



species on a large and hydrophobic chromophore scaffold. In only few years, a range of
polymethine chromophores, including those with flavylium,[31,51,53] thioflavylium,[54]
pyrylium,[55]  thiopyrylium,[55]  benzo[c,d]indoleninium[56—58]  bis-indole,[59] and
chromenylium,[60] heterocycles have been explored for use in SWIR imaging (Figure 1.2). Within
these studies, substantial progress has already been made towards improving essential properties
for imaging, namely, (1) tuning photophysics to increase ®r values and to obtain excitation
wavelengths of interests and (2) enabling efficient delivery in aqueous environments, targeting to
locations of interest, and selective responses to particular biological molecules, cells, or tissues.
One of the initial challenges of using small molecule chromophores for SWIR imaging is
obtaining dyes with high brightness such that images can be detected with high signal to noise
ratios (SNR) with exposure times in a macroscopic biological time scale. The ®r of fluorophores
decreases drastically for fluorophores with Amax.abs past ~900 nm, due to decreased radiative rates
related to the small singlet energy gaps, and increased nonradiative decay correlated with high
frequency vibrations.[61] These energy gap laws provide a substantial challenge in obtaining
molecular structures with absorption maxima >1,000 nm with quantum yields higher than ~3%.
Progress on this goal began with the development of Flav7 (O ~0.6% (DCM)) with conceptual
modifications from the laser dye IR-26 (O ~0.05% (DCM)). Further quantum yield improvements
include those obtained using chromenylium dyes (Chrom7, ®r ~1.7%(DCM)) and bis-indole dyes,
(LZ-1105, ®r ~3% (EtOH)), such that video-rate imaging (~25-30 fps) imaging is attainable and
experiments can even be performed at up to 300 fps.[60] Quantum yield numbers, however, only
tell part of the story. Due to the drastic impacts of energy gap laws, a more relevant comparison
of chromophores from a physical chemistry perspective takes these effects into account, and

compares quantum yield values in a wavelength independent manor, with an energy-gap



independent improvement factor (£).[61] Additionally, as brightness is reliant on both emissive
properties in the relevant detection region and absorptive properties at the wavelength of excitation
(1) (brightness = &, x @ x a), absorption coefficients and the % emission within the SWIR region

a = % emission within the SWIR) are also essential parameters that have been relatively less
p y

explored.
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Figure 1.2 Electromagnetic (EM) spectrum (A) and selected polymethine chromophores (B) used
for SWIR imaging experiments and excitable in regions of the EM spectrum i—iv. Quantum yield
values are provided in parenthesis.



Fortunately, the relationship between brightness of chromophores and the percent of
emission lying within the SWIR region is aligned well with the energy gap laws, allowing for more
blue shifted chromophores to have similar or brighter SWIR emission than their long wavelength
counterparts. Indeed, ICG, and other NIR polymethine dyes can be visualized as bright contrast
agents using SWIR detection, due to a long wavelength emissive tail extending past 1,000 nm.[62—
64] These properties allow for relatively brightness-matched chromophores in multiplexed
experiments, and suggest a classification in which chromophores can be categorized. Similar to
filter cubes used in optical microscopes, where the fluorescent labels used in an experiment are
chosen and optimized around the cubes available, SWIR emissive chromophores can be classified
according to the closest available excitation wavelength, and their properties can be optimized
comparing to others corresponding to the same excitation laser. Thus, the ability to finely tune
Amax,abs Wavelengths to maximize brightness as well as minimize cross-talk between channels
becomes increasingly crucial. Again, this is a strength of polymethine dyes, and can be obtained
by relying on complementary modifications to the heterocycle,[51] and polymethine chain.[65]
Further, dyes with suitably overlapping absorption and emission wavelengths can be used to
develop more complex energy transfer tools, such as in Forster resonance energy transfer
(FRET)[53] and bioluminescence energy transfer (BRET)[66] experiments. With the tools of
physical chemistry,[61] physical organic chemistry,[51] and theory and computation,[67—68] the
relationships between structure and photophysical properties can be deciphered and used to create
predictive metrics for the design of chromophores with improved properties tailored to their
application.

Complementary to tuning the monomer photophysical properties of polymethine dyes,

there are also promising J-aggregation properties of polymethine dyes which could be leveraged



to reach longer excitation wavelengths.[69—71] J-aggregation, first describe by Jelley[72] and
Sheibe[73] in the 1930s, is the coherent coupling of excited state transition dipoles, induced by a
slip-stacked alignment of monomer units.[74] While the properties of J-aggregates, namely
increased absorption coefficients, increased radiative rates, and red-shifted absorption properties
are promising for imaging applications, a more thorough understanding of these properties in
relationship with dye structure are needed. Additionally, J-aggregates have been only minimally
applied to biological imaging experiments due to their high reliance on their immediate solvent
environment to remain in an aggregated form.[74] Thus, robust methods to stabilize J-aggregates
in complex environments are necessary for more widespread use and exploration in imaging
experiments.

Long wavelength polymethine dyes, many of which are derived from structures developed
for use in laser dyes, typically have a large, planar, and hydrophobic core, making their use in
aqueous environments challenging. Thus, many studies have relied on nanoparticles encapsulation
to deliver the hydrophobic molecules to biology. While an effective strategy that benefits from the
protection of nanomaterials to reactive biomolecules and increased avidity of targeting groups,
many dyes also display H-aggregation in lipophilic environments, which hinders the optimal
photophysical properties from being transferred from the flask.[31] Further, the large nanoparticle
size limits the biomolecules which could be labelled without compromising their function. The
strategic placement of water solubilizing groups has shown success in enabling the delivery of
free-small molecule dyes.[60] An alternate strategy leverages non-covalent protein binding
properties to complex and deliver the fluorophores in vivo.[57] Conjugation to targeting agents
including, peptides,[55,75] small-molecules, and antibodies,[77—78] or to synthetic polymers[79]

or polymeric biomolecules[80] can also assist in the solubilization and delivery of these probes.



Regardless, it’s likely that further optimization of the solubilizing groups will be necessary to
obtain optimal photophysical properties.[81] Additionally, polymethines have already begun to be
developed for responsive probes, for pH,[54,82] signaling molecules such as hydrogensulfide,[83]
and peroxynitrite,[53,84] glutathione,[80] and ATP,[66,83] and enzyme activity, such as for
nitroreductatse[85—-86] Further improvements on these aims to increase sensitivity and selectivity,
as well as expansion to other disease-relevant triggers position the strategies to have increasing
impact in the non-invasive and longitudinal monitoring of disease state and progression.

The extent in which SWIR imaging will impact clinical practice will be seen in the coming
years. Key questions are whether the improvement in contrast and penetration depth can
appreciably improve the clinical results that can be achieved, and which clinical applications are
the most suitable for SWIR detection. For these questions to be answered, imaging tools and
methods that are optimized to study a specific application are needed. In some applications,
contrast-free methods show a great deal of promise, and offer a relatively straightforward path to
clinical use, without the need for approval of a contrast agent.[87-88] However, these techniques
are limited to the inherent absorption and/or fluorescence of naturally occurring molecules and
tissues. Exogenous tags, or contrast agents, offer the opportunity to label a healthy or diseased
tissue, cell type, or biomolecule of choice such that theoretically any target of interest can be
visualized selectively. Investigating SWIR applications of ICG and other NIR dyes which are
currently in clinical trials is also a lower barrier entry point to clinical impact.[89] With only these
tools, however, experiments in which multiple cell types or tissues can be orthogonally labelled is
more challenging. The exploration of structurally distinct polymethine fluorophores with longer
wavelength absorption offers increasing flexibility in producing orthogonal, multicolor signals

using well-separated excitation sources, as well as in complex experiments using energy transfer
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and responsive probes. Research aims that prioritize a greater understanding of structure property
relationships, through the combination of experiment and theory/computation across fluorophore
scaffolds will enable predictive measures and accelerate improvement in the desired properties for
imaging. Further, investigation of the molecular interactions with biomolecules, cells and tissues
will drive the discovery of highly specific probes for selective biological labelling. Altogether,
along with the development of relevant imaging tools, including advanced microscopes and
endoscopes, polymethine dyes in the SWIR will offer scientists and clinicians a wide range of
selective and sensitive orthogonal labels for studying disease longitudinally and non-invasively in
model organisms and for safe and low-cost diagnostic and intraoperative tools useful in clinical

practice.

11



1.2 References and Notes

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Frangioni, J. V. In Vivo Near-Infrared Fluorescence Imaging. Curr. Opin. Chem. Biol.
2003, 7, 626—634.

Helmchen, F.; Denk, W. Deep Tissue Two-Photon Microscopy. Nat. Methods 2005, 2,
932-940.

Smith, A. M.; Mancini, M. C.; Nie, S.; Smith, M.; Mancini, M. C. Bioimaging: Second
Window for in Vivo Imaging. Nat. Nanotechnol. 2009, 4, 710-711.

Lim, Y. T.; Kim, S.; Nakayama, A.; Stott, N. E.; Bawendi, M. G.; Frangioni, J. V.
Selection of Quantum Dot Wavelengths for Biomedical Assays and Imaging. Mol. Imaging
2003, 2, 50-64.

Bashkatov, A. N.; Genina, E. A.; Kochubey, V. I.; Tuchin, V. V. Optical Properties of
Human Skin, Subcutaneous and Mucous Tissues in the Wavelength Range from 400 to
2000 nm. J. Phys. D. Appl. Phys. 2005, 38, 2543-2555.

Zhang, H.; Salo, D.; Kim, D. M.; Komarov, S.; Tai, Y.; Berezin, M. Y. Penetration Depth
of Photons in Biological Tissues from Hyperspectral Imaging in Shortwave Infrared in
Transmission and Reflection Geometries. J. Biomed. Opt. 2016, 21, 126006.

Diao, S.; Hong, G.; Antaris, A. L.; Blackburn, J. L.; Cheng, K.; Cheng, Z.; Dai, H.
Biological Imaging without Autofluorescence in the Second Near-Infrared Region. Nano
Res. 2015, 8, 3027-3034.

Del Rosal, B.; Villa, I.; Jaque, D.; Sanz-Rodriguez, F. In Vivo Autofluorescence in the
Biological Windows: The Role of Pigmentation. J. Biophotonics 2016, 9 (10), 1059-1067.

Bruns, O. T.; Bischof, T. S.; Harris, D. K.; Franke, D.; Shi, Y.; Riedemann, L.; Bartelt, A.;
Jaworski, F. B.; Carr, J. A.; Rowlands, C. J.; et al. Next-Generation in Vivo Optical
Imaging with Short-Wave Infrared Quantum Dots. Nat. Biomed. Eng. 2017, 1, 0056.

Hansen, M. P.; Malchow, D. S. Overview of SWIR Detectors, Cameras, and Applications.
In Thermosense XXX; Vavilov, V. P., Burleigh, D. D., Eds.; 2008; Vol. 6939, p 69390I.

Mangold, K.; Shaw, J. A.; Vollmer, M. The Physics of Near-Infrared Photography. Eur. J.
Phys. 2013, 34, S51-S71.

Welsher, K.; Liu, Z.; Sherlock, S. P.; Robinson, J. T.; Chen, Z.; Daranciang, D.; Dai, H. A

Route to Brightly Fluorescent Carbon Nanotubes for Near-Infrared Imaging in Mice. Nat.
Nanotechnol. 2009, 4, 773-780.

12



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Diao, S.; Blackburn, J. L.; Hong, G.; Antaris, A. L.; Chang, J.; Wu, J. Z.; Zhang, B.;
Cheng, K.; Kuo, C. J.; Dai, H. Fluorescence Imaging In Vivo at Wavelengths beyond 1500
nm. Angew. Chem. Int. Ed. 2015, 54, 14758—-14762.

Hong, G.; Robinson, J. T.; Zhang, Y.; Diao, S.; Antaris, A. L.; Wang, Q.; Dai, H. In Vivo
Fluorescence Imaging with Ag2S Quantum Dots in the Second Near-Infrared Region.
Angew. Chem. Int. Ed. 2012, 51, 9818-9821.

Chen, G.; Ohulchanskyy, T. Y.; Liu, S.; Law, W. C.; Wu, F.; Swihart, M. T.; Agren, H.;
Prasad, P. N. Core/Shell NaGdF 4:Nd 3+/NaGdF 4 Nanocrystals with Efficient near-
Infrared to near-Infrared Downconversion Photoluminescence for Bioimaging
Applications. ACS Nano 2012, 6, 2969-2977.

Naczynski, D. J.; Tan, M. C.; Zevon, M.; Wall, B.; Kohl, J.; Kulesa, A.; Chen, S.; Roth, C.
M.; Riman, R. E.; Moghe, P. V. Rare-earth-doped biological composites as in vivo
shortwave infrared reporters. Nat. Commun. 2013, 4, 2199.

Antaris, A. L.; Chen, H.; Cheng, K.; Sun, Y.; Hong, G.; Qu, C.; Diao, S.; Deng, Z.; Hu, X_;
Zhang, B.; et al. A Small-Molecule Dye for NIR-II Imaging. Nat. Mater. 2016, 15, 235—
242.

Yang, Q.; Ma, Z.; Wang, H.; Zhou, B.; Zhu, S.; Zhong, Y.; Wang, J.; Wan, H.; Antaris, A.;
Ma, R.; et al. Rational Design of Molecular Fluorophores for Biological Imaging in the
NIR-II Window. Adv. Mater. 2017, 29, 1605497.

Yang, Q.; Hu, Z.; Zhu, S.; Ma, R.; Ma, H.; Ma, Z.; Wan, H.; Zhu, T.; Jiang, Z.; Liu, W.; et
al. Donor Engineering for NIR-II Molecular Fluorophores with Enhanced Fluorescent
Performance. J. Am. Chem. Soc. 2018, 140, 1715-1724.

Wan, H.; Yue, J.; Zhu, S.; Uno, T.; Zhang, X.; Yang, Q.; Yu, K.; Hong, G.; Wang, J.; Li,
L.; et al. A Bright Organic NIR-II Nanofluorophore for Three-Dimensional Imaging into
Biological Tissues. Nat. Commun. 2018, 9, 1171.

Xiao, F.; Lin, L.; Chao, Z.; Shao, C.; Chen, Z.; Wei, Z.; Lu, J.; Huang, Y.; Li, L.; Liu, Q.;
et al. Organic Spherical Nucleic Acids Facilitate NIR-II Emitting Dye to Cross Blood-
Brain Barrier. Angew. Chem. Int. Ed. 2020, 518055, 2—11.

Antaris, A. L.; Chen, H.; Diao, S.; Ma, Z.; Zhang, Z.; Zhu, S.; Wang, J.; Lozano, A. X_;
Fan, Q.; Chew, L.; et al. A High Quantum Yield Molecule-Protein Complex Fluorophore
for near-Infrared II Imaging. Nat. Commun. 2017, 8, 15269.

Feng, Y.; Zhu, S.; Antaris, A. L.; Chen, H.; Xiao, Y.; Lu, X.; Jiang, L.; Diao, S.; Yu, K;

Wang, Y.; et al. Live Imaging of Follicle Stimulating Hormone Receptors in Gonads and
Bones Using near Infrared II Fluorophore. Chem. Sci. 2017, 8, 3703-3711.

13



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

Zhu, S.; Herraiz, S.; Yue, J.; Zhang, M.; Wan, H.; Yang, Q.; Ma, Z.; Wang, Y.; He, J.;
Antaris, A. L.; et al. 3D NIR-II Molecular Imaging Distinguishes Targeted Organs with
High-Performance NIR-II Bioconjugates. Adv. Mater. 2018, 30, 1705799.

Zhu, S.; Yang, Q.; Antaris, A. L.; Yue, J.; Ma, Z.; Wang, H.; Huang, W.; Wan, H.; Wang,
J.; Diao, S.; et al. Molecular Imaging of Biological Systems with a Clickable Dye in the
Broad 800- to 1,700-nm near-Infrared Window. Proc. Natl. Acad. Sci. 2017, 114 (5), 962—
967.

Tian, R.; Ma, H.; Yang, Q.; Wan, H.; Zhu, S.; Chandra, S.; Sun, H.; Kiesewetter, D. O.;
Niu, G.; Liang, Y.; et al. Rational Design of a Super-Contrast NIR-II Fluorophore Affords
High-Performance NIR-II Molecular Imaging Guided Microsurgery. Chem. Sci. 2019, 10,
326-332.

Wang, W.; Ma, Z.; Zhu, S.; Wan, H.; Yue, J.; Ma, H.; Ma, R.; Yang, Q.; Wang, Z.; Li, Q.;
et al. Molecular Cancer Imaging in the Second Near-Infrared Window Using a Renal-
Excreted NIR-II Fluorophore-Peptide Probe. Adv. Mater. 2018, 30, 1800106.

Dang, X.; Gu, L.; Qi, J.; Correa, S.; Zhang, G.; Belcher, A. M.; Hammond, P. T. Layer-by-
Layer Assembled Fluorescent Probes in the Second near-Infrared Window for Systemic
Delivery and Detection of Ovarian Cancer. Proc. Natl. Acad. Sci. 2016, 113 (19), 5179—
5184.

Tao, Z.; Hong, G.; Shinji, C.; Chen, C.; Diao, S.; Antaris, A. L.; Zhang, B.; Zou, Y.; Dai,
H. Biological Imaging Using Nanoparticles of Small Organic Molecules with Fluorescence
Emission at Wavelengths Longer than 1000 nm. Angew. Chemie Int. Ed. 2013, 52, 13002—
13006.

Kamimura, M.; Takahiro, S.; Yoshida, M.; Hashimoto, Y.; Fukushima, R.; Soga, K. Over-
1000 nm near-Infrared Fluorescent Biodegradable Polymer Nanoparticles for Deep Tissue
in Vivo Imaging in the Second Biological Window. Polym. J. 2017, 799-803.

Cosco, E. D.; Caram, J. R.; Bruns, O. T.; Franke, D.; Day, R. A.; Farr, E. P.; Bawendi, M.
G.; Sletten, E. M. Flavylium Polymethine Fluorophores for Near- and Shortwave Infrared
Imaging. Angew. Chemie Int. Ed. 2017, 56, 13126—13129.

Williams, C. G. XXVI. Researches on Chinoline and Its Homologues. Trans. - R. Soc.
Edinburgh 1857, 21, 377-01.

Hamer, F. M. The Cyanine Dyes. Q. Rev. Chem. Soc. 1950, 4, 327-355.
Miyazoe, Y.; Maeda, M. Polymethine Dye Lasers. Opto-electronics 1970, 2, 227-233.
Hales, J. M.; Matichak, J.; Barlow, S.; Ohira, S.; Yesudas, K.; Brédas, J. L.; Perry, J. W.;

Marder, S. R. Design of Polymethine Dyes with Large Third-Order Optical Nonlinearities
and Loss Figures of Merit. Science. 2010, 327, 1485-1488.

14



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Mishra, A.; Fischer, M. K. R.; Biiuerle, P. Metal-Free Organic Dyes for Dye-Sensitized
Solar Cells: From Structure: Property Relationships to Design Rules. Angew. Chem. Int.
Ed. 2009, 48, 2474-2499.

Waggoner, A. Fluorescent Labels for Proteomics and Genomics. Curr. Opin. Chem. Biol.
2006, 10, 62—66.

Mujumdar, R. B.; Emst, L. A.; Mujumdar, S. R.; Lewis, C. J. Cyanine Dye Labeling
Reagents: Sulfoindocyanine Succinimidyl Esters. Bioconjug. Chem. 1993, 4, 105-111.

Bricks, J. L.; Kachkovskii, A. D.; Slominskii, Y. L.; Gerasov, A. O.; Popov, S. V.
Molecular Design of near Infrared Polymethine Dyes: A Review. Dye. Pigment. 2015, 121,
238-255.

Waggoner, A. Fluorescent Labels for Proteomics and Genomics. Curr. Opin. Chem. Biol.
2006, 10, 62—66.

Sun, W.; Guo, S.; Hu, C.; Fan, J.; Peng, X. Recent Development of Chemosensors Based
on Cyanine Platforms. Chem. Rev. 2016, 116, 7768-7817.

Alander, J. T.; Kaartinen, 1.; Laakso, A.; Patilé, T.; Spillmann, T.; Tuchin, V. V.; Venermo,
M.; Vilisuo, P. A Review of Indocyanine Green Fluorescent Imaging in Surgery. Int. J.
Biomed. Imaging 2012, 2012, 940585.

Tozzi, M.; Boni, L.; Soldini, G.; Franchin, M.; Piffaretti, G. Vascular Fluorescence
Imaging Control for Complex Renal Artery Aneurysm Repair Using Laparoscopic
Nephrectomy and Autotransplantation. Case Rep. Transplant. 2014, 2014, 563408.

Rasmussen, J. C.; Fife, C. E.; Sevick-Muraca, E. M. Near-Infrared Fluorescence Lymphatic
Imaging in Lymphangiomatosis. Lymphat. Res. Biol. 2015, 13, 195-201.

Schwarz, C.; Plass, L.; Fitschek, F.; Punzengruber, A.; Mittlbock, M.; Kampf, S.;
Asenbaum, U.; Starlinger, P.; Stremitzer, S.; Bodingbauer, M.; et al. The Value of
Indocyanine Green Clearance Assessment to Predict Postoperative Liver Dysfunction in
Patients Undergoing Liver Resection. Sci. Rep. 2019, 9, 8421.

Kwon, S.; Sevick-Muraca, E. M. Non-Invasive, Dynamic Imaging of Murine Intestinal
Motility. Neurogastroenterol Motil. 2011, 23, 881-e344.

de Valk, K. S.; Deken, M. M.; Handgraaf, H. J. M.; Bhairosingh, S. S.; Bijlstra, O. D.; van
Esdonk, M. J.; Terwisscha van Scheltinga, A. G. T.; Valentijn, A. R. P. M.; March, T. L.;
Vuijk, J.; et al. First-in-Human Assessment of CRGD-ZW800-1, a Zwitterionic, Integrin-
Targeted, Near-Infrared Fluorescent Peptide in Colon Carcinoma. Clin. Cancer Res. 2020,
26, 3990-3998.

Information about current clinical trials can be found at: Clinicaltrials.gov

15



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Widen, J. C.; Tholen, M.; Yim, J. J.; Antaris, A.; Casey, K. M.; Rogalla, S.; Klaassen, A.;
Sorger, J.; Bogyo, M. AND-Gate Contrast Agents for Enhanced Fluorescence-Guided
Surgery. Nat. Biomed. Eng. 2020. https://doi.org/10.1038/s41551-020-00616-6.

Koch, M.; Ntziachristos, V. Advancing Surgical Vision with Fluorescence Imaging. Annu.
Rev. Med. 2016, 67, 153—164.

Cosco, E. D.; Spearman, A. L.; Ramakrishnan, S.; Lingg, J. G. P.; Saccomano, M.;
Pengshung, M.; Arts, B. A.; Wong, K. C. Y.; Glasl, S.; Ntziachristos, V.; et al. Shortwave
Infrared Polymethine Fluorophores Matched to Excitation Lasers Enable Non-Invasive,
Multicolour in Vivo Imaging in Real Time. Nat. Chem. 2020, 12, 1123-1130.

Thimsen, E.; Sadtler, B.; Berezin, M. Y. Shortwave-Infrared (SWIR) Emitters for
Biological Imaging : A Review of Challenges and Opportunities. Nanophotonics 2017, 6,
1043-1054.

Lei, Z.; Sun, C.; Pei, P.; Wang, S.; Li, D.; Zhang, X.; Zhang, F. Stable, Wavelength-
Tunable Fluorescent Dyes in the NIR-II Region for In Vivo High-Contrast Bioimaging and
Multiplexed Biosensing. Angew. Chem. Int. Ed. 2019, 58, 8166—8171.

Wang, S.; Fan, Y.; Li, D.; Sun, C.; Lei, Z.; Lu, L.; Wang, T.; Zhang, F. Anti-Quenching
NIR-II Molecular Fluorophores for in Vivo High-Contrast Imaging and pH Sensing. Nat.
Commun. 2019, 10, 1058.

Ding, B.; Xiao, Y.; Zhou, H.; Zhang, X.; Qu, C.; Xu, F.; Deng, Z.; Cheng, Z.; Hong, X.
Polymethine Thiopyrylium Fluorophores with Absorption beyond 1000 nm for Biological
Imaging in the Second Near-Infrared Subwindow. J. Med. Chem. 2019, 62, 2049-2059.

Henary, M.; Mojzych, M.; Say, M.; Strekowski, L. Functionalization of Benzo[c,d]Indole
System for the Synthesis of Visible and Near-Infrared Dyes. J. Heterocycl. Chem. 2009,
46, 84-87.

Li, B.; Lu, L.; Zhao, M.; Lei, Z.; Zhang, F. An Efficient 1064 Nm NIR-II Excitation
Fluorescent Molecular Dye for Deep-Tissue High-Resolution Dynamic Bioimaging.
Angew. Chem. Int. Ed. 2018, 57, 7483-7487.

Meng, X.; Zhang, J.; Sun, Z.; Zhou, L.; Deng, G.; Li, S.; Li, W.; Gong, P.; Cai, L.
Hypoxia-Triggered Single Molecule Probe for High-Contrast NIR II/PA Tumor Imaging
and Robust Photothermal Therapy. Theranostics 2018, 8, 6025-6034.

Li, B.; Zhao, M.; Feng, L.; Dou, C.; Ding, S.; Zhou, G.; Lu, L.; Zhang, H.; Chen, F.; Li, X_;

et al. Organic NIR-II Molecule with Long Blood Half-Life for in Vivo Dynamic Vascular
Imaging. Nat. Commun. 2020, 11, 3102.

16



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Cosco, E. D.; Arus, B. A.; Spearman, A. L.; Atallah, T. L.; Leland, O. S.; Caram, J. R.;
Bischof, T. S.; Bruns, O. T.; Sletten. E. M. Bright chromenylium polymethine dyes enable
fast, four-color in vivo imaging with shortwave infrared detection. (Submitted)

Friedman, H.C.; Cosco, E. D.; Atallah, T. L.; Sletten, E. M., Caram, J. R. Design principles
for brightly emissive organic SWIR emitters. (Submitted)

Carr, J. A.; Franke, D.; Caram, J. R.; Perkinson, C. F.; Saif, M.; Askoxylakis, V.; Datta,
M.; Fukumura, D.; Jain, R. K.; Bawendi, M. G.; et al. Shortwave Infrared Fluorescence
Imaging with the Clinically Approved Near-Infrared Dye Indocyanine Green. Proc. Natl.
Acad. Sci. 2018, 115, 4465-4470.

Starosolski, Z.; Bhavane, R.; Ghaghada, K. B.; Vasudevan, S. A.; Kaay, A.; Annapragada,
A. Indocyanine Green Fluorescence in Second Near-Infrared (NIR-ITI) Window. PLoS One
2017, 12, e0187563.

Bhavane, R.; Starosolski, Z.; Stupin, I.; Ghaghada, K. B.; Annapragada, A. NIR-II
Fluorescence Imaging Using Indocyanine Green Nanoparticles. Sci. Rep. 2018, 8, 14455.

Bandi, V. G.; Schmermann, M. J. Water Soluble Novel Cyanine Fluorophore with Tunable
Properties between Near IR and SWIR Region for in vivo Imaging. WO 2020/041743,
2020.

Lu, L.; Li, B.; Ding, S.; Fan, Y.; Wang, S.; Sun, C.; Zhao, M.; Zhao, C. X.; Zhang, F. NIR-
IT Bioluminescence for in Vivo High Contrast Imaging and in Situ ATP-Mediated
Metastases Tracing. Nat. Commun. 2020, 11, 4192.

Pengshung, M.; Li, J.; Mukadum, F.; Lopez, S. A.; Sletten, E. M. Photophysical Tuning of
Shortwave Infrared Flavylium Heptamethine Dyes via Substituent Placement. Org. Lett.
2020, 22, 6150-6154.

Uranga-Barandiaran, O.; Casanova, D.; Castet, F. Flavylium Fluorophores as Near-Infrared
Emitters. ChemPhysChem 2020, 21, 2243-2248.

Sun, P.; Wu, Q.; Sun, X.; Miao, H.; Deng, W.; Zhang, W.; Fan, Q.; Huang, W. J-Aggregate
Squaraine Nanoparticles with Bright NIR-II Fluorescence for Imaging Guided
Photothermal Therapy. Chem. Commun. 2018, 54, 13395—-13398.

Chen, W.; Cheng, C.-A.; Cosco, E. D.; Ramakrishnan, S.; Lingg, J. G. P.; Bruns, O. T_;
Zink, J. L; Sletten, E. M. Shortwave Infrared Imaging with J-Aggregates Stabilized in
Hollow Mesoporous Silica Nanoparticles. J. Am. Chem. Soc. 2019, 141, 12475-12480.

Sun, C.; Li, B.; Zhao, M.; Wang, S.; Lei, Z.; Lu, L.; Zhang, H.; Feng, L.; Dou, C.; Yin, D.;

et al. J -Aggregates of Cyanine Dye for NIR-II in Vivo Dynamic Vascular Imaging beyond
1500 nm. J. Am. Chem. Soc. 2019, 141, 19221-19225.

17



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Jelley, E. E. Spectral absorption and fluorescence of dyes in the molecular state. Nature
1936, 738, 1009—-1010.

Scheibe, G. Uber die veranderlichkeit der absorptionsspektren in losungen und die
nebenvalenzen als ihre ursache. Angew. Chem. 1937, 50, 212—-219.

Bricks, J. L.; Slominskii, Y. L.; Panas, 1. D.; Demchenko, A. P. Fluorescent J-Aggregates
of Cyanine Dyes: Basic Research and Applications Review. Methods Appl. Fluoresc. 2017,
6,012001.

Li, T.; Li, C.; Ruan, Z.; Xu, P.; Yang, X.; Yuan, P.; Wang, Q.; Yan, L. Polypeptide-
Conjugated Second Near-Infrared Organic Fluorophore for Image-Guided Photothermal
Therapy. ACS Nano 2019, 13,3691-3702.

Zhu, S.; Hu, Z.; Tian, R.; Yung, B. C.; Yang, Q.; Zhao, S.; Kiesewetter, D. O.; Niu, G.;
Sun, H.; Antaris, A. L.; et al. Repurposing Cyanine NIR-I Dyes Accelerates Clinical
Translation of Near-Infrared-II (NIR-II) Bioimaging. Adv. Mater. 2018, 30, 1802546.

Suo, Y.; Wu, F.; Xu, P.; Shi, H.; Wang, T.; Liu, H.; Cheng, Z. NIR-II Fluorescence
Endoscopy for Targeted Imaging of Colorectal Cancer. Adv. Healthc. Mater. 2019, §,
1900974.

Tsuboi, S.; Jin, T. Shortwave-Infrared (SWIR) Fluorescence Molecular Imaging Using
Indocyanine Green-Antibody Conjugates for the Optical Diagnostics of Cancerous
Tumours. RSC Adv. 2020, 10, 28171-28179.

Liu, M.-H.; Zhang, Z.; Yang, Y.-C.; Chan, Y.-H. Polymethine-Based Semiconducting
Polymer Dots with Narrow-Band Emission and Absorption/Emission Maxima at NIR-II for
Bioimaging. Angew. Chem. Int. Ed. 2020, 59, 2-9.

Tang, Y.; Li, Y.; Hu, X.; Zhao, H.; Ji, Y.; Chen, L.; Hu, W.; Zhang, W.; Li, X.; Lu, X.; et
al. “Dual Lock-and-Key”’-Controlled Nanoprobes for Ultrahigh Specific Fluorescence
Imaging in the Second Near-Infrared Window. Adv. Mater. 2018, 30, 1801140.

Luciano, M. P.; Crooke, S. N.; Nourian, S.; Dingle, I.; Nani, R. R.; Kline, G.; Patel, N. L.;
Robinson, C. M.; Difilippantonio, S.; Kalen, J. D.; et al. A Nonaggregating Heptamethine
Cyanine for Building Brighter Labeled Biomolecules. ACS Chem. Biol. 2019, 14, 934-940.

Zhang, X.-B.; Ren, T.-B.; Wang, Z.-Y.; Xiang, Z.; Lu, P.; Lai, H.-H.; Yuan, L.; Tan, W.
General Strategy for Development of Activatable NIR-II Fluorescent Probes for in Vivo
High-Contrast Bioimaging. Angew. Chem. Int. Ed. 2020, 2—8.

Xu, G.; Yan, Q.; Lv, X.; Zhu, Y.; Xin, K.; Shi, B.; Wang, R.; Chen, J.; Gao, W.; Shi, P.; et

al. Imaging of Colorectal Cancers Using Activatable Nanoprobes with Second Near-
Infrared Window Emission. Angew. Chem. Int. Ed. 2018, 57, 3626-3630.

18



[84] Zhao, M.; Li, B.; Wu, Y.; He, H.; Zhu, X.; Zhang, H.; Dou, C.; Feng, L.; Fan, Y.; Zhang, F.
A Tumor-Microenvironment-Responsive Lanthanide—Cyanine FRET Sensor for NIR-II
Luminescence-Lifetime In Situ Imaging of Hepatocellular Carcinoma. Adv. Mater. 2020,
32,2001172.

[85] Meng, X.; Zhang, J.; Sun, Z.; Zhou, L.; Deng, G.; Li, S.; Li, W.; Gong, P.; Cai, L.
Hypoxia-Triggered Single Molecule Probe for High-Contrast NIR II/PA Tumor Imaging
and Robust Photothermal Therapy. Theranostics 2018, 8, 6025-6034.

[86] Ouyang, J.; Sun, L.; Zeng, Z.; Zeng, C.; Zeng, F.; Wu, S. Nanoaggregate Probe for Breast
Cancer Metastasis through Multispectral Optoacoustic Tomography and Aggregation-
Induced NIR-I/II Fluorescence Imaging. Angew. Chem. Int. Ed. 2020, 59, 10111-10121.

[87] Carr,J. A.; Valdez, T. A.; Bruns, O. T.; Bawendi, M. G. Using the Shortwave Infrared to
Image Middle Ear Pathologies. Proc. Natl. Acad. Sci. 2016, 113, 9989-9994. =

[88] Saif, M.; Kwanten, W. J.; Carr, J. A.; Chen, I. X.; Posada, J. M.; Srivastava, A.; Zhang, J.;
Zheng, Y.; Pinter, M.; Chatterjee, S.; et al. Non-Invasive Monitoring of Chronic Liver
Disease via near-Infrared and Shortwave-Infrared Imaging of Endogenous Lipofuscin. Nat.
Biomed. Eng. 2020. 4, 801-813.

[89] Hu, Z.; Fang, C.; Li, B.; Zhang, Z.; Cao, C.; Cai, M.; Su, S.; Sun, X.; Shi, X.; Li, C.; et al.

First-in-Human Liver-Tumour Surgery Guided by Multispectral Fluorescence Imaging in
the Visible and near-Infrared-I/Il Windows. Nat. Biomed. Eng. 2020, 4, 259-271.

19



CHAPTER TWO

Flavylium Polymethine Dyes as Contrast Agents for Shortwave Infrared Imaging

Adapted from: Emily D. Cosco, Justin. R. Caram, Oliver T. Bruns, Daniel Franke, Rachael A.
Day, Erik P. Farr, Moungi G. Bawendi, and Ellen M. Sletten.* Flavylium Polymethine
Fluorophores for Near- and Shortwave Infrared Imaging. Angew. Chemie Int. Ed. 2017, 56,

13126-13129. DOL: 10.1002/anie.201706974

2.1 Abstract

Bright fluorophores in the near-infrared and short- wave infrared (SWIR) regions of the
electromagnetic spectrum are essential for optical imaging in vivo. In this work, we utilized a 7-
dimethylamino flavylium heterocycle to construct a panel of novel red-shifted polymethine dyes,
with emission wavelengths from 680 to 1045 nm. Photophysical characterization revealed that the
1- and 3-methine dyes display enhanced photostability and the 5- and 7-methine dyes exhibit
exceptional brightness for their respective spectral regions. A micelle formulation of the 7-methine
facilitated SWIR imaging in mice. This report presents the first polymethine dye designed and

synthesized for SWIR in vivo imaging.

2.2 Introduction
Fluorophores emitting at near-infrared (NIR, A = 700—1000 nm, Figure 2.1) wavelengths
have been critical to the success of optical imaging in mammals.[1] Compared to visible light, NIR

irradiation allows non-invasive, real-time analysis of biological processes due to decreased
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autofluorescence and scattering.[2] Optical imaging has the potential to become a cost-effective
leading tool for clinical diagnoses and surgical guidance if bright, biocompatible, red-shifted
fluorophores are developed.[3] Clinical NIR imaging has been championed by indocyanine green
(ICG), [4] whose success is linked to low toxicity and favorable photophysical properties. These
properties include the absorption coefficient (&) and fluorescence quantum yield (®r), which can
be combined into a single brightness value (brightness = € x ®@r).[5] ICG has a brightness of 1350
M-lem!, providing a brightness benchmark for new NIR contrast agents.[6] Moving beyond the
traditional NIR portion of the electromagnetic spectrum to the shortwave infrared (SWIR, A =
1,000-2,000 nm) region has emerged as a complementary strategy to enhance optical imaging.[7]
The superior resolution and depth penetration attained with SWIR imaging were originally
validated with carbon nanotubes,[8] rare-earth materials,[9] and quantum dots.[10] However, to
translate the advantages of this region to the clinic, non-toxic SWIR fluorophores are necessary.
Initial progress toward this goal entailed formulations of the SWIR polymethine dye IR-1061.[11]
Dai and co-workers have explored donor-acceptor-donor (D-A-D) benzobisthiadiazole
chromophores as SWIR emissive contrast agents.[12] Their work has shown that structural and
formulation changes can enhance emission.[13] Despite impressive @r values, the brightness of
the D-A-D chromophores are limited by their low absorption coefficients. Recently, the effect of
high ¢ values has been highlighted by off-peak SWIR detection of ICG fluorescence surpassing
the brightness of early-generation benzobisthiadiazoles.[14]

The high absorption coefficient of ICG is mirrored in other members of its chromophore
class, the polymethine dyes. These dyes are charged molecules composed of heterocycles linked
by a methine chain (Figure 2.1). Nitrogen-containing polymethines (cyanine dyes) with 1-5

methine units span the visible region, while 7-methines, such as ICG, reach NIR wavelengths.[15]
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Cyanine dyes are widely used in microarrays and live-cell microscopy, [16] while further
engineering for sensing and photoinitiated drug delivery demonstrates the versatility of the
polymethine scaffold.[17] Despite their promise as bright, tunable fluorophores, polymethines
have yet to be optimized as SWIR contrast agents. Lengthening the polymethine chain, a classic
method to red-shift cyanine dyes, can compromise ®r, decrease stability, and lead to the loss of
symmetric electron delocalization.[18] Heterocycle modification is an alternate approach and
represents a promising avenue toward stable, SWIR-emissive polymethines.[19] Extending
heterocycle conjugation or adding electron-donating groups has been shown to bathochromically
shift polymethine dyes.[18, 20]

Varying the heteroatom from oxygen to other chalcogens results in red- shifted absorption,

although increased intersystem crossing due to the heavy-atom effect can compromise ®r.[21]

near-infrared | shortwave infrared |
7 800 900 1000 1100 1200 2000
HO—— —

FIav1 FIav3 (FlavsJ (Flav7)

heteroatom in Het:
N - \ + @ nitrogen (cyanine)
= n B O oxygen (dyes herein)
@ sulfur

Figure 2.1 Regions of the electromagnetic spectrum and selected polymethine dyes, positioned
by Amax,em. The numbers in the Cy (structures in Section 2.6.1) and Flav (dyes presented herein)
nomenclature indicate the number of methine units in the chain.
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Collectively, these fundamental studies give insight into fluorophore design, which we
looked to apply to the benchmark SWIR polymethine, thiaflavylium dye IR-26.[22] We
hypothesized that exchange of the sulfur atom for oxygen would enhance the ®r, although it would
blue-shift the absorbance. To compensate for this shift, we proposed the addition of an electron-
donating dimethylamino group. Thus, we directed our attention to dimethylamino flavylium poly-

methine fluorophores.

2.3 Results and Discussion

Polymethine dyes are prepared through the introduction of an activated heterocycle to an
aldehyde or bis(aldehyde) equivalent. We prepared the requisite 7-N,N-dimethylamino- 4-methyl-
flavylium (2.1; Scheme 2.1)[23] and explored the photophysical scope of the polymethine dyes
that can be accessed with this heterocycle. Combining 2.1 with bis(phenylimine) 2.2,
malonaldehyde bis(phenylimine), or paraformaldehyde under basic conditions yielded the series
of flavylium dyes 2.3, 2.4, and 2.5, respectively (Scheme 2.2). The synthesis of 2.3 originally
yielded a mixture of highly colored products, which included 2.5 and 2.6. Further investigation
revealed that treatment of 2.1 with only base in ethanol gave a mixture of 2.5 and 2.6. We
determined this transformation to be oxygen-dependent (Figure 2.2) and hypothesize that radical
addition of O; to the flavylium generates a peroxide that combines with deprotonated 2.1 to yield
2.6 and an equivalent of formaldehyde (Scheme 2.3). This provides unique access to less common

monomethine dyes through a single heterocycle.
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Scheme 2.1 Synthesis of 7-N, N-dimethylamino-4-methyl-flavylium perchlorate 2.1.[23]
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Scheme 2.2 Synthesis of dimethylamino flavylium polymethine dyes 2.3-2.6.
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Figure 2.2 Absorbance traces (in dichloromethane) monitoring the reaction of flavylium (2.1) with
excess sodium acetate in ethanol (B) with and (A) without freeze-pump thawing. The absorbance
peaks at 650 nm and 740 nm indicate that 2.6 and 2.5 are produced in (A) when oxygen is present,
but minimal reaction is observed in (B), until the addition of air, at which point both dye species

are detected.

Scheme 2.3 Mechanistic hypothesis for the formation of 2.6.
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The dimethylamino flavylium heterocycle resulted in stable polymethine dyes spanning

the electromagnetic spectrum from far-red to SWIR wavelengths (Figure 2.3, Table 2.1). The

flavylium dyes are bathochromically shifted from classic cyanine dyes by approximately 200 nm
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(Figure 2.1). The photostability of dyes 2.3—2.6 were measured under irradiation at 532 nm (530
mWcm2) and the results indicate that all of the fluorophores display moderate to excellent
photostability (Table 2.2, Figure 2.4). Dye 2.6 absorbs at 650 nm, similar to a 5-cyanine, but has
lower € and ®r values, which are consistent with the short polymethine chain.[19] Compound 2.5
has similar absorption properties to the standard 7-cyanine HITCI. While HITCI has an
approximately 10-fold higher ®r than 2.5,[24] it is 4-fold less photostable (Figure 2.5 and Table
2.3). The most intriguing dyes of this series are 2.4 and 2.3 due to their far-NIR and SWIR
fluorescence. Dye 2.4 emits at 908 nm, a relatively unique wavelength for existing polymethine
dyes, with high brightness (10,000 M-'cm™) and photostability. Finally, 2.3 is a true SWIR
fluorophore with emission at 1045 nm, an impressive SWIR brightness of 1200 M~'cm™, and a
10° slower per-photon photobleaching rate when irradiated at 1050 nm (16 mWcem2) compared to
532 nm (Table 2.4, Figure 2.6). As a result of its advantageous SWIR photophysical properties,

2.3 was named Flav7 and further investigated as a contrast agent.
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Figure 2.3 Normalized absorbance (solid) and photoluminescence (dotted) of 2.1, 2.3-2.6 in
dichloromethane.[25]
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Table 2.1 Photophysical characterization of 2.1, 2.3-2.6 in dichloromethane.

Compd Amaxabs  €(Amax) Amax.em Or (%) Brightness(®!
(nm) (M'em™) (nm) (M'em™)

2.1 510 17 000 =2 000 587 — —

2.6 650 16 000 = 5 000 684 0.7£0.5 100 £ 90

2.5 746 220 000 + 10 000 766 29405 6 600 + 500

24 862 240 000 +20 000 908 5+2 10 000 £+ 3 000

23 1026 236 000 £2 000 1045 0.53+£0.03 1200=£100
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Table 2.2 Photobleaching rates of 2.3-2.6 as observed with irradiation at 532 nm with 0.53 +
0.05 Wem ™ fluence.

Compound raw rate, k (s' x €at532nm (M- relative rate, ket relative
1073) lem! x 10%) (s1x107?) stability
2.3 0.43 £0.01 0.23 £0.08 4+1 0.27 £0.09
2.4 1.00 £ 0.06 2.0+0.1 1.00 £ 0.06 1.0+ 0.6
2.5 2.7+0.2 1.29 £0.08 4.1+0.3 0.24 £0.02
2.6 28. + 3. 1.4+0.2 40. £ 6. 0.025 £ 0.004
100 - : ; ; , ' : ' ' ' T

60 -

Flav1 (2.6)

Absorbance remaining (%)

40 4+ Flav3 (2.5) <+
Flavs (2.4)
20 + Flav7 (2.3) |
0 t L 1 L t L } t L t L t L t

0 10 20 30 40 50 60 70 80 90 100
Time (min)

Figure 2.4 Photobleaching of 2.3-2.6. Dyes in dichloromethane were subjected to continuous-

wave irradiation at 532 nm with a fluence of 0.53 + 0.05 Wem™ and monitored by decreasing
absorbance at Amax,abs.
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Figure 2.5 Photobleaching of 2.5 and 1,1',3,3,3',3'-hexamethyl-indotricarbocyanine iodide
(HITCI) (Sigma Aldrich). Dye solutions in dichloromethane were irradiated with a 730 nm LED
with 140 = 10 mWcm2 fluence and monitored by decreasing absorbance at Amax.abs.

Table 2.3 Photobleaching rates of 2.5 and HITCI measured with a 730 nm LED at 140 = 10
mWcm2 fluence.

Compd raw rate, k (s x 104 relative rate, ki (s x 10%)
6.9+0.3 79+0.6
HITCI 34+2 34+2
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Figure 2.6 Photobleaching of Flav7 (2.3) in dichloromethane observed under continuous
irradiation with a 1050 nm LED at 16.3 + 0.4 mWcm™,

Table 2.4 Photobleaching rate of Flav7 (2.3) at 1050 nm vs. 532 nm.

Light source Fluence (mWem ™)  raw rate, k (s™) relative rate, ke (s™)
1050 nm LED 16.3+04 8.8+0.2x10° 1.7£0.1x 107
532 nm laser 530 £0.05 2.8+£0.3x107? 2.8+£0.3x107?

First, we evaluated the emission of Flav7 (2.3) against the SWIR dyes IR-26 and IR-1061.
The reported @r values for IR-26 have been inconsistent,[24,26] and the @r of IR-1061 has yet to
be thoroughly characterized.[11,27] To establish that Flav7 is more emissive than existing SWIR
polymethine dyes, we directly compared the photoluminescence of each dye with a SWIR camera.
Solutions of Flav7, IR-26, and IR-1061 in dichloromethane with identical absorbance at 808 nm

(Figure 2.7) were excited and imaged over 1000—-1600 nm (Figure 2.8A). The average intensity
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was quantified (Figure 2.8B) and revealed that Flav7 has the highest @ of the three dyes. These

data correlate with absolute ®r values determined using an integrating sphere (Figure 2.8C).
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Figure 2.7 Absorbance spectra of the solutions of IR-26, IR-1061, Flav7 (2.3) dissolved in
dichloromethane that were employed in Figure 2.8 A. Note that the absorbance of all three solutions
was matched at 808 nm.
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Figure 2.8 Brightness of polymethine dyes in a SWIR imaging configuration. A) Image of vials
of IR-26, IR-1061, and 2.3 with matched optical density at 808 nm in dichloromethane, excited at
808 nm and collected using an InGaAs camera (A = 1,000-1,600 nm). B) Average background-
subtracted intensity for 10 frames normalized to exposure. C) Absolute ®@r of the three dyes.
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To employ Flav7 for in vivo imaging, a formulation in phosphate buffered saline (PBS)
was necessary. We first assayed the stability of Flav7 in water/acetonitrile mixtures. These studies
indicated that in the presence of water, Flav7 undergoes aggregation, but the monomer appears

stable (Figures 2.9-2.12),[28] which suggests that Flav7 is suitable for micelle encapsulation.
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Figure 2.9 Stability of Flav 7 (2.3) in 100% MeCN (blue), and MeCN with 10% water (red), 10%

EtOH (green), and 1% MeOH (purple), as measured by loss of absorbance at Amaxabs. Error
represents standard deviation. *denotes p < 0.015.

32



= ——100% MeCN
‘3 08 T =——10% water T
g =—20% water
'g 0.6 T =——50% water T
2
[+
T 04 A 1
N
g
6 0.2 - 1
Z

0 — .

300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Figure 2.10 Normalized absorption of Flav7 (2.3) in acetonitrile (blue) and acetonitrile containing
10-50% water (red, green, purple). These data indicate that aggregation increases dose-
dependently with water content in acetonitrile.
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Figure 2.11 Photophysical characterization of Flav7 (2.3) in mixtures of acetonitrile and water.
(A) Excitation spectra (collection at 1045 nm) and (B) emission spectra (excitation at 870 nm) of
Flav7 (2.3) in acetonitrile (blue) and acetonitrile with 10-50% water (red, green, purple). Both
excitation and emission intensities scale inversely with the increase in aggregation observed in
Figure 2.10, suggesting that the monomer is the only emissive species present.
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Figure 2.12 Normalized absorbance of Flav7 (2.3) in 100% acetonitrile (black). The sample was
then diluted by the addition of water to reach 50% water in acetonitrile (blue). After 1.5 hours, the
solvent mixture was evaporated and the sample, re-dissolved in 100% acetonitrile (green),
exhibited recovery of the Amax.abs at 1013 nm, demonstrating that aggregate formation is reversible.
Building upon prior work with mPEG- DSPE lipids,[11] we prepared micelles containing
Flav7 in PBS. The formulations displayed broad absorption from 700—1100 nm, yet sharp emission
at 1075 nm from monomeric Flav7 (Figure 2.13). We assayed the biocompatibility of the
formulations in mammalian cell culture and found no significant difference between empty and
Flav7-loaded micelles (Figure 2.14). SWIR imaging in mice was performed with the fluorescent
formulation of Flav7. Nude mice were intravenously injected with Flav7 micelles and immediately
imaged with 808 nm excitation and 1000—1600 nm detection (Figure 2.15A—B; 2.16A-B, Figures
2.17-2.19, Supplementary Videos 2.1-2.4). The characteristic high spatial and temporal resolution
of the SWIR region[8—11] is evident in the vasculature of the hind limb and the ability to quantify

the heart rate of the anesthetized mouse (Figure 2.15C-D; 2.16C-D). These results illustrate that

the flavylium scaffold is a promising new addition to SWIR contrast agents.
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Figure 2.13 Characterization of Flav7 (2.3) micelles. (A) Schematic of micelle formation and use
in vivo. Hydroscopic diameter by intensity and number as determined by dynamic light scattering
(DLS) for (B) Flav7 (3) micelles and (C) vehicle micelles. The hydroscopic diameter for the Flav7
(3) was 24 + 7 nm and for the vehicle micelles the diameter was 22 = 7 nm. (D) Absorbance and
(E) photoluminescence (Ex. 808 nm) of the Flav7 (2.3) micelles. All data was obtained at pH 7.4.
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Figure 2.14" Flav7 (2.3) micelles do not display significant toxicity. Cell viability of HEK 293
cells upon treatment for 3 hours with Flav7 (2.3) and vehicle micelles was measured by flow
cytometry with a propidium iodide stain. The empty micelles and Flav7 (2.3) micelles do not show
statistical significance (p > 0.05). Error bars represent standard deviation.

! Cell culture work by Rachael Day
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Figure 2.15” Images of nude mouse following tail-vein injection of Flav7 (2.3) micelles with
diffuse 808 nm excitation and collection on an InGaAs camera (1,000—1,600 nm) at 9.17 frames
s, Average background-subtracted images were taken for 10 frames at 10 s (A) and 1 min (B)
after injection. C) Close-up image of the hindlimb from (A). D) Intensity versus time plot of signal
from the heart region. mPEG-DSPE = methoxy-poly(ethylene glycol)-1,2-di- stearoyl-sn-glycero-
3-phosphoethanolamine-N. See Supplementary Videos 2.1-2.4 for imaging at 9.17 frames s'.

2 All imaging work in this chapter by Oliver Bruns and Daniel Franke
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Figure 2.16 Replicate of experiment in Figure 2.14. Images of nude mouse with tail vein injection
of Flav7 (2.3) micelles with diffuse 808 nm excitation and collection on an InGaAs camera (1000—
1600 nm). Average background subtracted images taken for 10 frames at (A) 10 seconds and (B)

1 min after injection. (C) Close-up image of the hind limb. (D) Intensity vs time plot of signal from
the heart region. See Supplementary Videos 2.1-2.4 for imaging at 9.17 frames s™.

Figure 2.17 The formulations are only SWIR fluorescent when Flav7 (2.3) is incorporated. Images
of the Flav7 (2.3) micelle (right) and vehicle micelle (left) in 1.5 mL centrifuge tubes with diffuse
excitation at 808 nm and emission collected on an InGaAs camera (1000—-1600 nm). (A) A
contrast-adjusted photo showing the presence of both samples (the Flav7 (2.3) vial appears
oversaturated at these settings). (B) At more representative contrast settings, the image depicts
emission from the Flav7 (2.3) micelle solution and no emission from the vehicle.
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room light == B pre-injection

Figure 2.18 Nude mouse under diffuse 808 nm excitation and emission collected by an InGaAs
detector between 1,000—1,600 nm, with no background autofluorescence subtracted. (A) Image
from the average intensity over 5 frames in room light. (B) Image acquired before Flav7 (2.3)
micelle injection, displays SWIR autofluorescence (averaged intensity over 10 frames). (C) Image
of mouse 10 seconds after Flav7 (2.3) micelle injection (averaged intensity over 10 frames). Scale
bar set to 1 cm.
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Figure 2.19 Anesthetized heartbeat determination. The temporal resolution was sufficient to
determine the heartbeat of the anesthetized mouse. The intensity fluctuations (A) were measured
on the mouse heart to be 197 beats per minute. For control, the obtained heart rate was entered
into a sine function and overlaid with the measured intensity. The Fourier transform (B) gives the
dominant frequency corresponding with heart rate.
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2.4 Conclusion

In summary, we have designed a new class of polymethine dyes with dimethylamino
flavylium heterocycles. These dyes are notably red-shifted compared to prevalent cyanine dyes,
and expand the opportunities for imaging and detection at NIR and SWIR wavelengths. The
hallmark fluorophore is the 7-methine (Flav7) which is 13 times brighter than IR-26, the current
SWIR benchmark. The in vivo performance of this new contrast agent was assessed through the
detection of dye-containing micelles. With these studies, we have achieved the brightest SWIR
polymethine employed for imaging to date. As a class, polymethine dyes show distinct advantages
as organic SWIR contrast agents due to their high absorption coefficients, which lead to high
brightness. Furthermore, small Stokes shifts provide potential for both SWIR excitation and
detection. These qualities, coupled with the clinical success of ICG and the results herein, suggest

that polymethine fluorophores are poised to translate SWIR diagnostics into the clinic.

2.5 Experimental Procedures

2.5.1 General Experimental Procedures

Materials and Instruments Chemical reagents were purchased from Sigma-Aldrich or Acros
Organics and used without purification unless noted otherwise. Anhydrous DMSO was obtained
from a Sure-Seal™ bottle (Aldrich). Anhydrous and deoxygenated solvents DCM, MeCN,
MeOH, THF were dispensed from a Grubb’s-type Phoenix Solvent Drying System. Anhydrous
but oxygenated DCM and EtOH were prepared by drying over 4 A molecular sieves for at least 3
days. Thin layer chromatography was performed using Silica Gel 60 F2s4 (EMD Millipore)
plates. Flash chromatography was executed with technical grade silica gel with 60 A pores and

40 — 63 um mesh particle size (Sorbtech Technologies). High performance liquid
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chromatography was performed using a semi-prep reverse phase (Cig) column with a Waters
HPLC system equipped with a UV-Vis detector set at 254 nm. Solvent was removed under
reduced pressure with a Biichi Rotovapor with a Welch self-cleaning dry vacuum pump and
further dried with a Welch DuoSeal pump. Bath sonication was performed using a Branson 3800
ultrasonic cleaner. Nuclear magnetic resonance (‘H NMR, 3C NMR, and '°F NMR) spectra were
taken on Bruker Avance 500 ("H NMR and '*C NMR) or AV-300 ('°F NMR) instruments and
processed with MestReNova software. All 'TH NMR and '*C NMR peaks are reported in
reference to DMSO-ds at 2.50 ppm and 39.52 ppm, respectively. °F NMR is in respect to a,a,0-
trifluorotoluene at -63.90 ppm as an external standard.[29] HRMS data were obtained from the
MIT Department of Chemistry Instrument Facility. Masses for analytical measurements were
taken on a Sartorius MSE6.6S-000-DM Cubis Micro Balance. Absorbance spectra were
collected on a JASCO V-770 UV-Visible/NIR spectrophotometer with a 4000 nm/min or 2000
nm/min scan rate after blanking with the appropriate solvent or on a Cary 5000 UV-VIS-NIR
spectrometer. Photoluminescence spectra were obtained on a Horiba Instruments PTI
QuantaMaster Series fluorometer or a Fluoromax-3 spectrofluorometer or home-built InGaAs
array detector (Princeton Instruments). Quartz cuvettes (1 cm or 0.33 cm) were used for
absorbance and photoluminescence measurements. Absorption coefficients were calculated with
serial dilutions in dichloromethane in volumetric glassware. Error was taken as the standard
deviation of the triplicate measurement. Absolute quantum yields were determined in DCM with
an integrating sphere as described in absolute quantum yield experimental procedure. Analysis
by X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis Ultra DLD
spectrometer with a monochromatic (Al-K,) radiation source. For assessment of the statistical

significance of differences, one-tailed Student’s t-tests assuming unequal sample variance were
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employed. Results were considered significantly different if p < 0.05. Abbriviations: DCM =
dichloromethane; DMSO = dimethylsulfoxide; EtOH = ethanol; MeCN = acetonitrile; MeOH =

methanol; THF = tetrahydrofuran

SWIR imaging configuration The in vivo imaging set-up employs excitation from a 10 W 808
nm laser (Opto Engine; MLL-N-808) coupled into a 910 um-core metal-cladded multimode fiber
(Thorlabs; MHP910L02) and diffused through a ground-glass plate (Thorlabs; DG10-220-MD).
This yielded an excitation power density of 50 mW/cm?. The InGaAs camera (Princeton
Instruments, NIRvana 640) was cooled to -80 °C, the analog to digital (AD) conversion rate set to
10 MHz, the gain set to high, and exposure time was set to 100 ms, yielding an effective frame
rate of 9.17 fps. The emitted light was directed from the imaging stage to the camera using a four
inch square first-surface silver mirror (Edmund Optics, Part No. 84448), then filtered through two
colored glass 1,000 nm longpass filters (Thorlabs FGL1000S) and focused onto the SWIR camera
with a C-mount objective (Navitar SWIR-35). All images were background- and blemish-
corrected within the LightField imaging software. ImageJ was used to average 10 frames for the
displayed images, unless noted otherwise. Frame averaging was not used in videos unless
otherwise noted. ImageJ was also used for all image measurements (pixel intensity average,
standard deviation, etc.). Matlab (Mathworks) was employed to fit heart intensity fluctuations.
Noninvasive SWIR imaging was performed in two NCRNU mice (32.5 g and 29 g, male, 22 weeks
old, Taconic) and reproduced with a second batch of Flav7 (2.3) formulation in three additional
NCRNU mice. Mice were anaesthetized and were placed in the imaging set-up, and one 200 pL.
bolus of Flav7 (2.3) in 1x phosphate buffered saline were injected via the tail vein while imaging

the emission.
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2.5.2 Experimental procedures
7-Dimethylamino flavylium heptamethine
dye (2.3, Flav7); 4-((E)-2-((E)-2-chloro-3-(2-

((E)-7-(dimethylamino)-2-phenyl-4 H-

chromen-4-ylidene)ethylidene)cyclohex-1-en-
1-yl)vinyl)-7-(dimethylamino)-2-phenylchromenylium perchlorate 7-N,N-dimethylamino-4-
methyl-flavylium perchlorate (2.1) (31.1 mg, 0.0855 mmol, 2.4 equiv.), N-[(3-(anilinomethylene)-
2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride 2.6 (13.0 mg, 0.0362 mmol, 1.0
equiv.) and anhydrous sodium acetate (9 mg, 0.1 mmol, 3 equiv.) were dissolved in EtOH (0.78
mL, anhydrous,) and heated to 90 °C for 6 hours. The solution was cooled to rt and evaporated
onto silica gel. Dye 2.3 was purified via silica gel chromatography, eluting with a DCM/MeOH
solvent gradient of 200:1, 150:1, 100:1, 80:1, 67:1 and 50:1. This procedure gave pure 2.3 (11.1
mg, 0.0145 mmol, 40%). '"H NMR (500 MHz, DMSO-ds): & 8.21 (d, J= 10 Hz, 2H), 8.14 — 8.10
(m, 6H), 7.70 — 7.53 (m, 8H), 7.06 (d, J = 15 Hz, 2H), 6.96 (dd, /= 10 Hz, 2.5 Hz, 2H), 6.81 (d, J
= 2.5, 2H), 3.14 (s, 12H), 2.87 — 2.81 (m, 4H), 1.91 (t, J = 6.3 Hz, 2H). *C NMR (126 MHz,
DMSO-de): 6 156.9, 155.9, 154.6, 145.0, 144.5, 138.5, 132.0, 131.6, 131.3, 129.6, 126.7, 126.5,
113.9,113.8, 112.4, 102.3, 97.9, 27.2, 21.3, {peak at 38.9-40.1 beneath DMSO-ds solvent peak}.
HRMS (ESIY): Calculated for Cs4H4oCIN2O>" [M]": 663.2773; found: 663.2784. Absorbance
(DCM): 522 nm (¢ =1.5+0.2x 10*M-'em™), 916 nm (¢ = 6.3 £ 0.1 x 10*M-'cm™), 1026 nm (¢ =

2.4+0.2 x 10°Mem™). Emission (DCM, Ex. 730 nm): 1045 nm, ®f = 0.53 £ 0.03 %.
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7-Dimethylamino flavylium pentamethine dye (2.4,
Flavs); 7-(dimethylamino)-4-((1E,3E)-5-((E)-7-

(dimethylamino)-2-phenyl-4 H-chromen-4-

ylidene)penta-1,3-dien-1-yl)-2
phenylchromenylium perchlorate 7-N,N-dimethylamino-4-methyl-flavylium perchlorate (2.1)
(29.8 mg, 0.0819 mmol, 2.1 equiv), malonaldehyde bis(phenylimine) (10.2 mg, 0.0394 mmol, 1.0
equiv.), and anhydrous sodium acetate (9 mg, 0.1 mmol, 2.7 equiv.) were combined in acetic
anhydride (0.66 mL). The solution was freeze-pump-thawed x3 and subsequently heated at 110
°C for 2.5h. The solution was let cool to rt and evaporated onto silica gel. Dye 2.4 was purified via
silica gel chromatography, eluting with a DCM/MeOH solvent gradient of 200:1, 167:1, 143:1,
125:1,111:1,100:1, 67:1. The procedure yielded pure 2.4 (13.1 mg, 0.0198 mmol, 50%). 'H NMR
(500 MHz, DMSO-dp): 6 8.2 (t, J = 12.8 Hz, 2H), 8.11 — 8.03 (m, 4H), 7.98 (d, J = 9.4 Hz, 2H),
7.66 (s, 2H), 7.61 — 7.52 (m, 6H), 7.07 (d, J= 13.2 Hz, 2H), 6.94 — 6.86 (dd, J=9.2, 1.5 Hz, 2H),
6.82 (t, J = 12.3 Hz, 1H), 6.77 (s, 2H), 3.13 (s, 12H). *C NMR (126 MHz, DMSO-ds): & 156.3,
155.4, 154.2, 149.1, 145.7, 131.6, 131.2, 129.1, 126.1, 125.9, 115.3, 113.2, 110.9, 101.6, 97.4,
{peak at 38.9-40.1 beneath DMSO-ds solvent peak}. HRMS (ESI"): Calculated for C39H35N20,"
[M]*: 563.2693; found: 563.2702. Absorbance (DCM): 546 nm (¢ = 1.4+ 0.1 x 10*M-'cm™), 776
nm (e =4.8+0.4 x 10*M-'em™), 862 nm (¢ =2.4 + 0.2 x 10°M-'em™). Emission (DCM, Ex. 840

nm): 908 nm, ®r =5+ 2 %.
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7-Dimethylamino flavylium monomethine dye (2.5,
Flav3); 7-(dimethylamino)-4-((E)-3-((E)-7-

(dimethylamino)-2-phenyl-4 H-chromen-4-

ylidene)prop-1-en-1-yl)-2-phenylchromenylium
perchlorate 7-N,N-dimethylamino-4-methyl-flavylium perchlorate (2.1) (49.8 mg, 0.137 mmol,
1.5 equiv.), paraformaldehyde (2.7 mg, 0.090 mmol, 1.0 equiv.), and anhydrous sodium acetate
(15 mg, .18 mmol, 2.0 equiv) were combined in acetic anhydride (1.0 mL). The solution was
freeze-pump-thawed x3 and heated at 70 °C for 30 m. The solution was cooled to rt and evaporated
onto silica gel. Dye 2.5 was purified via silica gel chromatography, eluting with a DCM/EtOH
solvent gradient of 200:1, 167:1, 143:1, 125:1, 111:1, 100:1. The most pure fractions, as
determined by UV-Vis/IR spectroscopy were loaded onto a second silica gel column and run as
before. The impure fractions from both columns were combined and run on another silica gel
column with the same solvent system and gradient. This procedure yielded pure 2.5 (15.5 mg,
0.0243 mmol, 27%). '"H NMR (500 MHz, DMSO-dp): & 8.81 (t,J=12.9 Hz, 1H), 8.18 — 8.10 (m,
4H), 7.99 (s, 2H), 7.89 (d, J = 9.6 Hz, 2H), 7.67 — 7.57 (m, 6H), 7.16 (d, J = 13.0 Hz, 2H), 6.91
(dd, J=9.3, 2.5 Hz, 2H), 6.72 (d, J = 2.5 Hz, 2H), 3.12 (s, 12H). 3C NMR (126 MHz, DMSO-ds)
0 156.7, 155.4,154.2, 147.2, 145.5, 131.6, 131.1, 129.0, 126.4, 125.5, 115.9, 113.2, 110.6, 102.0,
97.1, {peak at 38.9-40.1 beneath DMSO-ds solvent peak}. HRMS (ESI"): Calculated for
C37H33N20," [M]*: 537.2537; found: 537.2525. Absorbance (DCM): 530 nm (¢ =2.0 £ 0.1 x 10*
M-lem™), 682 nm (¢ =3.9+£0.2x 10*Mem!), 746 (¢ =22+ 0.1 x 10°M-'cm™"). Emission (DCM,

Ex. 675 nm): 766 nm, ®r =2.9 + 0.5 %.
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0 Ph Ph 7-Dimethylamino flavyliym trimethine dye (6, Flavl);

)k (E)-7-(dimethylamino)-4-((7-(dimethylamino)-2-phenyl-

c/, €Y [ 9
NS
~N O O N~ 4H-chromen-4-ylidene)methyl)-2-phenylchromenylium
| |

2,2,2-trifluoroacetate  (2.6) 7-N,N-dimethylamino-4-

s

methyl-flavylium perchlorate (2.1) (49.7 mg, .137 mmol, 1 equiv.) and anhydrous sodium acetate
(25 mg, 0.31 mmol, 2.2 equiv) were dissolved in 10 mL EtOH and refluxed at 90 °C under air for
3.3 h. The mixture was cooled to rt and evaporated onto silica gel. Dye 2.6 was purified via silica
gel chromatography and reverse-phase HPLC. Via silica gel chromatography, dye 2.6 was eluted
with a DCM/MeOH solvent gradient of 400:1, 200:1, 167:1, 143:1, 125:1, 111:1, 67:1, and 33:1.
The most pure fractions were further purified in aliquots by HPLC in a water/MeCN with 0.1%
TFA solvent mixture. The method used is as follows: 70:30 for 2 min, gradient to 30:70 over 60
min, gradient to 5:90 over 20 min, followed by a hold for 5 min and subsequent re-equilibration to
70:30 for 10 min. The procedure yielded pure 2.6 (9.5 mg, 0.016, 11%). 'H NMR (500 MHz,
DMSO-dp): 6 8.40 (d, J=10.5 Hz, 2H), 8.17 (dd, J = 8.0, 1.7 Hz, 4H), 7.98 (s, 2H), 7.66 — 7.59
(m, 6H), 7.47 (s, 1H), 7.10 (dd, J = 9.4, 2.6 Hz, 2H), 6.99 (d, J = 2.6 Hz, 2H), 3.21 (s, 12H). 13C
NMR (126 MHz, DMSO-ds) 6 158.96, 158.63, 158.39, 158.15, 157.90, 156.31, 155.19, 150.61,
132.60, 131.54, 129.76, 127.63, 126.97, 121.43, 119.03, 116.64, 115.01, 114.06, 112.09, 105.40,
103.64, 97.71 {peak at 38.9-40.1 beneath DMSO-ds solvent peak}. °F NMR (282 MHz, DMSO-
ds) & -73.16. HRMS (ESI'): Calculated for C3sH31N202" [M]": 511.2380; found: 511.2366.
Absorbance (DCM): 324 nm (¢ =3. £ 1. x 10° M-'em™), 484 nm (¢ = 3. £ 1. x 10’ M'ecm™"), 514
nm (¢ =4.+ 1. x 10° M'lem™), 650 nm (¢ = 1.6 £ 0.5 x 10*M-'cm™!). Emission (DCM, Ex. 610

nm): 684 nm, r =0.7 £ 0.5 %.
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2.5.3 Table experimental procedures

Table 2.1 The Amaxabs values were obtained in DCM on a JASCO V-770 UV-Visible/NIR
spectrophotometer with a 2,000 nm/min scan rate. Absorption coefficient values were obtained
from serial dilutions using 10 mL and 5 mL volumetric flasks and 1 mL Hamilton glass syringes.
All masses were determined on a Sartorius MSE6.6S-000-DM Cubis Micro Balance. Error
reported in the SI reflects the standard deviation of the triplicate measurement. Amax,em Values were
obtained as described in the Figure 2.3 experimental procedure, below. The quantum yield values
were collected as described in Figure 2.8C experimental procedures and further elaborated in
Section 2.6.2, below.

Table 2.2 The raw photobleaching rate, k, was obtained by treating the reaction as pseudo first
order [30] and taking the — slope of the linear region (R? > 0.95). To incorporate the respective
absorption coefficients at 532 nm, the relative rate, k.1, was calculated by dividing k& by the relative
absorption coefficient compared to dye 2.5. These data were compared to 2.5 as it has the highest
absorption coefficient at that wavelength. All error reported represents the propagated error from
standard deviation of three replicates.

Table 2.3 In a similar fashion to the normalization of photobleaching rate for the number of
incident 532 nm photons absorbed (Table 2.2 experimental procedures), photobleaching rates for
2.5 and HITCI at 730 nm excitation must be corrected before direct comparison. The raw values
for the rates were determined as described in Table S1. The 730 nm LED source (ThorLabs) is
non-monochromatic, with a Gaussian profile and FWHM bandwidth of 55 nm and the absorption
coefficients for the two dye molecules change appreciably over this range. This, a slightly altered
procedure must be used because of the non-monochromatic source and absorption. The

convolution of the excitation source and the wavelength dependent cross-sections are calculated
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for each dye, and these areas are used as the scalar factor correction to normalize the rates by the
actual number of photons absorbed. The magnitude of this correction only altered the relative
photobleaching rates by about 14% in favor of a faster decay for 2.5. With this correction, 2.5
decays at a rate 4x slower than HITCI. The error reported represents propagated error from
standard deviation of three replicates.

Table 2.4 The raw rates were determined as described in Table 2.2 experimental procedures. To
compare the photobleaching rates taken at 532 nm monochromatic irradiation with the 1,050 nm
non-monochromatic light source necessitates comparing the rates on a per-photon-absorbed basis.
The convolution of the 1050 LED (Thor Labs) emission spectrum and the dye cross-section
between 800 and 1200 nm was calculated to obtain an effective cross-section. This effective cross-
section can then be scaled by the number of photons per second from the measured fluence. The
ratio obtained (0.53) represents the relative number of photons absorbed per second between the
two experiments, allowing for a quantitative comparison of how the rate behaves while varying
excitation wavelength. Dividing the photobleaching rate at 1050 nm by this factor yields the
relative rate values listed. The error represents the standard deviation of three experiments. The
results indicate that 2.3 bleaches 1.7 x 10° times faster with a 532 nm photon than with a 1050 nm
photon, suggesting that the photobleaching mechanisms with high and low energy photons are

distinct.

2.5.4 Figure experimental procedures
Figure 2.2 Flavylium 2.1 at 2.5 mM in EtOH, with excess sodium acetate was heated to 85 °C

after (A) no removal of oxygen and (B) freeze-pump-thaw x3. Aliquots were taken via syringe and
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further diluted in DCM for analysis by UV-Vis-IR (Cary 4000 UV/Vis spectrophotometer, Agilent
Technologies) with a scan rate of 2,000 nm/min.

Figure 2.3 Absorbance spectra were obtained in DCM on a JASCO V-770 UV-Visible/NIR
spectrophotometer with a 4,000 nm/min scan rate. Plotted are the baseline corrected and
normalized data. Emission spectra were taken in DCM on either a Horiba Instruments PTI
QuantaMaster Series fluorometer (2.6), a Fluoromax-3 spectrofluorometer (2.1, 2.3-2.5), or home-
built InGaAs array detector (Princeton Instruments). For 2.6, the following parameters were used:
ex. 610 nm, emission collected from 620 — 900 nm, slits Snm, step size 1 nm, integration time 1 s.
Plotted is the DCM corrected, baseline corrected, normalized data. For 2.1, and 2.3-2.5, the
following parameters were used: slits 5 nm, step size 1 nm, integration time, 0.25 s. Excitation
values and emission collection were as follows: 2.1 (ex. 460, collection 470—-800 nm), 2.5 (ex. 675
nm, collection 685-950 nm), 2.4 (ex. 840 nm, emission 850—1100 nm), 2.3 (ex. 730 nm, emission
950-1400). Plotted are the baseline corrected, normalized data.

Figure 2.4 Each dye was dissolved in dichloromethane (anhydrous, not degassed), until Abs ~1.
Solution (1.4 mL) was then transferred to a 1.5 mL cuvette with a sealed screw-top lid to minimize
evaporation. The cuvette was irradiated with a 532 nm laser at 0.53 £+ 0.05 Wcem™ fluence. The
fluence was taken as the average over 1/e of the Gaussian profile (FieldMate Laser Power Meter).
The absorbance was monitored at distinct time points (JASCO V-770 UV-Visible/NIR
spectrophotometer or a PerkinElmer Lambda25 spectrophotometer). From baseline corrected data,
the percent absorbance at Amaxabs Was plotted. The error represents standard deviation of the
triplicate measurement.

Figure 2.5 Solutions of dye in dichloromethane (anhydrous, not degassed, 1.4 mL, Abs ~ 1) were

irradiated with a 750 nm LED (ThorLabs mounted LED and collimation adaptor) and monitored
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by UV-Vis-NIR spectroscopy. The power density (140 + 10 mWem2) was measured with a
FieldMate Laser Power Meter. Percent absorbance remaining was taken with respect to Amax,abs at
t =0 min.

Figure 2.6 Solutions of dye in dichlormethane (anhydrous, not degassed, 1.4 mL, Abs ~1) were
irradiated with a 1050 nm LED (ThorLabs mounted LED and collimation adaptor) and monitored
by UV-Vis-NIR spectroscopy. The intensity (16.3 + 0.4 mWcem2) was measured with a FieldMate
Laser Power Meter. Percent absorbance remaining was taken with respect to Amax,abs at t =0 min.
Figure 2.7 Flav 7 (2.3), IR-26 and IR-1061 were dissolved in DCM and their concentrations were
adjusted until matched absorbance values were reached at 808 nm, as observed by UV-Vis-NIR
spectroscopy (Cary 5000 UV-VIS-NIR spectrometer).

Figure 2.8A-B Flav 7 (2.3), IR-26 (Exciton) and IR-1061 (Sigma Aldrich) were diluted in DCM
until matching absorbance was achieved at 808 nm (Figure 2.7). Spatially dispersed 808 nm
illumination was used to image 1 mL samples in 2.5 mL cuvettes of the SWIR dyes alongside a
DCM blank. Each dye was compared at the same position to ensure consistent camera illumination.
SWIR images were collected on an InGaAs camera (Princeton Instruments, NIRvana 640) with a
1000 nm long-pass filter. The camera was cooled to -80 °C, the analog to digital (AD) conversion
rate set to 2 MHz, the gain set to high, and different exposure times used to achieve sufficient
signal and/or frame rates. All images were background- and blemish-corrected within the
LightField imaging software. All analysis was performed using ImageJ and Matlab (Mathworks).
Bar graph intensities were taken as the average camera intensity for 10 frames, background
corrected to the DCM blank, with the error corresponding to standard deviation.

Figure 2.8C IR-26 and IR-1061 were diluted in DCM to 0.5 maximum absorbance for quantum

yield measurements. Absorption spectra were measured using Cary 5000 UV-VIS-NIR
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spectrometer, and emission spectra were recorded using a Fluoromax-3 spectrofluorometer, or a
home-built InGaAs array detector (Princeton Instruments). Quantum yield was performed using a
Labsphere integrating sphere and a 5 mW 405/780 nm laser, with optical chopping at 210 Hz. The
output was collected using either a calibrated silicon or InGAs detector connected to a Lock-In
amplifier (Stanford Research Instruments). Colored Glass Filters were used to spectrally separate
the fluorescence, and the final quantum yield was corrected for reflectance and leakage of the filter.
Figure 2.9 Solutions of 2.3 were prepared in DCM with an Abs ~ 2.3. Aliquots of 2.5-3 mL were
evaporated, dissolved in MeCN, sonicated for ~1 min, and additive solvent was added (if
applicable) to reach the appropriate volume. Absorbance was monitored over time by UV-Vis-
NIR spectroscopy, and absorbance remaining was taken with respect to Amax,abs at t =0 min.
Figure 2.10 A stock solution of Flav7 (2.3) in acetonitrile was prepared with Abs ~ 1.4. Aliquots
were diluted to 2x the volume to achieve 0%, 10%, 20% and 50% water in acetonitrile. Plotted
are the baseline corrected and normalized data.

Figure 2.11 A stock solution of Flav7 (2.3) in acetonitrile was prepared with Abs ~0.7. Aliquots
were diluted to 2x volume to reach 0%, 10%, 20% and 50% water in acetonitrile, such that the
concentration of Flav7 (2.3) is constant in each sample. (A) Excitation data were collected between
700-1,015 nm with detection at 1,045 nm using the following parameters: 15 nm excitation slit
width, 20 nm emission slit width, 1 nm step size, 0.1 sec integration time. The default excitation
correction was used with the bias set at -1.047, and background values manually input. (B)
Emission data were collected between 900-1300 nm with excitation at 870 nm using the following
parameters: 15 nm excitation slit width, 30 nm excitation slit width, 1 nm step size, 0.1 sec
integration time. No emission correction was used, and the background was automatically

acquired. Plotted are the baseline corrected data for both excitation and emission.
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Figure 2.12 A stock solution of Flav7 (2.3) in acetonitrile was prepared with Abs ~ 1.4. An aliquot
(1mL) was diluted with 1mL water and the absorbance was measured. After 1.5h, solvent was
evaporated, 2.3 was re-dissolved in 2 mL acetonitrile, sonicated, and absorbance was measured.
Plotted are the baseline corrected and normalized data.

Figure 2.13 The lipid, mPEG-DSPE (20 mg) (Laysan Bio, Inc, 5,000 average MW) was dissolved
in 2.0 mL MilliQ water and sonicated in a bath sonicator until the lipid was fully dissolved. Flav7
(2.3) (0.1 mg) was dissolved in DMSO (1.0 mL anhydrous, Sigma Aldrich). The aqueous lipid
solution and the DMSO/Flav7 (2.3) solution were combined at 0 "C. The resulting solution was
sonicated with a probe sonicator at 35% power for 5 min at 0 “C. The solution was then transferred
to a 4 mL centrifuge filter (10kDa, EMD Millipore Amicon Ultra) and a series of washes with 1x
PBS buffer were performed. Each wash consisted of centrifugation (4000 xg for 5-10 min, Sorvall
ST 16 centrifuge - Thermo Scientific), removing the filtered solvent and replacing it with the same
volume of 1x PBS. The filter was inverted several times after buffer addition. This was performed
6x or until the amount of DMSO left is <1%. The formulations were then concentrated by
centrifugation to 5x concentration for use in vivo and 2x for use in celluo. For the vehicle, the exact
same procedure was followed but without the addition of dye. The size of the micelle formulations
were characterized by dynamic light scattering (DLS) on a Zetasizer NanoSampler (Malvern). A
dilution of 20 pL in 2 mL MilliQ water was taken for the DLS measurements. The size and error
values (standard deviation) were taken from the intensity trace, peak one, as the average of 3
experiments (15 scans each). The pH was measured on a SympHony B40PCID benchtop Multi
Parameter Meter (VWR). UV/Vis/NIR spectroscopy and fluorescence spectroscopy were

performed as described in the general experimental procedures.
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Figure 2.14 HEK293 cells were donated by the lab of Professor Jorge Torres. Propidium iodide
was purchased from VWR and used without purification. 96-well v-bottom plate was plated with
a cell density of 100,000 cells per well with a final volume of 150 pL in DMEM supplemented
with FBS and Pen/Strep. Micelles were concentrated to 2x and 50 pL of the final dilution were
added to each well of cells to reach a final volume of 200 puL. The concentration utilized was
equivalent to the micelle concentration in mouse serum for the in vivo experiments. Cells were
incubated for 1 hour at 37 °C and 5% CO.. Following incubation, cells were washed three times
by centrifugation (3,000 rpm, 3 min, 4 °C). PI solution (2uL of 1 mg/ml in PBS) were added to
each well. Cells/PI were transferred to FACS tubes with a final volume of 300 ul FACS buffer
(PBS + 1% FBS). Cells were incubated on ice for 15 minutes prior to flow cytometry measurement.
Flow cytometry was performed on a 2-laser BD FACSCalibur Flow Cytometer. PI fluorescence
was measured on FL2 channel. Data was analyzed on FlowJo by mean FL2 fluorescence, and
splitting the population at 10 as a live/dead line.

Figure 2.15-2.19 All animal experiments were conducted in accordance with approved
institutional protocols of the MIT Committee on Animal Care. No blinding or randomization was

required for the animal studies.
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2.6 Notes relevant to Chapter Two

2.6.1 Dye structures and emission maxima for Figure 2.1.3

Chart 2.1 Dye structures and emission maxima for Figure 2.1
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2.6.2 Solvent study on Flav7
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Figure 2.20 Normalized absorption spectra of Flav7 (2.3) in several solvents. The concentrations
used were 2—10 x 10> M. While there is minimal variation in Amax,abs, spectral broadening in polar
solvent is indicative of the stabilization of an asymmetric electronic structure.[ 18]

Experimental: Flav7 (2.3) was dissolved in anhydrous solvents DMSO, MeCN, DCM, THF,
MeOH, and acetone (not anhydrous). All samples were sonicated before taking an absorbance
spectrum (see general experimental procedure for instrument and settings), with a baseline in the
appropriate solvent. The concentrations were as follows: 2 x 10°° M for acetone, THF, and MeOH,

5x 10° M for DCM and 1 x 10> M for DMSO and MeCN. These data were baseline corrected to

1,300 nm and normalized.
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Table 2.5 \nax.abs (Nm) in organic solvents.

compound THF DCM Acetone MeCN DMSO  MeOH
2.3 1026 1026 1016 1013 1039 476
2.4 848 862 854 848 868 845

Experimental: Dyes were dissolved in the appropriate solvents and UV-Vis-NIR spectrometry was
performed as described in the experimental procedure for Figure 2.20. From the baseline corrected

and normalized data, the Amax.abs Values were obtained.

Table 2.6 Solubility limits of Flav7 (2.3) in organic solvents.

compound THF DCM Acetone MeCN DMSO  MeOH

Solubility M Y Y M Y S

Solubility key: Y (yes) = more than 0.1 mg/mL, M (moderate) = between 0.05 and 0.1 mg/mL, S
(sparingly) = less than 0.05 mg/mL. Solubilities determined by visual inspection.

Experimental: The mass of 2.3 (between 0.040 mg and 0.160 mg) was determined on a micro
balance, and solvent was added using Hamilton microliter syringes (100 pul and 250 pl) until no
precipitate was visible to the eye. Brief sonication (<30 seconds) in a bath sonicator was used.

Solubilities were determined from the triplicate measurement.
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2.6.3 Fluorescence Quantum Yields*

The photoluminescence quantum yield of a dye or material is defined as follows
QY = Pp/Pa (1)

Where Pg a are the number of photons absorbed and emitted respectively. To determine absolute
quantum yield, we either use a known standard (relative method), or measure the number of
photons absorbed and emitted independently (absolute method). Due to the lack of a bright
consistent standard in the SWIR range (1,000-2,000 nm), the absolute method is preferable. Here,
we describe our procedure for measuring quantum yields in the shortwave infrared, and compare
several SWIR emissive dyes.

Absolute measures of quantum yield

To perform an absolute quantum yield measurement, we use an integrating sphere, where a
standard cuvette is illuminated on all sides by scattering a laser against white Teflon. The direct
scatter is obfuscated by a baffle, and a side port is used with a large-area detector (E.G. 8 18 VIS/IR
from Newport). We modulate the laser using an optical chopper, and the photogenerated current
is measured on a lock-in amplifier. In this way, pA signals can be measured against large constant
backgrounds. We record the current at the chopping frequency using both a solvent filled blank,
and the fluorophore. A filter is placed in front of the detector that only allows the fluorescence to

pass through, and the procedure is repeated. The simplest calculation of quantum yield is therefore,

Peg _ _Isr—INsF
Py INnsnr— IsnF’

(2)

Where (N)S(N)F denotes (no) sample and (no) filter respectively. This approach neglects the

impact of detector quantum efficiency at the wavelength of excitation, and the emitted wavelength.

* Work by Justin Caram
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In Figure 2.6.1 we plot the relative external quantum efficiency (EQE =1 = Lei/Pa) of the detector
(Newport, 818IR Germanium). We calculate the average response over the emitted wavelength

range as follows,

o e dxp(A)S(N) -
T e aas(n)

where S(A) is the measured PL spectrum. For excitation, we evaluate the EQE at Acxc. These

correction terms go into equation 2.

Pg _ (Isr — INSF)/Nem (1)
Py (InNsnF— ISNF)/Mexe

For excitation at 780, and emission in the 1100-1200 range, n can range over a factor of 2, making
this correction crucial to accurate QY determination. To further refine our estimate, we consider
the light emitted by the sample (the fluorescence) and detected in Isne. We adjust equation 5 by

subtracting the emitted photons from the denominator.

Pg _ (IsF = INSF)/Nem 5)

Py (Insnr —IsnF)/Neze — (IsF — INSF)/Nem

This tends to lower the observed quantum yield. The last step is considering reflection and loss

due to the filter. Filter transmission can be measured and divided to give the final estimate =

Pr(eq.5)/ T
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Figure 2.21 Detector response taken from Newport instruments. We use the 818IR calibrated
photodiode (germanium).

Reabsorption Correction: Including sample/solvent reabsorption is typically done using a
dilution series. However, in the case of IR dyes, there are significant solvent absorption in the
spectra. Therefore, and alternative approach is necessary. As a first step, we will use the absorption
and emission spectrum collected at the same angle (0 or 180 degrees). We will use this geometry
to calculate the effect of absorption on the emission. We will calculate the effect of sample
penetration and reabsorption on the “real emission spectrum” f(A). We derive a correction factor

R(MA), such that R(A)f*(L) = f(A), the measured experimental emission spectrum.
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1 — 10—(Aea:c+A()\))

L
R(X) = L7 dp10-o/tAccta) — 6
LJo (Aeze + A(N))In(10)

The results are shown in Figure 2.22. Using this, we then derive a correction factor associated with
reabsorption in the integrating sphere. For simplicity, we assume normalize the spectrum at 1,300

nm, where no reabsorption occurs, and integrate the ratio of the “real spectra” to the reabsorption

corrected measure. Our final quantum yield is multiplied by this correction factor.
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Figure 2.22 Reabsorption corrected spectroscopy.

Comments on overall approach: Our approach enables the rapid determination and comparison
of quantum yield, and allows us to obtain results comparable to those described in the literature
for IR26 (0.05% from Beard and Nozick, 0.09% from Resch-Genger in DCE). Unlike prior

methods, this approach does not spectrally resolve emission, and can be completed in under 1
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minute, enabling rapid quantification and comparison among different samples. The use of single
detector also enables lock-in detection, decreasing background. However, our approach does not
allow us to fully consider reabsorption, as we do not account for the geometry of emission and
reabsorption within the integrating sphere. While equation 2.6 partially accounts for reabsorption
(and is consistent with the approach provided in Beard and Nozick), it may account for the ~2
difference between our measurement and the measurement of Resch-Genger. Reabsorption is
particularly important in the SWIR, as overtone solvent vibrational modes contribute to absorption
(and cannot be eliminated using conventional dilution.

In Table 2.6.1, we provide a list of SWIR dyes whose QY have been measured using these
methods.

Table 2.7 ®r values (reported as %) for SWIR fluorophores, analyzed as describe above.

Dye Eq. (2.2) Eq. (2.4) Eq. (2.5) Or Error ()
Flav7 (2.3) 0.79 0.4 0.39 0.53 0.03
IR1061 0.51 0.26 0.26 0.32 0.04
IR26 0.06 0.028 0.028 0.05 0.03

All QY are corrected for filter transmission. The values in Eq. 2.2 are derived from equation 2, Eq.
4.2 from equation 4, and Eq. 5.5 from equation 5, listed above. The final, reabsorption corrected
quantum yield values are ®r, as described in the text. Error is propagated from uncertainty in

photodiode current, and repeat measurements with different sample concentrations.
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2.6.4 Formulation optimization
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Figure 2.23 (A) Absorbance and (B) photoluminescence spectra (ex. 808 nm) of Flav7 (2.3)
encapsulated in mPEG-DSPE/poly(acrylic acid) micelles. The spectra display minimal
aggregation in an acidic environment (pH ~3).

Experimental: Flav 7 (2.3) (0.1 mg) and poly(acrylic acid) (2.2 mg) (Sigma-Aldrich, 1,800 average
MW) were dissolved in 1.2 mL anhydrous DMSO (Sigma Aldrich) and sonicated briefly in a bath
sonicator. 20 mg mPEG-DSPE (Laysan Bio, Inc, 5000 average MW) was dissolved in 2.0 mL
water (MilliQ water) and sonicated in bath sonicator. 1.0 mL of the DMSO solution was transferred
into the 2.0 mL aqueous solution, placed in an ice bath, and sonicated for 5 min in a probe sonicator
(35% power was used). The solution was transferred to a 4 mL centrifuge filter (10kDa, EMD
Millipore Amicon Ultra). Six repeated washes were performed by centrifugation at 4,000 xg
(Sorvall ST 16 centrifuge - Thermo Scientific). Wash 1 was for 15 mins, wash 2 for 10 mins, and
washes 3-6 for 5 min each. After each wash the filtered solvent was removed and replaced with

the same volume of MilliQ water. The filtrations were monitored by UV-Vis and the disappearance

of a DMSO absorbance peak at ~1160 could be seen.
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Notes: This formulation is analogous to that previously employed for SWIR imaging of IR-1061
(Ref. 11). When buffer exchanged above pH 4, considerable aggregation was observed (analogous

to that observed in Figure 2.13, thus we did not move forward with this formulation.
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Figure 2.24 (A) Absorbance of IR-1061 encapsulated in mPEG-DSPE/poly(acrylic acid)
micelles displaying minimal aggregation in an acidic environment (pH ~3). (B) Absorbance of
IR-1061 encapsulated in mPEG-DSPE micelles in PBS buffer.

Experimental: For (A), 0.1 mg of IR-1061 and poly(acrylic acid) (2.2 mg) (Sigma-Aldrich, 1,800
average MW) were dissolved in 1.2 mL anhydrous DMSO (Sigma Aldrich) and sonicated briefly
in a bath sonicator. 20 mg mPEG-DSPE (Laysan Bio, Inc, 5000 average MW) was dissolved in
2.0 mL water (MilliQ water) and sonicated in bath sonicator. 1.0 mL of the DMSO solution was
transferred into the 2.0 mL aqueous solution, placed in an ice bath, and sonicated for 5 min in a
probe sonicator (35% power was used). The solution was transferred to a 4 mL centrifuge filter
(10kDa, EMD Millipore Amicon Ultra). Six repeated 5 min washes with water were performed
by centrifugation at 4000 xg (Sorvall ST 16 centrifuge - Thermo Scientific). After each wash the

filtered solvent was removed and replaced with the same volume of MilliQ water. The filtrations

were monitored by UV-Vis and the disappearance of a DMSO absorbance peak at ~1160 could
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be seen. For (B), 0.1 mg of IR-1061 was dissolved in DMSO, sonicated briefly and immersed in
an mPEG-DSPE water solution at pH = 3.9, and sonicated for 5 min at 35%. The solution was
then washed in a centrifuge filter 6x with MilliQ water and 1 time with 1x PBS, to bring the
micelles to pH = 7.4.

Notes: When formulations were prepared with IR-1061 both aggregation (by the appearance of
an absorbance peak at ~880 nm) and decomposition (by appearance of an absorbance peak at ~
430 nm) were observed upon buffer exchange with PBS. This decomposition was not observed
with Flav7 (3) indicating 3 not only has superior ®r but also enhanced stability at biologically

relevant pH.

2.6.5 Determination of perchlorate counterion by X-ray photoelectron spectroscopy’

Samples were prepared by dissolving in DCM, drop-casting repeatedly onto a copper sample
holder, and drying in vacuo. Survey and high-resolution scans were acquired at 160 and 20 eV
pass energy respectively, with step sizes of 1 and 0.1 eV. As the samples were not conductive, the
charge neutralizer filament was used. Data analysis and quantification was performed with Casa-
XPS software. The atomic relative sensitivity factors used were from the Kratos library within the
Casa software.

High-resolution X-ray photoelectron scan of the binding energies from 193 — 210 eV, showing
distinct peaks for ClO4 and Cl at three locations on the sample of 2.4. The presence of Cl is
rationalized by the coexistence of Na®. The relative increase in area % of Cl in position 3 is

accompanied by an increase in Na* content at position 3 (above, 0.37 atomic% Na* in position 3

5> XPS Experiments performed by Ignacio Martini
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vs 0.23 atomic% Na' in positions 1 and 2). These data support that ClO4 is retained as the

counterion throughout the synthesis.
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Figure 2.25 X-ray photoelectron scan of the binding energies from 0 — 1,200 eV, showing peaks
for Na, O, N, C, and ClI at three locations on the sample of 2.4.
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Figure 2.26 High-resolution X-ray photoelectron scan of the binding energies from 193-210 eV,
showing distinct peaks for C104 and CI' at three locations on the sample of 2.4.
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2.7 Spectra relevant to Chapter Two

2.7.1 'H NMR Spectra
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Solvent
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2.7.2 3C NMR Spectra
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2.7.3 YF NMR Spectrum
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2.7.4 Absorbance and emission spectra
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2.8 List of Supplementary Information Relevant to Chapter Two

Supplementary Video 2.1 Background corrected imaging of the injection of Flav7 (2.3)
micelles in a mouse with diffuse 808 nm excitation and collection on an InGaAs Camera (1,000—
1,600 nm) at 9.17 frames/sec.

Supplementary Video 2.2 Replicate of Supplementary Video 2.1

Supplementary Video 2.3 Raw imaging of the injection of Flav7 (2.3) micelles in a mouse with
diffuse 808 nm excitation and collection on an InGaAs Camera (1,000—1,600 nm) at 9.17
frames/sec.

Supplementary Video 2.4 Replicate of Supplementary Video 2.3
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CHAPTER THREE

Multicolor in vivo Imaging in Real Time using Excitation-Multiplexing with Shortwave

Infrared Polymethine Fluorophores

Adapted from: Emily D. Cosco, Anthony L. Spearman, Shyam Ramakrishnan, Jakob G. P.
Lingg, Mara Saccomano, Sarah Glasl, Monica Pengshung, Bernardo A. Arus, Kelly C. Y. Wong,
Vasilis Ntziachristos, Martin Warmer, Ryan R. McLaughlin, Oliver T. Bruns,* and Ellen M.
Sletten* Shortwave infrared polymethine fluorophores matched to excitation lasers enable non-
invasive, multicolor in vivo imaging in real time. Nat. Chem. 2020, 12, 1123—-1130. DOI:

10.1038/s41557-020-00554-5

3.1 Abstract

High-resolution, multiplexed experiments are a staple in cellular imaging. Analogous
experiments in animals are challenging, however, due to substantial scattering and
autofluorescence in tissue at visible (350—700 nm) and near-infrared (700—1,000 nm) wavelengths.
Here, we enable real-time, non-invasive multicolor imaging experiments in animals through the
design of optical contrast agents for the shortwave infrared (SWIR, 1,000-2,000 nm) region and
complementary advances in imaging technologies. We developed tunable, SWIR-emissive
flavylium polymethine dyes and established relationships between structure and photophysical
properties for this class of bright SWIR contrast agents. In parallel, we designed an imaging system
with variable near-infrared/SWIR excitation and single-channel detection, facilitating video-rate

multicolor SWIR imaging for optically guided surgery and imaging of awake and moving mice
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with multiplexed detection. Optimized dyes matched to 980 nm and 1,064 nm lasers, combined
with the clinically approved indocyanine green, enabled real-time, three-color imaging with high

temporal and spatial resolutions.

3.2 Introduction

Improvements in imaging technologies and optical probes have combined to revolutionize
our ability to study cells and small organisms using fluorescence microscopy[1,2]. The tools
developed for fluorescent imaging in cells can be readily applied to small model organisms such
as Caenorhabditis elegans, Danio rerio (zebrafish) and Drosophila melanogaster. Translating
these tools to mammals is challenging, however, as most fluorophores used in cellular imaging are
excited by light in the visible (VIS, 350-700 nm) region of the electromagnetic spectrum, which
exhibits low photon penetration and high background autofluorescence. For these reasons, imaging
in mammals has been primarily focused on the near-infrared (NIR, 700—1,000 nm) region, where
there are fewer endogenous chromophores, but where light scattering remains a limitation[3].
Further, the limited wavelength range of the NIR makes multiplexed experiments challenging.
Notable approaches to multicolor fluorescence imaging experiments in mice that are compatible
with VIS and NIR fluorophores include two-photon intravital microscopy methods, requiring body
windows[4—7], or endoscopy[8]. Efforts towards non-invasive, multiplexed imaging in mice have
been explored with quantum dots[9], fluorescently labelled silica particles[10], fluorescent
proteins[11] and surface-enhanced Raman scattering nanoparticles[12]. While critical advances,
these approaches suffer from low spatial and temporal resolution, limiting the biological

information that can be obtained.
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To enable robust, real-time, multiplexed imaging in animals it is necessary to (1) detect in
a region of the electromagnetic spectrum that provides high spatial resolution; (2) establish
efficient, orthogonal excitation and/or detection of bright fluorophores; and (3) rapidly detect each
channel on the millisecond timescale. Here, we present a method that meets these requirements
and enables whole-animal, three-color imaging with high spatial and temporal resolutions. Key to
this technique is the implementation of excitation multiplexing and ‘color-blind’ single-channel

detection of low-energy shortwave infrared (SWIR, 1,000-2,000 nm) light emitted by bright,

‘excitation-matched’ polymethine fluorophores (Figure 3.1A).
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multi-wavelength|; * ! [single-channel
laser source % i |SWIR detection
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f ; f ; f ; f ; f ; f ; f } f f !
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laser lines: 785 nm 980 nm 1064 nm
Indocyanine green flavylium heptamethine dyes
(ICG) (3.1-3.11)
C
R2
R1

Flav7 (3.1): Ry = N(Me),; Ry = H, prior work
3.2-3.11: Ry = alkyl & aromatic amines, methoxy, H; R, = H, alkyl, this work
Figure 3.1 Real-time excitation-multiplexed SWIR imaging design. A) Multiple laser sources are

pulsed and delivered to the biological sample. Single-channel SWIR detection (InGaAs, 1,100—
1,700 nm) acquires frames that are temporally separated by color on the millisecond timescale.
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Fast frame rates produce real-time multicolor in vivo images at up to 50 fps. B) Relevant portions
of the NIR and SWIR regions of the electromagnetic spectrum, lasers used for excitation and dyes
used and/or presented in this study that are excited by the distinct laser lines. C) Flavylium
polymethine scaffold explored here to match bright SWIR dyes to appropriate lasers.

The SWIR region is essential for multiplexed in vivo fluorescence imaging, as it provides
superior resolution and greater tissue penetration than the NIR region[13,14], in addition to an
expanded range of wavelengths allowing for multiple channels[15] separated by at least 80 nm.
The optimal properties of the SWIR for in vivo imaging were first demonstrated with carbon
nanotubes[16] and further validated with quantum dots[17,18], rare-earth nanomaterials[15] and
small molecules[19,20]. Combinations of these materials have been utilized to obtain multiplexed
images in mice[18,21-23] and tissues[24] at higher spatial resolutions than NIR images. The
approach of excitation multiplexing with single-channel SWIR detection reported herein addresses
multicolor SWIR imaging with high temporal resolution, facilitating real-time analysis (>27
frames per second (fps)) of biological processes at sub-millimetre resolutions.

To facilitate rapid multicolor imaging in the SWIR region, we diverged from traditional
multiplexing approaches employing a common excitation wavelength and different detection win-
dows[15,21-25] or spectral unmixing[18]. These classic approaches can result in different
resolutions for each channel due to dramatic changes in the contrast and resolution that occur
throughout wavelength bands of the NIR and SWIR[14,26,27]. Furthermore, fast imaging speeds
can be impeded by low photon throughput in sectioned regions of the electromagnetic spectrum or
by mechanical components, such as filter wheels. Instead of these approaches, we differentiate the
contrast agents via excitation wavelength and employ a single SWIR detection channel. This
method, referred to as excitation multiplexing, is advantageous due to the consistent resolution

achieved in all channels, high photon efficiency and ease of rapid collection of each frame on a

single detector[28,29]. Excitation multiplexing was initially applied to single-molecule
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spectroscopy methods, microscopy and low-concentration DNA sequencing[30]. Subsequent
variations on these methods have been explored[31,32], but excitation-multiplexed methods have
yet to be adapted for animals. The implementation of excitation multiplexing in the SWIR is
particularly beneficial as excitation can be optimized for each fluorophore and photons can be
detected over a wide range of wavelengths. These properties combine to maximize the signal
obtained from SWIR contrast agents, which have inherently low quantum yields when compared
to those in the VIS and NIR[33].

To perform real-time excitation multiplexing in animals, bright SWIR-emissive contrast
agents with absorption spectra compatible with common and cost-efficient laser lines are required
(Figure 3.1B). Polymethine dyes are opportune contrast agents for excitation multiplexing as they
have characteristically narrow absorption bands with high absorption coefficients[34]. A
preeminent member of the polymethine dye family is indocyanine green (ICG), an FDA-approved
contrast agent[35,36]. While ICG has been extensively used in NIR optical imaging, in 2017, we
reported that the dye can be detected readily in a SWIR imaging configuration due to the long tail
of the emission spectrum[37,38]. Concurrently, we reported a polymethine dye designed for SWIR
optical imaging[39]. This dye, Flav7 (3.1, Figure 3.1C), has both SWIR absorption and high
brightness for the SWIR region. Notably, since the introduction of Flav7, similar strategies have
been employed to utilize or design polymethine dyes for SWIR imaging[40—44]. Due to the ability
to image both bright NIR-excitable dyes, such as ICG, as well as red-shifted SWIR-excitable
polymethine dyes, such as Flav7, using an identical SWIR detection window, we envisioned that
polymethine dyes with both well-separated and laser-line-compatible absorption could enable
efficient multicolor SWIR imaging via excitation multiplexing. To realize this multiplexing

strategy, structural modifications to Flav7 were necessary to tune the wavelength of maximum
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absorption (Amax.abs) to match the accessible laser wavelengths used for SWIR imaging. Towards
this goal, we set out to fine-tune the absorption properties of flavylium polymethine dyes through
heterocycle modification. This work ultimately allowed access to a set of dyes that were optimal

for real-time, multicolor SWIR imaging (see Figure 3.2A).

3.3 Results and Discussion
3.3.1 Design and Synthesis of Flavylium Heptamethine Dyes’

To tune the absorption properties of flavylium polymethine dyes for excitation
multiplexing, robust synthetic approaches towards flavylium heterocycles were necessary. The
original report of Flav7 used a previously published[45], low-yielding, electronically sensitive and
potentially explosive route. We developed an alternate approach relying on a key 7-substituted
flavone intermediate that could be converted to the desired heterocycles by treatment with a methyl
nucleophile and dehydration (Scheme 3.1)[46]. Using three general routes to flavones, (1) Mentzer
pyrone synthesis[47], (2) functionalization of 7-hydroxyflavone by Buchwald—Hartwig coupling
of the corresponding triflate[48] and (3) acylation of the commercial 7-aminoflavone, we accessed
a diverse set of 7-aminoflavylium heterocycles (Tables 3.1-3.3). The heptamethine dyes 3.1-3.11
(Figure 3.2A) were then obtained through the base-promoted reaction of each flavylium
heterocycle with the relevant bis(phenylimine) polymethine chain (Table 3.4; see Section 3.6.1 for

further discussion)

! Anthony Spearman, Monica Pengshung and Ryan McLaughlin contributed in this section.
88



Scheme 3.1 Retrosynthesis of 7-aminoflavylium heterocycles.
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Table 3.1 Synthesis of flavones 3.13a—c.

R1 R3 R1 R3
I O O |
Rz,N OH+ M Rz'N (0] | Ph
Ph OEt 180 °C
R3 R3
(0]
3.14a-c 3.13a-c
3-aminophenol 3.14 7-aminoflavone 3.13
number structure number structure time (h) yield (%)

N OH N O._Ph
3.14a \©/ 3.13a | 24 51

o
N( OH l( O._Ph
3.14b r \©/ 3.13br w 20 51
o

N OH N O _Ph
3.14c 3.13¢c R | 48 55
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Table 3.2 Synthesis of flavones 3.13d-h.

R1
TfO O.__Ph N O.__Ph
secondary amine R? |
RuPhos Pd G3, RuPhos
o) CsoCO3 o)
3.15 Solvent, 5.5-22 h 3.13d-h
secondary amine 7-aminoflavone 3.13 solvent temp (°C) yield (%)
CNH 3.13d THF 50 63
E:NH 3.13e Toluene 100 74
{ NH 3.13f Toluene 100 71
Ph
NH 3.13g THF 50 79
Ph
NH 3.13h Toluene 110 83
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Table 3.3 Synthesis of flavyliums 3.12a—i.

R R3 i) MeMgBr, THF R RS
N O. _Ph 0°Ctort, | 4
R | 1224 h o Oy PP
R® ii) aq. HBF, RS =
o) BF,
3.13a-i 3.12a-i
7-aminoflavone 3.13 7-aminoflavylium 3.12
number structure number structure
| | .
_N O. _Ph N~ O_Ph
3.13a | 3.12a | 73
4 Z
o) "BF,
N O _Ph N( O.__Ph
3.13b i | sz [T O 81
4 4
o} "BF,
N O _Ph N O._Ph
3.13¢ | 3.12¢ = 74
4
o} BF,
CN O~ Ph E\N 0__Ph
3.13d | P | 3.12d _ 39
“BF,
C\N N Ph C\N O__Ph
3.13e | | 3.12¢ m 65
= ¥
O 'BF,
O“ O~ Ph O\l O__Ph
3.13f | | 3.12f 86
P4 =
" BF,
Ph Ph
! +
N O, _Ph N O._Ph
- \ -
313 0] | 312g N \©/\;/ 71
= ¥z
o) "BF,
3.13h O N O~ Ph 3.12h N 0__Ph 62
| P | P
o "BF,
$Bu
050 o N O.__Ph
AN AN
. 0N O_ _Ph Y
3.13i Y | 32 b | P _a
o) >( _
tBu” BF,
0

4not isolated
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Table 3.4 Synthesis of flavylium heptamethine dyes 3.1-3.11.

R2
R! o. _Ph . ¢l Bases: sodium acetate or
=X Ph 2 A~ P 2,6-di-tert-butyl-4-methylpyridine
R2 /_ + o H H Solvents: n-butanol/toluene,
BF4 1,4-dioxane, ethanol or n-pentanol
3.12a-j 3.18 70-140 °C, 10-120 min
Flavylium 12 R! R2 base® solvent temp (°C) time (min) yield # (%) dye
|
3.12a _N ;e H A n-butanol/toluene 100 15 51 3.1
3.12b rN;% H A n-butanol/toluene 100 10 40 3.2
3.12¢c N}i ! A ethanol 70 120 37 3.3
By
3.12d E\N;% H A n-butanol/toluene 100 10 37 3.4
3.12e N?{ H B n-pentanol 140 50 8 3.5
3.12f N ;% H B  n-butanol/toluene 100 120 26 3.6
Fl’h
3.12g Neg H B 1,4-dioxane 100 15 11 3.7
Ph™

o

3.12h O N ;e H B 1,4-dioxane 90 15 13 3.8

) H
3.12i \i/oTN & H B 1,4-dioxane 95 15 33b 3.9
o}
3.12§¢ O H B nbutanoltoluene 100 15 33 3.10
- H;—f H B  n-butanol/toluene 90 45 5 3.11

8pase: A = sodium acetate; B = 2,6-di-tert-butyl-4-methylpyridine
byield over two steps, flavylium 12i not isolated.
Ccounterion is CI”

3.3.2 Photophysical Characterization of Flavylium Heptamethine dyes
Differences in Amaxabs are essential for excitation multiplexing. We characterized the
photophysical properties of 3.1-3.11 in dichloromethane (DCM), finding that the flavylium

heptamethine dyes have absorption/emission spanning the NIR to SWIR regions of the
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electromagnetic spectrum (Figure 3.2A—C, Table 3.5). Compared to Flav7 (3.1), with Amax,abs =
1,027 nm, 3.9 and 3.10 underwent hypsochromic shifts. The 7-methoxy-substituted dye 3.10 is
~43 nm blue-shifted from Flav7 (Amax.abs = 984 nm), similar to the unsubstituted flavylium dye
3.11 (IR-27)[49]. Conversely, dyes 3.3 and 3.7 displayed substantial bathochromic shifts
compared to Flav7. The diphenylamino-substituted 3.7 is ~23 nm red-shifted, while julolidine
derivative 3.3 is red-shifted by ~35 nm (Amax.abs = 1,061 nm). Linear and cyclic aliphatic amine-
substituted dyes 3.2 and 3.4-3.6 exhibit minor red-shifts. Plotting absorption/emission
wavelengths of nine dyes in the series against Hammett om values[50] resulted in a strong
correlation (R? = 0.96; Figure 3.2D and Section 3.6.2). This increased understanding of the
relationship between structure and absorption/emission wavelengths sets up opportunities for
predicting fluorophore structures to match any desired excitation wavelength. Further
characterization of the panel of flavylium polymethine dyes was necessary to determine their
maximum brightness (brightness(ex) = &1 x ©r). We found that the absorption coefficients (¢) vary
from ~110,000 to ~240,000 M 'cm™!, in line with the high-absorption cross-sections characteristic
for polymethine fluorophores.[34] The fluorescence quantum yields (®r; relative measurements
to dye IR-26 = 0.05% (refs. [51,52]); see Section 3.6.3) remain rather constant, in the ~0.4-0.6%
range. The combined high and relatively consistent € and ®r values result in a series of bright dyes
spanning from 984-1,061 nm (Figure 3.2B; Table 3.5), primed for real-time excitation

multiplexing in the SWIR.
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Figure 3.2 Panel of flavylium heptamethine dyes and their photophysical properties. A)
Heterocycle structures and absorption wavelength maxima visualized graphically on the
electromagnetic spectrum. B—C) Absorption (B) and emission (C) profiles (excitation wavelength,
885 nm) of selected polymethine dyes. D) Hammett plot relating om substituent constants[50] to
absorption and emission wavelengths of dyes 3.1-3.6 and 3.9-3.11. E) Brightness (defined as &, x
®r) of the heptamethine derivatives at relevant excitation wavelengths (A = 785 nm (dark grey), A
= 980 nm (light grey) and A = 1,064 nm (white)). Error bars represent the propagated error from
standard deviations in € and ®r measurements.
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Table 3.5 Photophysical properties of flavylium heptamethine dyes

dye Amax,abs (M) €max (M 'em™)  Amax em (nM) Op (%) Brightness(gay) (M'em™)

3.1 (Flav7) 1027 241,000 = 1,000 1053 0.61 £0.02 1470 £ 50
3.2 1033 190,000 + 10,000 1057 0.62 +0.02 1180+ 70
3.3 (JuloFlav7) 1061 238,000 £ 7,000 1088 0.46 £0.01 1090 +40
3.4 1029 207,000 £ 1,000 1056 0.51 £0.02 1060 + 40
3.5 1034 247,000 £ 1,000 1061 0.48 +0.02 1190 + 50
3.6 1032 110,000 £ 10,000 1060 0.54 £ 0.01 590 + 60
3.7 1047 210,000 £ 10,000 1078 0.58 +0.02 1220+ 70
3.8 1021 140,000 + 10,000 1048 0.45+0.01 630 + 40
3.9 998 108,000 + 4,000 1022 0.42 £0.02 450 + 30
3.10 (MeOFlav7) 984 190,000 + 1,000 1008 0.52 +£0.01 990 + 20
3.11 (IR-27) 987 231,000 % 6,000 1011 0.35+0.01 810 + 30
ICG 787° 194,000% + 5,000 818° 0.66%°+ 0.01 1,280 + 30°
IR-26 1080 171,000 + 5,000 1114 0.05° 86+3

adata taken from Rurack, K. & Spieles, M. Anal. Chem. 83, 1232—-1242 (2011). (measured in EtOH)

byalue includes only the % emission between 1000—1300 nm (5%), from Carr, J. A. et al. Proc. Natl. Acad. Sci.
USA 115, 4465-4470 (2018).

¢value from Semonin, O. E. et al. J. Phys. Chem. Lett. 1, 2445-2450 (2010). and treated as a constant for
relative ®r measurements.

3.3.3 Excitation Multiplexing with Flavylium SWIR Dyes

For excitation multiplexing, we are most interested in properties of the series of
polymethine fluorophores when excited at 980 and 1,064 nm, as these wavelengths correspond to
readily available, low-cost and high-power (=25 W) continuous-wave lasers and allow for
multiplexing with established dyes like ICG and IRDye 800CW at 785 or 808 nm. Thus, we
calculated brightness(ex) values for each dye using the absorption coefficient at the relevant
wavelengths. The variation in brightness when excited at the wavelength of interest versus all other
wavelengths used determines the amount of cross-talk between channels. Cross-talk reduces the
contrast between channels, limiting the dynamic range. From Figure 3.2E and Figure 3.3 we

observe that Flav7 (3.1) has similar brightness when excited with 980 or 1,064 nm light, and thus
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is poorly suited for excitation multiplexing with these lasers. Examining Figure 3.2E and Figure
3.3, candidates emerge for excitation-multiplexed imaging, with 3.3 (named JuloFlav7) being
superior for imaging at 1,064 nm (brightness(gios4) = 1,090 £ 40 M™! cm™!) and 3.10 (named
MeOFlav7) having the advantage at 980 nm (brightness(gsso) = 980 = 20 M 'em™!). We further
analyzed the photophysical properties of JuloFlav7 (3.3) for multiplexing using the percent
difference of brightness at A = 1,064 versus A = 980 nm as a numerical metric to predict
multiplexing performance and found that JuloFlav7 (3.3) is predicted to have the lowest levels of
cross-talk compared to existing polymethine dyes (Figure 3.4)[19,41]. This ‘excitation-matching’
concept can be further visualized by observing the absorption profiles and excitation wavelengths
on the same plot (Figure 3.5A). Employing ICG, which is well matched to the common 785 nm

laser, adds a third color.
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Figure 3.3 Brightness (defined as &. x ®f) of the heptamethine dyes at relevant excitation
wavelengths A) A = 785 nm, B) A = 980 nm, and C) A = 1,064 nm. Error bars represent the
propagated error from standard deviations in € and ®r measurements. Data here are identical to
those in Figure 3.2E and are displayed here in separate plots for increased visibility.
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Figure 3.4>3 Comparison of photophysical properties related to multiplexing between 980 and
1,064 nm of JuloFlav7 (3.3) to initial dyes used for SWIR imaging with >1,000 nm. A) Table
comparing photophysical properties of dyes upon 980 or 1,064 nm excitation, exposure times and
frame rates of imaging obtained, and delivery vehicles used in the original report. (Imaging speeds
are dependent on camera gain, read noise, dark current, pixel size, read time, optical throughput, and
irradiation wavelength/intensity, in addition to probe concentrations and deliverable dose. Aiming for a
qualitative comparison, we assume each report chose suitable or optimal parameters to obtain the reported
results.) B) Brightness values upon 980 or 1,064 nm excitation plotted for each dye. Error bars

2 While IR-1061 looks to be a close second to JuloFlav7, in both brightness and relative signal at 1,064 nm,
these results are not translated in vivo, likely due to instability in physiological environments, as we have
characterized previously (Ref. [39]).

* Donor-acceptor-donor (DAD) dyes[20-22, 24 and others] have broad NIR absorption bands ~750 nm
which precludes them from the longer wavelength excitation (980 nm, 1,064 nm) that are needed for the
presented excitation-multiplexed imaging.
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represent propagated error from the standard deviation of the & and @ (if available). C) Percent
difference of brightness at 1,064 vs. 980 nm plotted for each dye.
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Figure 3.5 Excitation-multiplexed SWIR imaging. A) Absorption profiles of dyes used in
imaging experiments plotted against excitation wavelengths employed. B-C) Absorption spectra
(grey); emission spectra (excitation at 880 nm (B) and 900 nm (C), black dotted line); and
excitation spectra (emission monitored at 1,008 nm (B) and 1,088 nm (C), black solid line) of
micelle-encapsulated 3.10 (B) and 3.3 (C) overlaid with absorption traces of dyes in DCM
(colored). D) Photophysics of the micelle-encapsulated dyes in water. E) Raw and unmixed images
of successive frames and merged three-color images of vials containing ICG (left), 3.10 (center)
and 3.3 (right) in ethanol or DCM (top) and in micelles in water (middle and bottom). Arrows
indicate linear unmixing procedure. F) Experimental timeline of administration of the three probes
used in (G). G) Multiplexed in vivo images using 785, 980 and 1,064 nm excitation wavelengths
(average power density = 78 mW cm2) and 1,150-1,700 nm collection (10 ms exposure time;
27.8 fps). Displayed images are averaged over five frames. Abs, absorption; em, emission; ex,
excitation; org, organic; aq, aqueous; PEG, polyethylene glycol; PE, phosphoethanolamine; MW,
molecular weight; Aans, wavelength of absorption maximum for the lowest energy (monomer)
species; Amax.em, Wavelength of maximum emission.

=
—.Oex.]aq.fo'8 —3.3 ex.
.10 em. % 064 -""3.3 em-
Q

.
"
'
'
.
'
'
.
'
I
'
.
.
.

X o 0.4
. g 0.
.‘.' “'\. ﬁ J
g .. < 0.2
e Y —"

0+ 1 1
600 800 1000 1200 1400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Normalized
Norm

Aabsab Amax,ema Pg?
(nm) (nm) (%)

3.10 (MeOFlav7) 18:1 PEG2000 PE (MW 2000) 986 1007 0.15
3.3 (JuloFlav7) 18:0 PEG5000 PE (MW 5000) 1074 1105 0.11

dye lipid

O
4 min Omin6s

aAll photophysics are in micelle-encapsulations in water
babsorbance peak of the lowest energy (monomer) transition

To perform excitation multiplexing with single-channel SWIR detection using the new,

bright SWIR-emissive dyes, a custom SWIR imaging configuration with three lasers and a fast

* Imaging data in this chapter with Mara Saccomano, Bernardo Arus, and Sarah Glasl.
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InGaAs camera was constructed (Figure 3.6). With 785, 980 and 1,064 nm lasers, tailored
excitation could preferentially excite three fluorophores. Emission is detected in a color-blind
fashion using identical filters and settings for all channels. This approach provides high-resolution
images without optical aberrations arising from detection at different wavelengths (Figures 3.7—
3.8 and Section 3.6.4 for multiplexing resolution effects). In addition, this method enables fast
acquisition of all channels in each imaging frame by using rapidly modulated excitation sources
and identical acquisition settings in a single detector. To accomplish real-time imaging, triggers
on the millisecond timescale are sent independently to each continuous-wave laser, and the
detector is programmed to collect a single frame for each sequential excitation pulse (Section
3.6.5). While the effective frame rate of collection is slowed by a factor equal to the number of

channels, video-rate acquisition was still achievable due to the well-matched, bright fluorophores.

Vv PC
trigger
signal [-------=------ -
interface :
|
| v
A\ /L ‘_- —— digital data link
VA - --pulsed electrical signal
Yk InGaAs C |
camera 11 pulsed optical signal

system
ﬂ : .

Figure 3.6 Electronic trigger-controlled excitation-multiplexed shortwave infrared imaging
system.
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Figure 3.7 Resolution effects upon excitation multiplexing and single-channel detection in the
SWIR. A) Images of a mouse phantom acquired after injection of JuloFlav7 (3.3) (94 nmol) and
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immediate euthanasia. Images were acquired with 785 nm excitation (93 mW cm™2), 980 nm

(30 mW cm™), and 1,064 nm (11 mW cm2) and collection 1,150-1,700 nm (48 ms, 20 fps).
Displayed images are averaged over 200 frames. B) To observe resolution, 12 cross-sections were
drawn over different vessels (labelled in (A)) and the baseline subtracted and normalized cross-

sections are overlaid. ex. = excitation; LP = longpass.
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Figure 3.8 Resolution effects observed upon emission multiplexing with a single excitation
wavelength in the SWIR. A) Images of a mouse phantom acquired after injection of JuloFlav7
(3.3) (94 nmol) and immediate euthanasia, after one freeze-thaw cycle. Images were acquired with
980 nm excitation. Laser powers and exposure time are as follows (1) 1,000 nm LP = 8.1 mW
cm 2, 30 ms; 1,300 nm LP = 24 mW cm 2, 500 ms; 1,500 nm LP = 177 mW cm2, 500 ms.
Displayed images are averaged over 200 frames. B) To observe resolution, 5 cross-sections were

drawn over different vessels (labelled in (A)) and the baseline subtracted and normalized cross-
sections are overlaid. LP = longpass.

In preparation for in vivo delivery of SWIR dyes, JuloFlav7 (3.3) and MeOFlav7 (3.10)
were encapsulated in polyethylene glycol-coated micelles to impart water solubility (Figures 3.9—
3.10). The micelle-encapsulated dyes demonstrate low toxicities to mammalian cells (Figure 3.11).

The aqueous-soluble formulations of 3.3 and 3.10 display aggregation, which decreases the
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concentration of emissive species present in the aqueous environment, but does not substantially
alter their excitation or emission profiles (Figure 3.5B-D and Figure 3.12). We verified that
excitation multiplexing proceeded in both organic and aqueous environments by imaging tubes
containing ICG (Figure 3.5E, left), MeOFlav7 (3.10; center) and JuloFlav7 (3.3; right) in organic
solvent (top), and micelle encapsulations in water (middle). In each case, three successive frames
collected with 785, 980 and 1,064 nm lasers show high intensities in the left, center and right
samples, respectively. Merging the three frames together yields a three-color image representing
one effective multiplexed frame. Because molecules absorb minimal light at energies lower than
their So to Si transition, cross-talk occurs primarily in one direction. Linear unmixing can correct

for minor signal overlaps between channels as seen in Figure 3.5E (bottom) and further discussed

in the figure experimental procedures in Section 3.5.3.

Figure 3.9 Assembly of PEG-phospholipid micelles. A) Encapsulation of JuloFlav7 (3.3) in 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (sodium
salt) lipid (abbreviated 18:0 PEG5000 PE) micelles. B) Encapsulation of MeOFlav7 (3.10) in 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-[ methoxy(polyethylene glycol)-2000]
(ammonium salt) lipid (abbreviated 18:1 PEG2000 PE) micelles.
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Figure 3.10 Dynamic light scattering (DLS) characterization of PEG-phospholipid micelles of A)
JuloFlav7 (3.3) in 18:0 PEG5000 PE and B) MeOFlav7 (3.10) in 18:1 PEG2000 PE. Data are the
average of three measurements, error represents the standard deviation. Note: in B) the peak at ~3

um is 3% intensity by area but constitutes minimal aggregation as intensity measurements are
proportional to diameter to the sixth power.
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Figure 3.11° Viability of HEK293 cells upon incubation with empty (vehicle) and dye-filled
micelles of 3.3 or 3.10 (light grey = 20 uL treatment; dark grey = 50 uL treatment) for 3 hours. A—
B) Bar graphs displaying percent viability of ungated (A) and gated (B) populations. Data represent

> Data by Kelly Wong
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the mean = SD, n = 3 biological replicates. C—D) Histograms of ungated (C) and gated (D)
populations. Number of cells for all ungated samples is 15000. E) Forward side scatter plots, with
gates overlaid. One-tailed Student’s t-test assuming unequal sample variance for each treatment
with dye containing micelles compared to empty micelles do not show statistical significance
(results were considered ns if P > 0.05). Ungated analysis: P =0.21, 3.3 in 18:0 PEG5000 PE (20
ulL); P=0.19, 3.3 in 18:0 PEG5000 PE (50 uL); P = 0.49, 3.10 in 18:1 PEG2000 PE (20 uL); P =
0.33, 3.10 in 18:1 PEG2000 PE (50 uL). Gated analysis: P = 0.42, 3.3 in 18:0 PEG5000 PE (20
ulL); P=0.15, 3.3 in 18:0 PEG5000 PE (50 uL); P = 0.50, 3.10 in 18:1 PEG2000 PE (20 uL); P =
0.34, 3.10 in 18:1 PEG2000 PE (50 uL). Data are representative of two replicate experiments.
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Figure 3.12 Absorption, excitation, and emission spectra of monomer dyes dissolved in DCM
(black traces) and micelle-encapsulated dyes dispersed in water (colored traces) of A—C) JuloFlav7
(3.3, red), [excitation spectra: em. 1088 nm; emission spectra: ex. 885 nm (DCM) and ex. 900 nm
(water)] and D-F) MeOFlav7 (3.10, blue), [excitation spectra: em. 1008 nm; emission spectra: ex.
885 nm (DCM) and ex. 880 nm (water)]. Consistency between excitation and emission spectra in
organic solvent and micelles in aqueous solvent indicates that aggregation effects are not
contributing to the emissive properties of the dye.
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3.3.4 In vivo Demonstration of Multicolor SWIR imaging

Using single-channel imaging, we validated that micelles containing JuloFlav7 (3.3) could
be imaged with 8—9 ms exposure time after intravenous (i.v.) injection through a tail vein catheter
in anaesthetized mice, under 1,064 nm excitation and 1,150-1,700 nm detection (Supplementary
Video 3.1 and Figure 3.13). The high signal-to-noise ratio obtained at 100 fps was encouraging
and suggested that video-rate speeds would be attainable upon addition of multiple channels.
Further, the excitation-matching strategy was validated by an approximately ten-fold improvement
in speed compared to previously reported polymethine chromophores for imaging with 1,064 nm
excitation (Figure 3.4). We performed three-color imaging in vivo by first performing an
intraperitoneal (i.p.) injection of MeOFlav7 (3.10), followed by i.v. injections of JuloFlav7 (3.3)
and finally ICG (Figure 3.5F and Supplementary Videos 3.2 and 3.3). Representative time points
of the three-color video are displayed in Fig. 3.5G and Figure 3.14. The (bio)distribution of each
dye over any position can be determined from the relative contributions of the three channels, as
visualized in the single-channel images. After establishing both the technology and the molecular
tools for multiplexed real-time observation of function in mice, the next goal was to enhance

applications of SWIR imaging.
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Figure 3.13 Imaging with 1,064 nm excitation after injection of JuloFlav7 (3.3) micelles. A)
Whole mouse imaging at selected time-points after i.v. injection of JuloFlav7 (3.3) micelles (44
nmol) in PBS buffer with excitation at 1,064 nm (103 mW c¢cm™") and 1,150-1,700 nm collection
(8 ms exposure time, 100 fps). B) Imaging of the mouse hind-limb at selected time points after i.v.
injection of JuloFlav7 (3.3) micelles (55 nmol) with excitation at 1,064 nm (95 mW c¢m™!) with
1,100-17,00 nm collection (9 ms exposure time, 100 fps). Displayed images are averaged over 5
frames. Scale bars represent 1 cm. Data are representative of two replicate experiments.
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Figure 3.14 Video-rate multiplexed imaging in vivo. Imaging occurred after delivery of probes
3.10 (i.p, 211 nmol in micelles), 3.3 (i.v. 50 nmol in micelles) and ICG (i.v., 6.5 nmol). Acquisition
parameters were excitation for three channels at 785 nm (78 mWem!), 980 nm (77 mWem'!), and
1,064 nm (79 mWem) and 1150-1700 nm collection (10 ms exposure time, 27.8 fps). Displayed
images are averaged over 5 frames. Data are representative of two replicate experiments. Scale bar
represents 1 cm.
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3.3.5 Applications of Multicolor Real-Time SWIR Imaging

Physiological properties such as heart rate, respiratory rate, thermoregulation, metabolism
and central nervous system function are highly impacted by anaesthesia[53]. Methods to observe
animals in their natural state are necessary to study physiology, but are currently limited to
telemetric sensors and electrocardiography, involving surgical implantation[54] or external
contact[55], respectively. Recently, high-speed SWIR imaging has enabled contact-free
monitoring of physiology in awake mice[18]. Due to frame rates that are faster than macroscopic
movements in animals, the heart rate and respiratory rate in awake animals can be quantified. In
this study, we expanded this technique by observing awake, unperturbed mice in three colors. In
Figure 3.15A, Figure 3.16 and Supplementary Video 3.4, awake mouse imaging was performed
80 min after i.p. administration of MeOFlav7 (3.10) and consecutive i.v. administration of
JuloFlav7 (3.3) and ICG. From the top view of the moving mouse, ICG could be visualized
exclusively in the liver and MeOFlav7 (3.10) in the abdomen, while JuloFlav7 (3.3) remained
systemically distributed throughout the mouse. In addition to the ability to assess natural
physiology, such as the awake breathing rate (Figure 3.15B, quantified here at 247 breaths per
minute), contact free, these tools foreshadow more complex experiments in which the location of

multiple probes could be monitored longitudinally, non-invasively and without anaesthesia.
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Figure 3.15 Applications enhanced by SWIR multiplexed imaging. A) Multiplexed imaging of an
awake mouse showing one continuous movement of the head with 785, 980 and 1,064 nm
excitation wavelengths (average power density = 78 mW cm2) and 1,150-1,700 nm collection
(10 ms exposure time; 27.8 fps). Displayed images are a single frame. B) Awake breathing rate
(247 breaths per minute), analyzed by quantifying the liver motion (by the center of mass) over
the region of interest (r.0.i.) in (A). C) Imaging of ICG clearance with systemic labelling by
JuloFlav7 (3.3) micelles. Multiplexed in vivo images using 785 and 1,064 nm excitation (100 mW
cm2) and 1,150-1,700 nm collection (5 ms exposure time; 50 fps). Displayed images are averaged
over five frames. D) Percent signal in the liver of ICG and micelles of JuloFlav7 (3.3) over one
hour. Data are displayed as the mean intensity over the r.o.i. (in ¢) + standard deviation, n = 805
pixels within the r.0.i. E) Two-color necropsy procedure, captured in real time in Supplementary
Video 3.5. Acquisition settings are as in (C).
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Figure 3.16 Imaging of an awake mouse in three colors. Imaging occurred ~80 min after delivery
of probes 3.10 (i.p, 211 nmol in micelles), 3.3 (i.v. 50 nmol in micelles) and ICG (i.v., 6.5 nmol).
The acquisition parameters were excitation for three channels at 785 nm (78 mWem™), 980 nm
(77 mWem), and 1,064 nm (79 mWem™) and 1150-1700 nm collection (10 ms exposure time,
27.8 fps). Displayed images are single frames. Scale bar represents 1 cm.
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In addition, biodistribution of two species can be monitored in the same organs. For
example, the accumulation and clearance from the liver of each probe can be observed and
decoupled. We injected JuloFlav7 (3.3) and ICG consecutively through the tail vein and imaged
the whole mouse at several time points over a one-hour period (Figure 3.15C). In the duration of
the experiment, the liver signal from the 1,064 channel remained constant, in contrast to the 785
channel, which shows depletion over time. (Figure 3.15D and Figure 3.17). The fast acquisition
speeds obtained via excitation multiplexing enable real-time (50 fps in two colors) feedback during
necropsies and surgeries (Figure 3.15E and Supplementary Video 3.5). The methods reported
herein are applicable not only to non-invasive imaging but also in aiding surgeons in identifying

essential and/or diseased structures during intraoperative procedures[56,57].
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785 nm Composite

1064 nm

Figure 3.17 Liver clearance monitored over time in two colors. Probes 3.3 (50 nmol in micelles)
and ICG (6.5 nmol) were delivered by i.v. injection. Acquisition parameters were excitation for
two channels at 785 nm (100 mWem™), and 1,064 nm (100 mWem™) and 1150-1700 nm
collection (5 ms exposure time, 50 fps). Displayed images are averaged over 5 frames. Scale bar
represents 1 cm.

A widely investigated use of fluorescence-guided surgery is for the lymphatic system, both

to identify sentinel lymph nodes implicated in cancer[58] and to assess the structure/function of
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lymphatic networks in lymphovascular disorders[59]. A complementary clinical need is to safely
and quickly assess vascular function[60]. With administration of ICG and JuloFlav7 (3.3) in the
lymphatic and circulatory systems, respectively, both essential functions can be observed
simultaneously. ICG was injected intradermally into the footpads and the tail. After 40 min, ICG
had accumulated in the lymph system, and the pulsating motion of the collecting lymphatic vessels
could be observed (Supplementary Video 3.6). Subsequently, JuloFlav7 (3.3) was injected
intravenously, immediately filling the vasculature (Figure 3.18A-C, Figure 3.19 and
Supplementary Video 3.6). Image collection at 21 fps in two channels gave high spatially and
temporally resolved images with separate visualization of lymph vessels from veins and arteries
(Figure 3.18D-E and Figure 3.20). Notably, the function of each vessel, modelled by the signal
across a linear cross-section, can be observed in real time (Figure 3.18F). The ability to
differentiate lymph and circulatory structures and simultaneously monitor their function has
implications in non-invasive diagnostics as well as in expanding technologies for fluorescence-

guided surgery.
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Figure 3.18 Orthogonal lymphatic and circulatory imaging with high spatiotemporal resolution
after intradermal (i.d.) injection of ICG and i.v. injection of JuloFlav7 (3.3) micelles. A)
Experimental timeline. B) Representative image acquired 30 s after injection of JuloFlav7 (3.3)
micelles. C) Time points over the relevant time period analyzed in D-F. D—E) Three-dimensional
plots of the 785 nm channel (D) and 1,064 nm channel (E) demonstrating simultaneous intensity
information in two colors over the r.0.1. indicated in (B) and (C), and highlighting the spatial and
temporal resolution captured. Contour plots are shown in Figure 3.19. F) The signal in each vessel
over time can be quantified by plotting the amplitude of the vessel, fit as a Gaussian curve at each
frame (points). The data is interpolated using a smoothing spline fit (solid lines). Acquisition, 785
and 1,064 nm excitation wavelengths (96 mW c¢m™2) and 1,100-1,700 nm collection (20 ms
exposure time; 21.7 fps). Displayed images are averaged over five frames.
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composite 785 nm 1064 nm

328s 20.1s

36.2s

70.6s 58.1s
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Figure 3.19 Imaging of blood and lymphatic circulation in two colors. Imaging occurred after
delivery of probes ICG (i.d., 323 nmol) and 3.3 (i.v., 55 nmol in micelles). The excitation for two
channels was 785 nm (96 mWcm™), and 1,064 nm (96 mWcm™). Collection 11501700 nm, 20
ms exposure time, 21.7 fps. Displayed images are averaged over 5 frames. Data are representative
of two replicate experiments. Scale bar represents 1 cm.
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Figure 3.20° Contour plots of orthogonal circulatory and lymphatic imaging, corresponding to
Figure 3.17D-E. A) Combined 785 nm and 1,064 channels. B) 785 nm channel and C) 1,064
channel.
3.4 Conclusion

Despite the large set of optical tools developed for the VIS and NIR regions of the
electromagnetic spectrum, which enable fast, multiplexed detection in small model organisms,
non-invasive, multicolor imaging in mammals with high resolution is still a considerable
challenge. By developing predictably tunable SWIR polymethine fluorophores, along with a

triggered multi-excitation SWIR optical configuration, we demonstrated multicolor whole-animal

imaging at video-rate speeds and sub-millimetre resolution. The approach of excitation

% Figure by Jakob Lingg
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multiplexing with single-channel SWIR detection presented here minimizes challenges due to the
low quantum yields of SWIR fluorophores by using efficient excitation and detection, and also
expands the wavelengths of the electromagnetic spectrum compatible with multicolor deep-tissue
imaging.

Several key advances were necessary to successfully translate excitation-multiplexed
imaging methods to whole animals. The ability to fine-tune the spectral properties of the
fluorophores to excitation-match relevant lasers was accomplished by systematic functional group
manipulation on a bright SWIR dye scaffold. These studies revealed predictive metrics for SWIR
fluorophore absorption/emission using physical organic chemistry and produced MeOFlav7
(3.10), well matched to 980 nm, and JuloFlav7 (3.3), well matched to 1,064 nm. These dyes, along
with FDA-approved ICG, enable single-channel imaging at 100 fps and two- or three-color
imaging at video-rate speeds (=27 fps). Ultimately, we envision that excitation-matching will be
an essential design principle for the future optimization and utility of fluorophores and other light-
activated probes. The technologies open a new realm in monitoring orthogonal function in
mammals, even in awake animals without restraint or implantation. Furthermore, the rapid
acquisition speeds combined with the high spatial resolution at which multiplexed imaging can be
performed will enable real-time information regarding the localization of tagged biomolecules,
labelled structures (for example, a tumour) and anatomical reference structures such as tissues (for
example, liver or bones) and blood and lymphatic vessels. These tools, as well as further
exploration of polymethine-based probes and the development of clinical imaging systems, will

enable superior surgical, diagnostic and biomedical studies.
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3.5 Experimental Procedures

3.5.1 General Experimental Procedures

Materials. Chemical reagents were purchased from Accela, Acros Organics, Alfa Aesar, Carl
Roth, Fisher Scientific, Sigma-Aldrich or TCI and used without purification unless noted
otherwise. Lipids were purchased from Laysan Bio and Avanti Polar Lipids. Anhydrous and
deoxygenated solvents (toluene, THF) were dispensed from a Grubb’s-type Phoenix Solvent
Drying System constructed by J. C. Meyer. Anhydrous solvents were prepared by drying over 4 A
molecular sieves for at least three days (1,4-dioxane, ethanol, n-butanol, n-pentanol) or dried with
CaCly, followed by MgSO4 and distilled (EtOAc). Oxygen was removed by three consecutive
freeze—pump—thaw cycles in air-free glassware directly before use.

Instrumentation. Thin layer chromatography was performed using Silica Gel 60 F254 (EMD
Millipore) plates. Flash chromatography was executed with technical grade silica gel with 60 A
pores and 40—63 um mesh particle size (Sorbtech Technologies). Solvent was removed under
reduced pressure with a Biichi Rotavapor with a Welch self-cleaning dry vacuum pump and further
dried with a Welch DuoSeal pump. Bath sonication was performed using a Branson 3800
ultrasonic cleaner or an Elma S15Elmasonic. Nuclear magnetic resonance (\H NMR, 3C NMR
and 'F NMR) spectra were taken on a Bruker Avance 300, AV-400, AV-500 or AV-600
instrument and processed with MestReNova or TopSpin software. All 'H NMR and '*C NMR
peaks are reported in ppm in reference to their respective solvent signals. The 'F NMR spectra
are reported in ppm in reference to a,o,0-trifluorotoluene at —63.90 ppm as an external
standard[61]. High-resolution mass spectra (electrospray ionization) were obtained on a Thermo
Scientific Q Exactive Plus Hybrid Quadrupole-Orbitrap M with Dionex UltiMate 3000 RSLCnano

System. Infrared spectra were obtained on a PerkinElmer UATR Two FT-IR spectrometer and are
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reported in terms of frequency of absorption (cm™'). Nanomaterial size was analyzed with a
Malvern Zetasizer Nano dynamic light scattering instrument in plastic 1 cm cuvettes. Absorption
spectra were collected on a JASCO V-770 UV-visible/NIR spectrophotometer with a 2,000 nm
min~! scan rate after blanking with the appropriate solvent. Photoluminescence spectra were
obtained on a Horiba Instruments PTI QuantaMaster Series fluorometer. Quartz cuvettes (10 mm
x 10 mm, 2 mm % 10 mm or 3 mm X% 3 mm; Starna Cells or Thorlabs) were used for absorption
and photoluminescence measurements. All spectra were obtained at ambient temperature.
Normalized spectra are displayed for clarity. Absorption coefficient (emax) values in DCM were
calculated using serial dilutions with Hamilton syringes in volumetric glassware and are displayed
as the mean + standard deviation (n = 3 measurements). Relative quantum yields were determined
in DCM relative to IR-26 in DCM. See Section 3.6.3 for a detailed discussion of quantum yield
measurements.

General synthetic procedures. Flavones 3.13a—c¢ were synthesized by subjecting the
corresponding 3-aminophenol (150-750 mg scale, 1.0 equiv.) to ethyl benzoylacetate (1.75-2.0
equiv.) and heating at 180 °C for 1548 h. Compounds were purified by column chromatography
with a hexanes/EtOAc solvent gradient (51-55% yield). Flavone 3.15 was synthesized following
a known procedure[62]from 7-hydroxyflavone 3.16. Flavones 3.13d—h were synthesized by
subjecting flavone 3.15 (50-180 mg scale, 1.0 equiv.) to the corresponding secondary amine (1.5—
2.8 equiv.), RuPhos Pd G3 (0.1 equiv.), RuPhos (0.1 equiv.) and caesium carbonate (1.5 equiv.),
in either toluene (at 100-110 °C; 0.1-0.3 M) or THF (at 50 °C; 0.1-0.3 M) for 5.5-22 h.
Compounds were purified by column chromatography with a hexanes/EtOAc solvent gradient
(63-83% yield). Flavone 3.13i was synthesized by subjecting 7-aminoflavone (3.17) (180 mg

scale, 1.0 equiv.) to di-tert-butyl dicarbonate (3.2 equiv.), triethylamine (2.5 equiv.) and
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dimethylamino pyridine (0.3 equiv.) in THF (0.2 M), and heating to reflux for 48 h. The compound
was purified by column chromatography with a hexanes/EtOAc solvent gradient (66% yield).

Flavyliums 3.12a—i were synthesized by subjecting the corresponding flavone
(3.13a-i) (20-770 mg scale, 1.0 equiv.) to methyl magnesium bromide (1.5-3.2 equiv.) in THF
(0.05-0.1 M) at 0 °C, warming to room temperature and stirring for 12-24 h. The reaction was
quenched with aqueous fluoroboric acid, extracted with DCM and aqueous fluoroboric acid, dried
and filtered. The compounds were purified by trituration with EtOAc or with diethyl ether and
toluene (39-86% yield, 3.12i not isolated for yield). Flavylium 3.12j was synthesized following a
literature procedure[45].

Heptamethine dyes 3.1-3.11 were synthesized by subjecting the corresponding flavylium
(3.12a—j) (10-150 mg scale, 1.0 equiv.) to N-((3-(anilinomethylene)-2-chloro-1-cyclohexen-1-
yl)methylene)aniline hydrochloride (3.18) (0.40—0.49 equiv.) with either sodium acetate or 2,6-di-
tert-butyl-4-methylpyridine (1.5-5.6 equiv.) in either n-butanol/toluene, 1,4-dioxane, ethanol or
n-pentanol (0.05-0.1 M) at 70—140 °C for 10-120 min. Compounds were purified by a mixture of
column chromatography (with a gradient of either DCM/EtOH, DCM/acetone, DCM/MeCN or
DCM/toluene/EtOH), trituration (in toluene and THF) and Soxhlet extraction (compound 3.10, in
toluene). Compounds were isolated in 5-51% yield. See the specific experimental procedures in
Section 3.5.2 for individual procedures used to obtain each flavone, flavylium and heptamethine
dye and the full characterization of all new compounds.

Animal procedures. Animal experiments were conducted in conformity with the institutional
guidelines. Non-invasive whole mouse imaging was performed on athymic nude female mice (6—
16 weeks old, weight between 20-25 g), purchased from Envigo. Mice were anaesthetized with an

i.p. injection of a ketamine/xylazine mixture. Tail vein injections were performed with a catheter

123



assembled from a 30-gauge needle connected through plastic tubing to a syringe prefilled with
isotonic saline solution. The bevel of the needle was then inserted into the tail vein and secured
using tissue adhesive. The plastic tubing was then connected to a syringe (30-gauge needle)
prefilled with the probe of interest. All probes were filtered through a 0.22 um syringe filter prior
to 1.v. injection.
SWIR imaging apparatus. For whole mouse imaging, a custom-built set-up was used. Lumics
laser units (LU1064DLD350-S70ANO03 (35 W), 1,064 nm; LU0980D350-D30AN (35 W), 980
nm; and LUO785DLU250-S70ANO03 (25 W), 785 nm) were used for excitation. Laser modules are
specced to £10 nm. Laser outputs were coupled in a 4 X 1 fan-out fibre-optic bundle (Thorlabs
BF46LS01) of 600 um core diameter for each optical path. The output from the fibre was fixed in
an excitation cube (Thorlabs KCB1EC/M), reflected off of a mirror (Thorlabs BBE1-E03) and
passed through a positive achromat (Thorlabs AC254-050-B), SP filter (if necessary) and ground
glass diffuser (Thorlabs DG10-120-MD) or an engineered diffuser (Thorlabs ED1-S20-MD) to
provide uniform illumination over the working area. In a typical experiment, the excitation flux at
the object was adjusted to be close to 100 mW c¢m 2 with an error of £3% (the power density used
is defined separately in each experiment). The working area was covered by a heating mat coated
with blackout fabric (Thorlabs BKS5). Emitted light was directed onto an Allied Vision Goldeye
G-032 Cool TEC2 camera with a sensor temperature set point of =20 °C. Two lens systems were
used, as follows:

Lens system A: emitted light was directed through a four-inch square first-surface silver
mirror (Edmund Optics, 84448) with a custom filter set (defined for each experiment) and a C-
mount camera lens (Navitar, SWIR-35).

Lens system B: the custom lens system consists of a 4f configuration with three
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lenses with focal length (f) = 500.0 mm (Thorlabs LB1909-C) and two f = 200.0 mm lenses
(Thorlabs LB1199-C) with a custom filter set (defined for each experiment). For ergonomic
reasons, a 2-inch protected silver-coated elliptical mirror (PFE20-P0O1) mounted to a kinematic
mount (Thorlabs KCB2EC/M) was used.

The assembly was partially enclosed to avoid excess light while enabling manipulation of the field
of view during operation. The image acquisition toolbox of the MATLAB programming
environment was used in combination with a custom MATLAB script to preview and collect the
required image data in 8-bit or 12-bit format. The prepared MATLAB script allows users to access
basic functionalities of the image acquisition device by establishing the necessary communication
layer and a stable streaming link between the host computer and the imaging device.
Multiplexed imaging acquisition. To facilitate real-time multiplexed imaging, a programmable
trigger controller was implemented using an Arduino Nano Rev 3 (A000005) microcontroller unit.
Predetermined triggering sequences written in C language were compiled using the Arduino
Integrated Development Environment in the host computer and uploaded via USB interface to the
microcontroller unit. The pre-programmed trigger controller was then used to deliver the
sequential electrical voltage signals of 5 V to the laser driver units and InGaAs camera to perform
multiplexed image acquisition. A semi-automatic imaging algorithm adopted in MATLAB (see
above, SWIR imaging apparatus), in combination with manual control of laser parameters via the
individual laser modules, and the programmed microcontroller unit facilitate excitation-
synchronized imaging. Excitation-synchronized frames are collected by the camera and transferred
to the personal computer via the GigE interface. Further information and illustrative figures can

be found in Section 3.6.5.
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Image processing procedures. Images were processed using the Fiji distribution[63] of
ImageJ[64]. All images were background corrected with a ten-frame averaged background file to
correct for non-linearities in the detector and/or excitation. Raw images underwent no further
processing. Unmixed images were image subtracted according to the relative contribution of each
channel, determined separately for each experiment, and detailed in the figure experimental
procedures, Section 3.5.3. All still images were averaged over five frames and converted to 8-bit
PNG files for display, unless stated otherwise. Videos were frame averaged to reduce file size, if

necessary, before compression with FFmpeg to a .mov file.

3.5.2 Experimental Procedures
o o o 7-(trifluoromethanesulfonate)-2-phenyl-4 H-chromen-4-
F3C/S\\O W one(3.15): The preparation was adapted from Kovér and Antus[62].
O In a 150 mL flask, 7-hydroxyflavone (3.16) (902 mg, 3.79 mmol, 1.0
equiv.) and pyridine (15.0 mL, 186 mmol, 49 equiv.) were combined and placed in an ice bath.
Trifluormethanesulfonic anhydride (1.30 mL, 7.73 mmol, 2.0 equiv.) was added dropwise. After
2 h, the reaction was quenched with sodium bicarbonate, extracted into EtOAc, washed with brine,
and evaporated. The crude product was purified via column chromatography in an 8:1
hexanes/EtOAc mixture to yield a white solid (934 mg, 2.52 mmol, 67%. 'H NMR (400 MHz,
Chloroform-d) ¢ 8.34 (d, J = 8.8 Hz, 1H), 7.96 — 7.86 (m, 2H), 7.63 — 7.50 (m, 4H), 7.34 (dd, J =

8.8, 2.3 Hz, 1H), 6.85 (s, IH). 'H NMR agrees with the literature.
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| 7-(dimethylamino)-2-phenyl-4 H-chromen-4-one (3.13a): 3-
_N O._Ph
\Q;J dimethylaminophenol (3.14a) (500 mg, 3.64 mmol, 1 equiv.) and ethyl
O benzoylacetate (1.10 mL, 6.37 mmol, 1.75 equiv.) were combined in a 10
mL flask and heated at 180 °C for 24 h. The solution was cooled to room temperature, evaporated
onto silica gel and purified via column chromatography with a 50:1 to 1:4, followed by a second
column in 6:1 to 1:1 hexanes/EtOAc gradient. The procedure gave a beige solid (493 mg, 1.86
mmol, 51%). R¢= 0.4 in 1:1 hexanes/EtOAc '"H NMR (500 MHz, Chloroform-d) & 8.01 (d, J=9.0
Hz, 1H), 7.91 — 7.84 (m, 2H), 7.54 — 7.44 (m, 3H), 6.73 (dd, J = 9.0, 2.4 Hz, 1H), 6.67 (s, 1H),
6.55 (d, J=2.4 Hz, 1H), 3.07 (s, 6H). 3*C NMR (126 MHz, Chloroform-d)  177.9, 162.3, 158.4,
154.2, 132.3, 131.1, 129.0, 126.6, 126.1, 113.7, 110.9, 107.3, 97.2, 40.3. HRMS (ESI") calcd for

Ci17H16NO2" [M+H]": 266.1176; found: 266.1178. Absorbance (CH2Cly): 229, 274, 358 nm.

( 7-(diethylamino)-2-phenyl-4 H-chromen-4-one (3.13b): 3-diethylamino

N (0] Ph
( W phenol (3.14b) (151 mg, 0.911 mmol, 1.0 equiv.) and ethyl benzoyl acetate
o) (0.314 mL, 1.81 mmol, 2.0 equiv.) were added to a flame-dried 1-dram vial

and heated to 100 °C for 5 h, followed by 180 °C for 15 h. The crude mixture was evaporated onto
silica gel and purified by column chromatography in a 9:1, 6:1, and 3:1 hexanes/EtOAc gradient.
The product was collected as a beige solid (136 mg, 0.463 mmol, 51%). Rr= 0.5 in 1:1
hexanes/EtOAc. '"H NMR (500 MHz, Chloroform-d) § 7.96 (d, J = 9.0 Hz, 1H), 7.87 — 7.75 (m,
2H), 7.5 —-7.37 (m, 3H), 6.66 (dd, J=9.1, 2.5 Hz, 1H), 6.62 (s, 1H), 6.49 (d, J=2.5 Hz, 1H), 3.38
(q,J=7.1 Hz, 4H), 1.18 (t, J = 7.1 Hz, 6H). *C NMR (126 MHz, Chloroform-d) 8 177.5, 161.9,

158.7, 151.9, 132.2, 130.9, 128.8, 126.6, 125.9, 113.1, 110.4, 107.1, 96.3, 44.7, 12.5. HRMS
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(ESI") caled for CioH20NO2" [M+H]*: 294.1489; found: 294.1491. Absorbance (CH2Cly): 233,

275, 365 nm.
11-phenyl-2,3,6,7-tetrahydro-1H,5H,9H-pyrano|2,3-f]pyrido|[3,2,1-
N 0 | Ph  iilquinolin-9-one (3.13¢): 8-hydroxyjulolidine (3.14c) (749 mg, 3.96
mmol,1.0 equiv.) and ethyl benzoyl acetate (1.20 mL, 6.93 mmol, 1.75
O

equiv.) were combined in a flame-dried 20 mL vial and heated at 180 °C for 48 h. The crude
mixture was evaporated onto silica gel and purified by column chromatography with a 9:1 to 4:1
hexanes/EtOAc gradient, followed by chromatography with a 6:1 to 1:2 with 1% ethanol gradient.
A beige solid (687 mg, 2.16 mmol, 55%) resulted. Rr= 0.5 in 1:1 hexanes/EtOAc. 'H NMR (500
MHz, Chloroform-d) 6 7.75 (dd, J = 6.7, 3.0 Hz, 2H), 7.52 (s, 1H), 7.46 — 7.25 (m, 3H), 6.57 (s,
1H), 3.17 (dt, J= 7.9, 5.5 Hz, 4H), 2.86 (t, J = 6.5 Hz, 2H), 2.69 (t, /= 6.3 Hz, 2H), 1.95 (p, J =
6.3 Hz, 2H), 1.86 (p, J = 6.2 Hz, 2H). '3C NMR (126 MHz, Chloroform-d)  177.6, 161.0, 153.6,
147.0, 132.4, 130.7, 128.7, 125.6, 122.1, 120.1, 112.7, 106.5, 105.5, 49.8, 49.3, 27.5, 21.3, 20.50,
20.48. HRMS (ESI") calcd for C21H20NO>" [M+H]": 318.1489; found: 318.1495. Absorbance

(CH,Cl,): 283, 381 nm.

E\ 7-(azetidin-1-yl)-2-phenyl-4 H-chromen-4-one (3.13d): Triflate 3.15

N (0] Ph

\CK[J/ (58.5 mg, 0.158 mmol, 1.0 equiv.), RuPhos-Pd-G3 (12.8 mg, 0.0153
O mmol, 0.1 equiv), RuPhos (7.2 mg, 0.015 mmol, 0.1 equiv.), and cesium

carbonate (72.6 mg, 0.223 mmol, 1.4 equiv,) were added to a 15 mL flame-dried 2-neck flask,
dissolved in THF (0.80 mL), and stirred at 50 °C under N, atmosphere for 5.5 h. Azetidine (0.034
mL, 0.50 mmol, 2.8 equiv.) was added by two 0.017 mL portions, initially and after 2.5 h. The

reaction mixture was extracted with dichloromethane/water, dried with MgSOs, filtered, and
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evaporated. The crude product was purified with a 10:1 to 2:1 hexanes/EtOAc solvent gradient to
yield a yellow solid (26.7 mg, 0.100 mmol, 63%). Rr= 0.5 in 1:1 hexanes/EtOAc. 'H NMR (500
MHz, Chloroform-d) & 8.03 (d, /= 8.7 Hz, 1H), 7.94 — 7.87 (m, 2H), 7.50 (m, 3H), 6.76 (s, 1H),
6.46 (dd, J=8.7, 2.2 Hz, 1H), 6.32 (d, /= 2.2 Hz, 1H), 4.06 (t, J = 7.4 Hz, 4H), 2.48 (p, J=17.3
Hz, 2H). 13C NMR (126 MHz, Chloroform-d) § 177.9, 162.4, 158.5, 155.3, 132.3, 131.3, 129.1,
126.9, 126.3, 114.3, 109.9, 107.3, 96.0, 51.8, 16.6. HRMS (ESI") calcd for Ci1sH1sNO2" [M+H]*:

278.1176; found: 278.1175. Absorbance (CH2Cl,): 227, 272, 307, 355 nm.

C\ 7-(pyrrolidin-1-yl)-2-phenyl-4H-chromen-4-one (3.13e): Triflate 3.15

N (0] Ph

m (103 mg, 0.278 mmol, 1.0 equiv.), pyrrolidine (0.042 mL, 0.50 mmol, 1.5
o equiv.), RuPhos-Pd-G3 (24.2 mg, 0.0289 mmol, 0.1 equiv.) RuPhos (12.9

mg, 0.0276 mmol, 0.1 equiv.), and cesium carbonate (136 mg, 0.418 mmol, 1.5 equiv.) were
dissolved in toluene (2.6 mL) in a 20 mL scintillation vial and heated to 100 °C for 24 h under an
N> atmosphere. The solution was cooled to rt and evaporated onto silica gel. The crude product
was purified via column chromatography, eluting with a 9:1, 7:1 and 5:1 hexanes/EtOAc solvent
gradient. This procedure gave an amber solid (59.8 mg, 0.205 mmol, 74%). Ry = 0.5 in 1:1
hexanes/EtOAc. '"H NMR (400 MHz, Chloroform-d) & 8.05 (d, J = 8.9 Hz, 1H), 7.95 — 7.90 (m,
2H), 7.55 — 7.48 (m, 3H), 6.87 (s, 1H), 6.68 (dd, J = 9.0, 2.3 Hz, 1H), 6.49 (d, J = 2.3 Hz, 1H),
3.48 — 3.38 (m, 4H), 2.15 — 2.05 (m, 4H). 1*C NMR (126 MHz, Chloroform-d) & 178.0, 162.6,
158.8, 152.1, 132.6, 131.4, 129.2, 127.0, 126.4, 113.4, 111.7, 107.3, 97.1, 48.1, 25.8. HRMS
(ESI) caled for C1oH sNO> [M+H]*: 292.1332; found: 292.1326. Absorbance (CH2Cl»): 233, 275,

307, 364 nm.
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O 7-(piperidin-1-yl)-2-phenyl-4H-chromen-4-one (3.13f): Triflate 3.15
N

C[:jph (183 mg, 0.495 mmol, 1.0 equiv.), piperidine (0.072 mL, 0.73 mmol, 1.5

5 equiv.), RuPhos (21.2 mg, 0.0455 mmol, 0.1 equiv.), RuPhos-Pd-G3

(42.5 mg, 0.0508 mmol, 0.1 equiv.) and cesium carbonate (243 mg, 0.747 mmol, 1.5 equiv.) were
dissolved in toluene (4.5 mL) in a 20 mL scintillation vial and heated to 100 °C for 24 h under an
N> atmosphere. The solution was cooled to rt and evaporated onto silica gel. The crude product
was purified via column chromatography, eluting with a 9:1, 7:1 and 5:1 gradient of
hexanes/EtOAc to yield an amber solid (106 mg, 348 mmol, 71%). Ry = 0.6 in 1:1 hexanes/EtOAc.
'"H NMR (400 MHz, Chloroform-d) & 8.03 (d, J = 9.0 Hz, 1H), 7.89 (s, 2H), 7.50 (s, 3H), 7.04 —
6.88 (m, 1H), 6.80 (d, J = 2.4 Hz, 1H), 6.70 (s, 1H), 3.41 (s, 4H), 1.69 (s, 6H). *C NMR (126
MHz, Chloroform-d) 6 177.9, 162.6, 158.6, 155.1, 132.4, 131.2, 129.1, 126.7, 126.2, 115.1, 113.5,

107.5, 100.3, 49.1, 25.4, 24.4. HRMS (ESI") calcd for C20H20NO2 [M+H]": 306.1489; found:

306.1486. Absorbance (CH2Cly): 275, 308, 356 nm.

Ph 7-(diphenylamino)-2-phenyl-4 H-chromen-4-one (3.13g): Triflate 3.15

N O_ _Ph
Ph W (151 mg, 0.407 mmol, 1.0 equiv.), RuPhos (18.8 mg, 0.0403 mmol, 0.1
o) equiv.), RuPhos-Pd-G3 (33.7 mg, 0.0403 mmol, 0.1 equiv.), cesium

carbonate (200 mg, 0.164 mmol, 1.5 equiv.) and diphenylamine (103 mg, 0.609 mmol, 1.5 equiv.)
were added to a flame-dried 2-dram vial under a N> atmosphere and dissolved in THF (1.4 mL).
The solution was heated at 50 °C for 21 h. The crude mixture was purified by column
chromatography with a 20:1, 15:1, 10:1, and 8:1 hexanes/EtOAc gradient to yield a light-yellow
solid (126 mg, 0.324 mmol, 80%). R = 0.7 in 1:1 hexanes/EtOAc. 'H NMR (400 MHz,
Chloroform-d) 6 8.01 (d, J= 8.9 Hz, 1H), 7.85 (dd, J=7.7, 1.9 Hz, 2H), 7.51 — 7.42 (m, 3H), 7.40

—7.34 (m, 4H), 7.24 — 7.17 (m, 6H), 7.01 (dd, J = 8.8, 2.3 Hz, 1H), 6.97 (d, J= 2.2 Hz, 1H), 6.74
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(s, 1H). 3C NMR (151 MHz, Chloroform-d) & 177.7, 162.8, 157.8, 153.1, 146.2, 132.0, 131.4,
129.9, 129.0, 126.5, 126.4, 126.2, 125.3, 118.1, 117.5, 107.6, 106.5. HRMS (ESI") calcd for

C27H20NO2" [M+H]": 390.1489, found: 390.1490. Absorbance (CH2Cl,): 228, 285, 371 nm.

O 7-(9H-carbazol-9-yl)-2-phenyl-4H-chromen-4-one (3.13h):

L o e Triflate 3.15 (60.1 mg, 0.162 mmol, 1.0 equiv.), RuPhos (7.6 mg,

O \©;g/ 0.016 mmol, 0.1 equiv.), RuPhos-Pd-G3 (14.1 mg, 0.0169 mmol, 0.1
o) equiv.), cesium carbonate (81.6 mg, 0.250 mmol, 1.5 equiv.), and

carbazole (40.1 mg, 0.240 mmol, 1.5 equiv.) were added to a flame-dried 2-dram vial under a N»
atmosphere and dissolved in toluene (1 mL). The solution was heated at 100 °C for 22 h. The crude
mixture was purified by column chromatography with a 20:1, 15:1, 10:1, and 8:1, 5:1, 4:1
hexanes/EtOAc gradient to isolate a beige solid (51.6 mg, 0.133 mmol, 82%). Rr= 0.8 in 1:1
hexanes/EtOAc. 'H NMR (600 MHz, Chloroform-d) & 8.47 (d, J= 8.4 Hz, 1H), 8.16 (dd, J=7.7,
1.1 Hz, 2H), 7.99 — 7.94 (m, 2H), 7.84 (d, /= 1.9 Hz, 1H), 7.70 (dd, J = 8.4, 1.9 Hz, 1H), 7.60 —
7.53 (m, 5H), 7.47 (ddd, J= 8.2, 7.2, 1.2 Hz, 2H), 7.35 (t,J = 7.4 Hz, 2H), 6.91 (s, IH). 3C NMR
(126 MHz, Chloroform-d) & 177.7, 163.8, 157.2, 143.0, 140.1, 131.9, 131.6, 129.2, 127.7, 126.5,
126.4,124.1, 123.7, 122.6, 121.1, 120.7, 115.5, 109.9, 108.0. HRMS (EST") calcd for C27HisNO,*

[M+H]": 388.1332, found: 388.1336. Absorbance (CH2Cl2): 239, 289, 311, 339 nm.

\\/ 7-(di-(zert-butoxycarbonyl))-2-phenyl-4 H-chromen-4-one (3.13i):
OYO 7-aminoflavone 3.17 (180 mg, 0.760 mmol, 1.0 equiv.), di-tert-butyl
O-_N o._ _Ph .. . . .
%]/ W dicarbonate (529 mg, 2.42 mmol, 3.2 equiv.), triethylamine (0.26 mL,
0]
>‘/ 5 1.9 mmol, 2.5 equiv.), dimethylamino pyridine (27.0 mg, 0.220 mmol,
0.3 equiv.), and THF (4.5 mL) were added to an oven-dried 20 mL vial and refluxed for 48 h. The
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resulting mixture was evaporated onto silica gel and purified by column chromatography with a
10:1, 8:1, 5:1 hexanes/EtOAc gradient to yield a white solid (218 mg, 0.498 mmol, 66%). Ry =0.9
in 1:1 hexanes/EtOAc. '"H NMR (600 MHz, Chloroform-d) & 8.19 (d, J= 8.5 Hz, 1H), 7.90 — 7.86
(m, 2H), 7.49 (dt, J=5.8, 2.9 Hz, 3H), 7.40 (d, J= 1.9 Hz, 1H), 7.19 (dd, J= 8.4, 1.9 Hz, 1H), 6.80
(d,J=1.3 Hz, 1H), 1.42 (s, 18H). *C NMR (126 MHz, Chloroform-d) § 177.8, 163.7,156.2, 151.2,
144.1, 131.8, 131.5, 129.1, 126.3, 126.1, 125.3, 122.9, 117.4, 107.7, 83.7, 27.9. HRMS (EST")

calcd for CosHasNOg™ [M+H]™: 438.1911, found: 438.1915. Absorbance (CH2Cl»): 252, 296 nm.

| . 7-(dimethylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate

N 0] Ph
o (3.12a): Flavone 3.7a (769 mg, 2.90 mmol, 1.0 equiv.) was dissolved in THF (25
'BF, mL) in a 100 mL flame dried 3-neck flask and cooled to 0 °C. Dropwise addition
of methylmagnesium bromide (1.0 M in THF, 4.35 mL, 1.5 equiv.) was followed by stirring at room
temperature overnight under a N, atmosphere. The resulting solution was quenched with several drops of
fluoroboric acid (50%, aqueous), extracted into DCM with the addition of 5% HBF4, dried with Na,;SOs,
filtered, and evaporated. The crude product was purified by trituration in EtOAc to yield a dark red solid
(740 mg, 2.11 mmol, 73%). '"H NMR (500 MHz, Acetone-ds) & 8.42 — 8.35 (m, 2H), 8.29 (d, J= 9.6 Hz,
1H), 8.18 (s, 1H), 7.82 — 7.76 (m, 1H), 7.75 — 7.66 (m, 2H), 7.60 (dd, J= 9.6, 2.5 Hz, 1H), 7.40 (d, J=2.5
Hz, 1H), 3.48 (s, 6H), 3.04 — 2.94 (m, 3H) {peak at 3.04 — 2.94 appears as a multiplet and as < 3H due to
proton-deuterium exchange with Acetone-ds}. 3C NMR (126 MHz, Acetone-ds) 6 166.2, 165.2, 159.9,
159.1,135.1, 130.7, 130.6, 129.7, 128.7, 119.2, 119.0, 113.0, 97.1, 41.3, 20.0. "°F NMR (376 MHz, DMSO-
ds) 8 -148.0. HRMS (ESI") calced for CisHisNO™ [M]": 264.1383; found: 264.1379. Absorbance (CH,Cl,):

238, 294, 338, 510 nm. Emission (CH>Cl,, ex. 500 nm): 589 nm.

K

N O+\ Ph 7-(diethylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate (3.12b):

f

= Flavone 3.7b (100 mg, 0.342 mmol, 1.0 equiv.) was dissolved in THF (3.3 mL) in
BF,
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a flame-dried 20 mL vial in an N, atmosphere. The solution was cooled to 0 °C and methylmagnesium
bromide (1.0 M in THF, 0.821 mL, 2.4 equiv.) was added dropwise. The reaction was warmed to room
temperature and stirred for 26 h. The reaction mixture was quenched with fluoroboric acid (5%, aqueous,
~1.5 mL), extracted with dichloromethane/water, dried with Na,SOs, filtered, and evaporated. The crude
product was purified by trituration in EtOAc to yield a dark red solid (104 mg, 0.275 mmol, 81%). '"H NMR
(300 MHz, Acetone-ds) 6 8.40 — 8.34 (m, 2H), 8.28 (d, /= 9.6 Hz, 1H), 8.13 (s, 1H), 7.81 — 7.66 (m, 3H),
7.64 —7.57 (m, 1H), 7.43 (d, J = 2.6 Hz, 1H), 3.86 (q, J = 7.1 Hz, 4H), 2.98 (s, 3H), 1.38 (t, /= 7.1 Hz,
6H).*C NMR (126 MHz, Acetone-ds) 5 165.8, 164.6, 160.1, 157.4, 134.9, 130.6, 130.6, 130.03, 128.7,
119.2, 119.0, 112.7, 96.8, 46.8, 19.9, 12.8. HRMS (ESI") calcd for C20H2,NO™ [M]": 292.1696; found:

292.1689. Absorbance (CH,Cl,): 239, 295, 338, 514 nm. Emission (CH»Cl,, ex. 500 nm): 592 nm.

9-methyl-11-phenyl-2,3,6,7-tetrahydro-1H,5SH-pyrano[2,3-f]pyrido[3,2,1-

+

N O\ Ph iflquinolin-12-ium tetrafluoroborate (3.12¢): Flavone 3.7¢ (149 mg, 0.469

=
BF,

under N, atmosphere. The solution was cooled to 0 °C and methylmagnesium bromide (1.1 M in THF, 1.12

mmol, 1.0 equiv.) was dissolved in THF (3.5 mL) in a 10 mL flame dried flask

mL, 2.5 equiv.) was added dropwise. The reaction was warmed to rt and stirred overnight. The reaction
mixture was quenched with several drops of fluoroboric acid (5%, aqueous), extracted with
dichloromethane after adding more 5% HBF4, quickly washed with brine, dried with Na>SOs, filtered, and
evaporated. The crude product was purified by trituration and filtration from cold EtOAc, yielding a dark
purple solid (140 mg, 0.347 mmol, 74%). "H NMR (500 MHz, DMSO-ds) & 8.26 — 8.21 (m, 2H), 8.04 (s,
1H), 7.85 (s, 1H), 7.74 — 7.66 (m, 3H), 3.59 (t, J= 5.9 Hz, 4H), 3.04 (t, J= 6.4 Hz, 2H), 2.93 (t, J= 6.2 Hz,
2H), 2.78 (s, 3H), 2.04 — 1.93 (m, 4H). *C NMR (126 MHz, DMSO-ds) § 161.9, 159.7, 152.9, 152.2, 133.4,
129.9,129.7,128.5,127.1,124.1,117.7, 111.0, 104.3, 50.6, 50.0, 27.2, 19.8, 19.2, 19.1, 18.8. HRMS (ESI")
caled for C2oHoNO™ [M]™: 316.1696; found: 316.1694. Absorbance (CH.Cly): 250, 301, 341, 533 nm.

Emission (CH>Cl,, ex. 530 nm): 617 nm.
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E\ . 7-(azetidin-1-yl)-4-methyl-2-phenylchromenylium tetrafluoroborate)
" O (3.12d): Flavone 3.7d (25 mg, 0.089 mmol, 1.0 equiv.) was dissolved in THF
/_BF 4 (1.4 mL) in a flame-dried 15 mL 2-neck flask and cooled to 0 °C.
Methylmagnesium bromide (1.0 M in THF/toluene, 0.238 mL, 2.8 equiv.) was added dropwise and the
resulting solution was let warm to rt and stirred overnight under an atmosphere of N». The reaction was
quenched with a few drops of fluoroboric acid (5%, aqueous), and with additional water, extracted with
dichloromethane, dried with MgSOs, filtered, and evaporated. The crude product was purified by trituration
in EtOAc and filtration to yield a red solid (13 mg, 0.036 mmol, 39%). '"H NMR (400 MHz, Acetone-ds) &
8.40 — 8.30 (m, 2H), 8.24 (d, J=9.3 Hz, 1H), 8.08 (s, 1H), 7.81 — 7.64 (m, 3H), 7.14 (dd, J=9.3, 2.2 Hz,
1H), 6.94 (d, J = 2.2 Hz, 1H), 4.65 — 4.42 (m, 4H), 2.95 (s, 3H), 2.64 (p, J = 7.7 Hz, 2H). *C NMR (126
MHz, Acetonitrile-ds) & 165.4, 164.1, 159.8, 158.0, 134.9, 130.71, 130.70, 129.8, 128.4, 119.2, 117.4,

112.5, 94.4, 53.1, 52.9, 20.1, 16.6. HRMS (ESI") calcd for CioHi;sNO™ [M]": 276.1383; found: 276.1376.

Absorbance (CH>Cl): 242, 293, 336, 511 nm. Emission (CH2Cl, ex. 500 nm): 590 nm.

C\N o' Ph 7-(pyrrolidin-1-yl)-4-methyl-2-phenylchromenylium tetrafluoroborate
(3.12¢): Flavone 3.7e (62.0 mg, 0.213 mmol, 1.0 equiv.) was dissolved in THF

BF, (22 mL) in a 15 mL 2-neck round bottom flask and cooled to 0 °C.

Methylmagnesium bromide was added dropwise (1.0 M in THF, 0.508 mL, 2.5 equiv.) and the solution
was warmed to rt and stirred for 24 h. The reaction was quenched by dropwise addition of fluoroboric acid
(5%, aqueous, ~30 mL) on ice, extracted with dichloromethane after the addition of more 5% HBF4, dried
with Na,SOs, filtered, and evaporated. The crude product was triturated with ice cold EtOAc and vacuum
filtered to produce a red solid (52.1 mg, 0.138 mmol, 65%). '"H NMR (400 MHz, Acetonitrile-ds) § 8.25 —
8.18 (m, 2H), 8.06 (d, J=9.5 Hz, 1H), 7.76 (d, J = 0.5 Hz, 1H), 7.75 - 7.71 (m, 1H), 7.70 — 7.64 (m, 2H),
7.26 (dd, J=9.5, 2.3 Hz, 1H), 6.98 (d, J = 2.4 Hz, 1H), 3.69 (t, J = 6.2 Hz, 2H), 3.60 (t, J = 6.1 Hz, 2H),
2.83 (s, 3H),2.12 - 2.08 (m, 4H). >*C NMR (126 MHz, Acetonitrile-ds) 5 165.7, 164.3, 159.8, 156.4, 135.0,

130.8, 130.7, 129.7, 128.5, 120.2 119.2, 112.6, 97.2, 50.4, 50.1, 26.0, 25.7, 20.1. HRMS (ESI") calcd for
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Ca0H20NO" [M]": 290.1539; found: 290.1542. Absorbance (CH>Cly): 238, 296, 339, 516 nm. Emission

(CH2Cls, ex. 500 nm): 595 nm.

O 7-(piperidin-1-yl)-4-methyl-2-phenylchromenylium (3.12f): Flavone 3.7f
+
N O\ Ph (90.4 mg, 0.296 mmol, 1.0 equiv.) was dissolved in THF (2.3 mL) in a 15 mL
“BF double-neck round bottom flask and cooled to 0 °C. Methylmagnesium bromide
4

was added dropwise on ice (1.0 M in THF, 0.702 mL, 2.5 equiv.). The solution was warmed to rt and left
stir under a N, atmosphere for 24 h. The reaction was quenched by dropwise addition of fluoroboric acid
(5%, aqueous, ~30 mL) on ice, extracted with dichloromethane the addition of more 5% HBF4, dried with
Na,SOyq, filtered, and evaporated. The crude product was triturated with ice cold EtOAc and vacuum filtered
to yield a dark red solid (99.8 mg, 0.255 mmol, 86%). 'H NMR (600 MHz, Acetonitrile-d) & 8.19 — 8.12
(m, 2H), 7.99 (d, /= 9.7 Hz, 1H), 7.73 — 7.66 (m, 2H), 7.66 — 7.59 (m, 2H), 7.44 (dd, J=9.7, 2.6 Hz, 1H),
7.17 (d, J= 2.6 Hz, 1H), 3.82 — 3.67 (m, 4H), 2.77 (s, 3H), 1.80 — 1.75 (m, 2H), 1.77 — 1.71 (m, 4H). °C
NMR (126 MHz, Acetonitrile-ds) 6 164.9, 163.2, 159.4, 157.0, 134.1, 129.8, 129.6, 128.9, 127.5, 118.4,
118.0, 111.9, 96.4, 48.9, 25.8, 23.8, 19.1. HRMS (ESI") caled for C2iH,2NO™ [M]": 304.1696; found:

304.1696. Absorbance (CH»Cl,): 243, 297, 338, 520 nm. Emission (CH,Cl,, ex. 500 nm): 608 nm.

Ph 7-(diphenylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate

Ph” O™ (3.12g): Flavone 3.7g (63.2 mg, 0.162 mmol, 1.0 equiv.) was added to a flame-
"BF, dried 15 mL under a N, atmosphere, dissolved in THF (1.5 mL), and cooled to

0 °C. Methylmagnesium bromide (1.0 M in THF, 0.500 mL, 3.1 equiv.) was added dropwise, and the
solution was warmed to rt and stirred for 14 h. The solution was quenched with fluoroboric acid (50%,
aqueous, 5 drops), and with the addition of 50% fluoroboric acid, extracted with dichloromethane, dried
with Na;SOy, filtered, and evaporated. The crude product was purified by trituration in a mixture of diethyl
ether and toluene, filtered, and dried to yield a dark purple solid (54.8 mg, 0.115 mmol, 71%). 'H NMR

(600 MHz, Chloroform-d) & 8.24 (dt, J= 7.3, 1.3 Hz, 2H), 8.19 (s, 1H), 8.06 (d, J= 9.5 Hz, 1H), 7.69 — 7.64
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(m, 1H), 7.59 (td, J= 8.0, 7.4, 1.8 Hz, 2H), 7.52 (ddt, /= 8.2, 5.7, 1.8 Hz, 4H), 7.42 (td, /= 7.3, 1.2 Hz, 2H),
7.36 — 7.30 (m, 5H), 7.05 (d, J= 2.3 Hz, 1H), 3.02 (s, 3H). *C NMR (126 MHz, Chloroform-d) § 168.0,
167.5, 158.6, 157.6, 143.4, 135.2, 130.8, 130.0, 129.0, 128.9, 128.8, 128.4, 127.2, 121.7, 119.8, 114.7,
101.5, 20.5. HRMS (ESI") calcd for CosHoNO™ [M]™: 388.1696, found: 388.1690. IR (film): 2929, 1634,

1566, 1490, 1386, 1277, 1057 cm™'. Absorbance (CH>CL,): 234, 248, 288, 350, 529 nm.

7-(9H-carbazol-9-yl)-4-methyl-2-phenylchromenylium

O tetrafluoroborate (3.12h): Flavone 3.7h (128 mg, 0.331 mmol, 1.0
O " O; i equiv.) was placed in a 50 mL flame-dried flask, dissolved in THF
'BF, (3.2 mL), and cooled to 0 °C. Methylmagnesium bromide (1.0 M in

THF, 0.800 mL, 2.4 equiv.) was added dropwise. The reaction was warmed to rt and stirred for 17
h before quenching with a few drops of fluoroboric acid (50%, aqueous, ~0.1 mL). After the
addition of 50% fluoroboric acid, the product was extracted into dichloromethane, dried with
NaxSOq, filtered, and evaporated. The crude product was purified by trituration in cold EtOAc,
filtered and dried to yield a maroon solid (96.5 mg, 0.204 mmol, 62%). 'H NMR (600 MHz,
Acetonitrile-d3) 6 8.64 (d, J= 8.9 Hz, 1H), 8.62 — 8.55 (m, 2H), 8.55 — 8.49 (m, 2H), 8.38 (dd, J=
8.9, 2.1 Hz, 1H), 8.25 (dd, J= 7.8, 1.1 Hz, 2H), 7.93 (d, J= 7.4 Hz, 1H), 7.85 — 7.78 (m, 4H), 7.56
(ddd, J=8.3,7.2, 1.3 Hz, 2H), 7.47 — 7.42 (m, 2H), 3.18 (s, 3H). 3C NMR (126 MHz, Acetonitrile-
d3) 6 173.3, 172.7, 157.9, 148.4, 140.1, 138.1, 131.3, 130.9, 130.0, 129.6, 128.6, 128.0, 125.7,
124.0,123.6,121.8,119.0, 115.4, 111.4,21.7. HRMS (ESI") caled for C2sH22NO™ [M]*: 386.1539,

found: 388.1545. IR (film): 2923, 1576, 1521, 1445, 1378, 1335, 1191, 1057, 752, 689 cm.

Absorbance (CH2Cly): 236, 284, 382, 564 nm.
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o H o 7-methoxy-4-methyl-2-phenylchromenylium chloride (3.12i): Flavone

E/ \©/\;/ 3.12i (20.5 mg, 0.0469 mmol, 1.0 equiv.) was dissolved in THF (0.300 mL)
>( BF, inaflame-dried 1.5 mL vial and cooled to 0 °C. Methylmagnesium bromide
(1 M in THF, 0.100 mL, 3.2 equiv.) was added dropwise and the resulting solution was let warm to rt and
stirred for 19 h under an atmosphere of N». Fluoroboric acid (50%, 0.016 mL) was added dropwise over ice
and the crude reaction mixture was transferred directly to the following reaction. Note: Intermediate 3.12i
was isolated in low yield by subjecting the reaction mixture to several drops of 50% fluoroboric acid,
extracting with dichloromethane/water, drying with Na,SOs, and filtering. After evaporating and triturating
in EtOAc, a light green product resulted. 'H NMR (600 MHz, Acetone-ds) § 9.90 (s, 1H), 8.81 (d, J= 2.1
Hz, 1H), 8.78 (s, 1H), 8.67 — 8.62 (m, 2H), 8.57 (d, /= 9.1 Hz, 1H), 7.98 (dd, /= 9.1, 2.1 Hz, 1H), 7.95 —
7.89 (m, 1H), 7.84 — 7.77 (m, 2H), 3.22 - 320 (m, 3H) {peak at 3.22 — 3.20 appears as a multiplet and as <
3H due to proton-deuterium exchange with Acetone-ds}, 1.58 (s, 9H). HRMS (ESI") calcd for C21H2NO5"

[M]": 336.1594, found: 336.1598. Absorbance (CH>Cly): 236, 272, 312, 356, 445 nm. Emission (CH,Cl,,

ex. 390 nm): 497 nm.

o o' Ph 7-methoxy-4-methyl-2-phenylchromenylium chloride (3.12j): The preparation
-~ AN
_ of flavylium 3.12j was adapted from Yang and coworkers,®rror Beokmark not defined. 3_
Cl

methoxy flavone (1.00 g, 8.06 mmol, 1.0 equiv.), benzoyl acetone (1.31 g, 8.06
mmol, 1.0 equiv.), were dissolved in EtOAc (40 mL) and placed in a 100 mL 3-neck flask. After bubbling
HCl(g) for 3 h, the reaction was stirred at rt for an additional 24 h under a N, atmosphere. The reaction
mixture was filtered and rinsed with additional EtOAc to yield a bright yellow solid (814 mg, 2.84 mmol,
35%). '"H NMR (500 MHz, Acetonitrile-ds) § 8.45 — 8.39 (m, 3H), 8.35 (d, J= 9.3 Hz, 1H), 7.90 — 7.84 (m,
1H), 7.79 — 7.75 (m, 3H), 7.57 (dd, J= 9.3, 2.4 Hz, 1H), 4.14 (s, 3H), 3.07 (s, 3H). *C NMR (126 MHz,
Acetonitrile-ds) 6 172.1, 171.5, 170.5, 160.1, 137.1, 131.2, 130.1, 130.0, 129.8, 122.9, 121.2, 117.1, 101.7,
58.5,21.4. HRMS (ESI") caled for C17H;50," [M]": 251.1067, found: 251.1061. Absorbance (CH,Cl,): 228,

265, 303, 428 nm. Emission (CHxCla, ex. 390 nm): 460 nm.
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4-((E)-2-((E)-2-chloro-3-(2-((E)-7-
(dimethylamino)-2-phenyl-4 H-chromen-4-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-7-

(dimethylamino)-2-phenylchromenylium
tetrafluoroborate (3.1, Flav7): Flavylium 3.12a (131 mg, 0.374 mmol, 1.0 equiv.), N-[(3-
(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (3.13) (64.5 mg, 0.180
mmol, 0.48 equiv.), and sodium acetate (90.0 mg, 1.10 mmol, 2.9 equiv.) were dissolved in n-butanol (2.1
mL) and toluene (0.9 mL) in a flame dried Schleck flask under N, atmosphere. The solution was freeze—
pumped—thawed x3 and heated to 100 °C for 15 min. The crude mixture was evaporated, loaded onto silica
gel, and purified by column chromatography, with a gradient of dichloromethane plus 0.5 to 10% ethanol.
The procedure yielded a dark purple solid (68.2 mg, 0.0909 mmol, 51%). R¢= 0.5 in 9:1 DCM/EtOH. 'H
NMR (500 MHz, DMSO-ds) 8 8.23 (d, /= 13.6 Hz, 2H), 8.22 — 8.11 (m, 6H), 7.69 (s, 2H), 7.63 — 7.54 (m,
6H), 7.11 (d, J=13.8 Hz, 2H), 7.01 (dd, /= 9.3, 2.4 Hz, 2H), 6.87 (d, J = 2.6 Hz, 2H), 3.17 (s, 12H), 2.94
—2.79 (m, 4H), 1.88 (p, J = 6.5 Hz, 2H). "’F NMR (376 MHz, DMSO-ds) § -148.0. HRMS (ESI") calcd for
CusHaoCIN,O2" [M]": 663.2773; found: 663.2764. Absorbance (CH>CL): 522, 916, 1027 nm. Emission

(CHxCl,, ex. 885 nm): 1053 nm.

Ph Ph 4-((E)-2-((E)-2-chloro-3-(2-((E)-7-

(diethylamino)-2-phenyl-4H-chromen-4-

‘ NJ ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-
~ BFs S 7-(diethylamino)-2-
phenylchromenyliumtetrafluoroborate (3.2): Flavylium 3.12b (10.6 mg, 0.0280 mmol, 1.0
equiv.), N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride

(3.13) (4.5 mg, 0.013 mmol, 0.45 equiv.), and sodium acetate (6.9 mg, 0.084 mmol, 3.0 equiv.)
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were added to a flame—dried 1 mL vial and dissolved in n-butanol (0.17 mL) and toluene (0.08
mL). The mixture was freeze—pump—thawed x3 and heated to 100 °C for 10 min. The crude product
was purified by column chromatography in a gradient of DCM with 0.5 to 6% ethanol to yield a
purple solid (4.0 mg, 0.0054 mmol, 40%). R¢= 0.5 in 9:1 DCM/EtOH. 'H NMR (500 MHz,
Acetonitrile-d3) 6 8.04 (d, J = 13.8 Hz, 2H), 7.86 (d, J = 7.5 Hz, 4H), 7.62 (dd, J = 9.8, 3.7 Hz,
2H), 7.58 — 7.50 (m, 6H), 7.18 (d, J = 3.6 Hz, 2H), 6.70 (d, J = 13.8, 2H), 6.62 (dd, J=9.2, 2.9
Hz, 2H), 6.40 (m, 2H), 3.38 (q, J = 6.6 Hz, 8H), 2.74 (t, J = 6.0 Hz, 4H), {peak at 2.0-1.9 ppm,
beneath CD3;CN solvent peak, (m, 2H)}, 1.18 (t, J = 6.9 Hz, 12H). HRMS (ESI") calcd for
CagH4gCIN2O2" [M]F: 719.3399, found: 719.3385. Absorbance (CH2Cly): 526, 922, 1033 nm.

Emission (CH2Clz, ex. 885 nm): 1057 nm.

9-((E)-2-((E)-2-chloro-3-((E)-2-(11-phenyl-
2,3,6,7-tetrahydro-1H,5H,9H-pyrano[2,3-
flpyrido|[3,2,1-ijl]quinolin-9-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-11-

phenyl-2,3,6,7-tetrahydro-1H,SH-pyrano|2,3-f]pyrido[3,2,1-ij]quinolin-12-ium tetrafluoroborate
(3.3, JuloFlav7): Flavylium 3.12¢ (40.1 mg, 0.0995 mmol, 1.0 equiv.), N-[(3-(anilinomethylene)-2-chloro-
I-cyclohexen-1-yl)methylene]aniline hydrochloride (3.13) (17.5 mg, 0.0487 mmol, 0.49 equiv.) and
sodium acetate (12.4 mg, 0.151 mmol, 1.5 equiv.) were added to an oven-dried 20 mL vial, dissolved in
ethanol (1 mL), freeze—pump—thawed x3, and heated at 70 °C for 2 h. The crude product was dry loaded
onto silica gel, and purified by column chromatography with a 9:1 DCM/acetone solvent mixture. The
product was collected as a dark purple solid (15.4 mg, 0.018 mmol, 37%). R¢= 0.5 in 9:1 DCM/EtOH. '"H
NMR (500 MHz, DMSO-ds) 6 8.21 — 8.03 (m, 6H), 7.75 (s, 2H), 7.66 — 7.58 (m, 6H), 7.55 (s, 2H), 7.01 (d,

J=13.9 Hz, 2H), 3.43 — 3.36 (m, 8H), 2.89 (t,J= 6.4 Hz, 4H), 2.83 (t, /= 6.0 Hz, 4H), 2.79 (t, /= 6.3 Hz,

139



4H), 2.01 —1.94 (m, 4H), 1.91 (m, 6H). HRMS (ESI") calculated for Cs;HssCIN,O," [M]": 767.3399, found:

767.3386. Absorbance (CH,Cl,): 527, 949, 1061 nm. Emission (CH>Cls, ex. 885 nm): 1088 nm.

7-(azetidin-1-yl)-4-((E)-2-((E)-3-(2-((E)-7-
(azetidin-1-yl)-2-phenyl-4H-chromen-4-

ylidene)ethylidene)-2-chlorocyclohex-1-en-1-

) : :
yDvinyl)-2-phenylchromenylium
tetrafluoroborate (3.4): Flavylium 3.12d (12 mg, 0.034 mmol, 1.0 equiv.), N-[(3-(anilinomethylene)-2-
chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (3.13) (5.8 mg, 0.016 mmol, 0.47 equiv.), and
sodium acetate (9.3 mg, 0.11 mmol, 3.3 equiv.) were added to a flame dried 1 mL vial and dissolved in n-
butanol (0.2 mL) and toluene (0.09 mL) under an N> atmosphere. The reaction mixture was freeze—pump—
thawed x3, and heated to 100 °C for 10 min. The crude mixture was evaporated onto silica gel and purified
via column chromatography with a gradient of DCM plus 0.5-6% ethanol, followed by chromatography
with dichloromethane plus 1-2% ethanol. The procedure yielded an iridescent maroon solid (4.6 mg, 0.0059
mmol, 37%). R¢= 0.5 in 9:1 DCM/EtOH. 'H NMR (500 MHz, DMSO-ds) & 8.16 — 8.01 (m, 8H), 7.67 —
7.54 (m, 8H), 7.03 (d, J = 13.8 Hz, 2H), 6.59 (dd, J = 8.9, 2.3 Hz, 2H), 6.47 (d, J = 2.2 Hz, 2H), 4.10 (t, J
= 7.5 Hz, 8H), 2.80 (t, J = 5.5 Hz, 4H), 2.43 (p, J = 7.2 Hz, 4H), 1.88 (p, J = 6.5 Hz, 2H). HRMS (ESI")
caled for CagHaoCIN,O>" [M]": 687.2773; found: 687.2757. Absorbance (CH>Cly): 523 nm, 920 nm, 1029

nm. Emission (CH>Cl, ex. 885 nm): 1056 nm.

4-((E)-2-((E)-2-chloro-3-(2-((E)-2-
phenyl-7-(pyrrolidin-1-yl)-4H-chromen-

4-ylidene)ethylidene)cyclohex-1-en-1-

0

yl)chromenylium tetrafluoroborate (3.5): Flavylium 3.12e (75.3 mg, 0.199 mmol, 1.0 equiv.)

yl)vinyl)-2-phenyl-7-(pyrrolidin-1-
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N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (3.13)
(29.6 mg, 0.0825 mmol, 0.45 equiv.) and 2,6-di-tert-butyl-4-methyl pyridine (137 mg, 0.667
mmol, 3.0 equiv.) were dissolved in n-pentanol (1.9 mL) in a 25 mL Schlenk flask, freeze—pump—
thawed x3, and heated to 140 °C for 1.5 h. The solution was cooled to rt and evaporated onto silica
gel. The crude product was purified via silica gel chromatography, eluting with a 7:3 DCM/toluene
solvent mixture plus 0.2 to 10% EtOH, followed by a trituration with ice cold THF. The procedure
gave a dark purple solid. (10.3 mg, 0.0128 mmol, 8%). Ry = 0.5 in 9:1 DCM/EtOH. '"H NMR (500
MHz, Methylene Chloride-d2) 6 8.35 (d, J = 13.8 Hz, 2H), 8.09 — 8.00 (m, 4H), 7.94 (d, /=9.3
Hz, 2H), 7.64 — 7.55 (m, 6H), 7.48 (s, 2H), 6.99 (d, J = 13.9 Hz, 2H), 6.83 (dd, J = 9.2, 2.5 Hz,
2H), 6.59 (d, J=2.3 Hz, 2H), 3.56 — 3.46 (m, 8H), 2.84 (t, J = 6.2 Hz, 4H), 2.15 — 2.09 (m, 8H),
2.01 (p,J=5.6 Hz, 2H). HRMS (ESTI") calcd for C4sH44CIN2O,* [M]*: 715.3086; found: 715.3070.

Absorbance (CH2Cl>): 525 nm, 924 nm, 1034 nm. Emission (CH2Cl,, ex. 885 nm): 1061 nm.

4-((E)-2-((E)-2-chloro-3-(2-((E)-2-
phenyl-7-(piperidin-1-yl)-4H-chromen-

4-ylidene)ethylidene)cyclohex-1-en-1-

yl)vinyl)-2-phenyl-7-(piperidin-1-
yl)chromenylium tetrafluoroborate (3.6) Flavylium 3.12f (30.3 mg, 0.0775 mmol, 1.0 equiv.),
N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (3.13)
(47.5 mg, 0.132 mmol, 0.45 equiv.), and 2,6-di-tert-butyl-4-methyl pyridine (15.2 mg, 0.740
mmol, 3.0 equiv.) were dissolved in a mixture of n-butanol (0.46 mL) and toluene (0.20 mL) in a
25 mL Schlenk flask, freeze—pump-thawed x3, and heated to 100 °C for 2 h. The solution was

cooled to rt and evaporated onto silica gel. The crude product was purified via silica gel
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chromatography, eluting with a 7:3 DCM/Toluene solvent mixture plus 0.2—-10% EtOH, followed
by a trituration with ice cold THF. The procedure gave a dark purple solid (17.1 mg, 0.0205 mmol,
26%). Ry = 0.5 in 9:1 DCM/EtOH. 'H NMR (500 MHz, Methylene Chloride-d>) 6 8.25 (d, J= 13.8
Hz, 2H), 7.97 — 7.95 (m, 4H), 7.87 (d, J/= 9.3 Hz, 2H), 7.61 — 7.53 (m, 6H), 7.38 (s, 2H), 7.04 (dd,
J=9.4,2.6 Hz, 2H), 6.91 (d, J= 13.8 Hz, 2H), 6.76 (d, J= 2.5 Hz, 2H), 3.50 (m, 8H), 2.82 — 2.78
(m, 4H), 2.00 (p, J= 6.2 Hz, 2H), 1.73 (m, 12H). HRMS (ESI") Calculated for CsoH43CIN2O,"
[M]": 743.3399; found: 743.3386. Absorbance (CH2Clz): 523 nm, 922 nm, 1034 nm. Emission

(CH2Cly, ex. 885 nm): 1060 nm.

4-((E)-2-((E)-2-chloro-3-(2-((E)-7-
(diphenylamino)-2-phenyl-4H-chromen-

4-ylidene)ethylidene)cyclohex-1-en-1-

yl)vinyl)-7-(diphenylamino)-2-
phenylchromenylium tetrafluoroborate (3.7): Flavylium 3.12g (23.9 mg, 0.0503 mmol, 1.0
equiv.), N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride
(3.13) (8.0 mg, 0.22 mmol, 0.44 equiv.) and 2,6-di-tert-butyl-4-methyl pyridine (30.8 mg, 0.150
mmol, 3.0 equiv.) were dissolved in 1,4-dioxane (0.80 mL), freeze—pump—thawed x3, and heated
to 100 °C for 15 min. The crude product was purified by column chromatography with a gradient
of 60:40 DCM/toluene plus 0.2% EtOH to DCM plus 0.6% EtOH, producing a copper colored
solid (5.6 mg 0.0056 mmol, 11%). R¢= 0.3 in 9:1 DCM/EtOH. 'H NMR (500 MHz, Methylene
Chloride-d») & 8.41 (d, J= 13.7 Hz, 2H), 8.02 — 7.94 (m, 4H), 7.90 (d, J= 9.2 Hz, 2H), 7.61 — 7.52
(m, 8H), 7.48 —7.42 (m, 8H), 7.38 — 7.19 (m, 12H), 7.09 (dd, J=9.2, 2.5 Hz, 2H), 7.03 (d, J= 13.8

Hz, 2H), 6.95 (d, J= 2.4 Hz, 2H), 2.82 (t, J= 6.3 Hz, 4H), 2.00 (p, J= 6.4 Hz, 2H). HRMS (ESI")
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Calculated for CesHagCINO,* [M]*: 911.3399; found: 911.3379. Absorbance (CH2Cly): 526 nm,

936 nm, 1047 nm Emission (CH2Cl, ex. 885 nm): 1078 nm.

4-((E)-2-(E)-3-(2-((E)-7-(9H-

carbazol-9-yl)-2-phenyl-4H-

O chromen-4-ylidene)ethylidene)-
N

O 2-chlorocyclohex-1-en-1-

yl)vinyl)-7-(9H-carbazol-9-yl)-2-
phenylchromenylium tetrafluoroborate (3.8): Flavylium 3.12h (29.9 mg, 0.0632 mmol, 1.0
equiv.), N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride
(3.13) (10.3 mg, 0.287 mmol, 0.45 equiv.), .and 2,6-di-tert-butyl-4-methyl pyridine (42.5 mg,
0.207 mmol, 3.3 equiv.) were added to a 25 mL flame-dried Schlenk flask and dissolved in n-
butanol (0.70 mL) and toluene (0.50 mL), freeze—pump—thawed x3, and heated to 90 °C for 17
min. The crude product was purified by column chromatography with a gradient of DCM plus 1 —
7% MeCN and subsequently washed with cold toluene to produce a dark purple solid (3.6 mg,
0.0036 mmol, 13%). R¢= 0.5 in 9:1 DCM/EtOH. '"H NMR (500 MHz, Methylene Chloride-d>) &
8.69 (d, J=13.0 Hz, 2H), 8.42 (d, J= 8.4 Hz, 2H), 8.21 — 8.14 (m, 8H), 7.98 (s, 2H), 7.92 (d, J=
7.7 Hz, 2H), 7.83 (s, 2H), 7.72 -7.64 (m, 10H), 7.52 (t, J= 7.3 Hz, 4H), 7.41 (t, J= 7.3 Hz, 4H),
7.35 (d, J=13.7 Hz, 2H), 3.02 — 2.95 (m, 4H), 2.16 — 2.08 (m, 2H). HRMS (ESI") Calculated for
CeaHasCINO2" [M]*: 907.3086; found: 911.3107. Absorbance (CH2Cl,): 452 nm, 910 nm, 1021

nm. Emission (CH2Cl,, ex. 885 nm): 1048 nm.
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Ph Ph 7-((tert-butoxycarbonyl)amino)-4-((E)-
2-((E)-3-(2-((E)-7-((tert-
butoxycarbonyl)amino)-2-phenyl-4H-

chromen-4-ylidene)ethylidene)-2-

chlorocyclohex-1-en-1-yl)vinyl)-2-
phenylchromenylium tetrafluoroborate (3.9): The crude reaction mixture containing flavylium
3.12i was transferred to a flame-dried 1.5 mL vial charged with N-[(3-(anilinomethylene)-2-
chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (3.13) (6.7 mg, 0.019 mmol, 0.40
equiv.), and 2,6-di-tert-butyl-4-methyl pyridine (53.5 mg, 0.261 mmol, 5.6 equiv.) and sodium
sulfate (44 mg). Dioxane (0.250 mL) was added, the mixture was freeze—pump—thawed x3, and it
was heated to 95 °C for 14 min. The crude mixture was evaporated directly onto silica gel and
purified via column chromatography in a DCM/acetone solvent mixture with a gradient of 20:1 to
1:1, yielding a brick red solid (13.9 mg, 0.0155 mmol, 33%, over 2 steps). Rr= 0.4 in 9:1
DCM/EtOH. 'H NMR (500 MHz, DMSO-ds) 6 10.28 (s, 2H), 8.50 — 8.36 (m, 4H), 8.32 — 8.24 (m,
4H), 8.06 — 7.97 (m, 4H), 7.71 — 7.59 (m, 6H), 7.52 (dd, J=9.1, 2.2 Hz, 2H), 7.29 (d, J= 13.7 Hz,
2H), 2.90 (t, J= 5.0 Hz, 4H), 1.92 (p, J= 7.7, 7.3 Hz, 2H), 1.54 (s, 18H). HRMS (ESI") Calculated
for CsoHasCINO¢" [M]*: 807.3195; found: 807.3187. Absorbance (CH2Cl,): 445 nm, 891 nm, 998

nm. Emission (CH2Cl,, ex. 885 nm): 1022 nm.

4-((E)-2-((E)-2-chloro-3-(2-((E)-7-methoxy-2-phenyl-
4H-chromen-4-ylidene)ethylidene)cyclohex-1-en-1-

yl)vinyl)-7-methoxy-2-phenylchromenylium chloride

0]
| ol | (3.10, MeOFlav7): Flavylium 13.2j (150 mg, 0.523

mmol, 1.0 equiv.), N-[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride
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(3.13) (75 mg, 0.21 mmol, 0.40 equiv.) and 2,6-di-tert-butyl-4-methylpyridine (327 mg, 1.59 mmol, 3.0
equiv.) were dissolved in toluene (4.05 mL) and n-butanol (1.25 mL) and heated to 100 °C for 15 min. The
solution was cooled to rt then cooled with ice. Toluene (10 mL) was added and a reddish brown solid
precipitated and was collected through filtration and washed with an additional 25 mL of toluene. The crude
product was purified through Soxhlet extraction with toluene for 4 hours at 130 °C to give a brick red solid.
(47 mg, 0.070 mmol, 33%). R¢= 0.4 in 9:1 DCM/EtOH. 'H NMR (400 MHz, Methylene Chloride-d>) &
8.55(d, J=13.6 Hz, 2H), 8.14 — 8.02 (m, 4H), 7.69 (s, 2H), 7.65 (t, J = 6.8 Hz, 4H), 7.40 — 7.23 (m, 6H),
7.25 —7.09 (m, 4H), 4.01 (s, 3H), 2.93 — 2.84 (m, 4H), 2.08 — 1.96 (m, 2H). HRMS (ESI") Calculated for
C4oH34CINO4" [M]": 637.2140; found: 637.2124. Absorbance (CH,Cl,): 441 nm, 880 nm, 984 nm. Emission

(CHCl,, ex. 885 nm): 1008 nm.

4-((E)-2-((E)-2-chloro-3-(2-((E)-2-phenyl-4H-
chromen-4-ylidene)ethylidene)cyclohex-1-en-1-

yl)vinyl)-2-phenylchromenylium tetrafluoroborate

@3.11, IR-27): 4-methyl-2-phenylchromenylium
tetrafluoroborate (Santa Cruz Biotechnology) (50.0 mg, 0.162 mmol, 1.0 equiv.), N-[(3-
(anilinomethylene)-2-chloro-1- cyclohexen-1-yl)methylene]aniline hydrochloride (3.13) (27.5
mg, 0.0765 mmol, 0.47 equiv.) and 2,6-di-tert-butyl-4-methylpyridnie (67 mg, 0.33 mmol, 2.0
equiv.) were dissolved in toluene (0.40 mL) and n-butanol (0.90 mL) and freeze—pump—thawed
x3. The reaction was heated to 90 °C for 45 min before cooling and evaporating. The crude product
was purified by column chromatography in DCM with 1 to 12 % MeCN, followed by column
chromatography in DCM with 0.2 to 0.4 % EtOH, followed by column chromatography in DCM
with 0.5 to 1.5 % acetone to produce a light orange solid (2.3 mg 0.035 mmol, 5 %). Rr= 0.4 in

10% EtOH/DCM. 'H NMR (500 MHz, Acetonitrile-ds) & 8.52 (m, 2H), 8.17 (m, 2H), 8.11 (d, J=
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7.4 Hz, 4H), 7.78 (m, 4H), 7.60 (m, J= 7.5 Hz, 8H), 7.49 (t, J/= 7.6 Hz, 2H), 7.19 (m, 2H), 3.05 —
2.71 (m, 4H) {peak under CD3CN solvent peak at ~1.96, m, 2H}. HRMS (ESI") Calculated for
C40H30CINO2" [M]": 577.1929; found: 577.1924. Absorbance (CH2Clz): 449 nm, 884 nm, 987 nm.

Emission (CH2Cly, ex. 885 nm): 1011 nm.

3.5.3 Figure Experimental Procedures

Figure 3.2B Absorbance traces were obtained on samples in a 1 cm quartz cuvette, in
dichloromethane with OD < 1.0 and > 0.1 with a 1.0 nm step size and 2,000 nm/min scanning
rate. Plotted are the baseline corrected (to 1,300 nm) and normalized data.

Figure 3.2C Emission traces were obtained on samples in a 1 cm quartz cuvette, in
dichloromethane with OD < 0.1. Excitation was at 885 nm, with 15 nm (5.76 mm) excitation slit
widths, 30 nm (11.52 mm) emission slit widths, with a 900 nm SP filter (FES 900, Thorlabs) placed
between the excitation source and the sample. Data were acquired with 1 nm step size and 0.1 sec
integration time, automatic background correction, and using a correction file which accounts for
non-linearity of the detector. Plotted are the baseline corrected (to 1500 nm) and normalized data.
Note: the raw emission spectra contain an artifact from absorption of the solvent, dichloromethane,
at 1,154 nm.

Figure 3.2D The absorbance emission Amax values were obtained from traces acquired as described
in Figure 3.2B and Figure 3.2C experimental procedures. Absorption coefficients are taken as the
average of the triplicate measurement. See Section 3.6.3 for a discussion of photoluminescence
quantum yields. The brightness(emax) Was calculated for each dye, according to the following
equation:

brightness(€,,,4x) = €imax * Pr (Eq. 3.1)
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Error values for all absorption coefficients, photoluminescence quantum yields, and brightness
values are reported in Table 3.5 and are taken as the standard deviations and propagated error from
the standard deviations, respectively.

Figure 3.2E The Hammett o values were obtained as described in Section 3.6.2. The Amax values
for absorbance and emission were taken as the max wavelength from traces obtained as described
in Figure 3.2B and Figure 3.2C experimental procedures. The points were subjected to a linear
fit and the closeness of fit is qualified by the listed R? value.

Figure 3.2F The brightness(ex) was calculated for A= 785 nm, A = 980 nm and A = 1,064 nm by

the following equations:

brightness(e,g5) = €755 * Op (Eq. 3.2)
brightness(eggg) = €9g9 * Pr (Eq. 3.3)
brightness(81064) = 81064— * q)F (Eq. 3.4)

Error is taken as the propagated values from the standard deviation of the absorption coefficient at
the relevant wavelengths and the error in fluorescence quantum yield measurements. Brightness
values of each dye are plotted in order of Amaxabs.

Figure 3.3 See experimental procedures for Figure 3.2F.

Figure 3.5A Absorbance trances of dyes 3.3 and 3.10 in organic solvent (acquisition parameters
as described in Figure 3.2B experimental procedure) are compared to ICG in organic solvent. The
ICG absorbance trace was acquired in EtOH at OD < 1.0 and > 0.1 with a 1.0 nm step size and
2000 nm/min scanning rate. Plotted are the baseline corrected (to 1,000 nm) and normalized data.
Laser excitation wavelengths are denoted by black lines.

Figure 3.5B The absorbance trace in organic solvent was obtained as described in Figure 3.2B

experimental procedure. The absorbance trace in water was obtained on a sample in a 3 mm quartz
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cuvette, with a 2.0 nm step size and 2,000 nm/min scanning rate. The raw OD = 1.61; plotted are
the baseline corrected (to 1,300 nm) and normalized data. Emission data were obtained on a sample
in water in a 3 mm quartz cuvette with OD < 0.1. Excitation was at 880 nm, with 15 nm excitation
slit widths and 30 nm emission slit widths, with a 900 nm SP filter placed between the excitation
source and the detector. The plotted data are baseline corrected (to 1,400 nm) and normalized.
Excitation data were collected on a sample in water in a 1 cm cuvette with OD < 0.1. Emission
collection was at 1,008 nm, with 15 nm excitation slit widths, 30 nm emission slit widths, and a
1,200 nm SP filter placed between the excitation source and the sample. The plotted data are
baseline corrected (to 600 nm) and scaled arbitrarily to match monomer signal in the organic
solvent absorbance trace.

Figure 3.5C The absorbance trace in organic solvent was obtained as described in Figure 3.2B
experimental procedure. The absorbance trace in water was obtained on a sample in a 1 cm quartz
cuvette, with a 1.0 nm step size and 2,000 nm/min scanning rate. The raw OD = 0.63; plotted are
the baseline corrected (to 1,300 nm) and normalized data. Emission data were obtained on a sample
in water in a 2 mm x 10 mm quartz cuvette (10 mm path length aligned with the excitation source)
with OD < 0.1 (for a 10 mm path length). Excitation was at 900 nm, with 15 nm excitation slit
widths and 30 nm emission slit widths. The plotted data are baseline corrected (to 1,500 nm) and
normalized. Excitation data were collected on a sample in water in a 1 cm cuvette with OD < 0.1.
Emission collection was at 1,088 nm, with 15 nm excitation slit widths, 30 nm emission slit widths,
and a 1,200 nm SP filter placed between the excitation source and the sample. The plotted data are
baseline corrected (to 700 nm) and scaled arbitrarily to match monomer signal in the organic

solvent absorbance trace.
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Figure 3.5D. Absorbance emission Amax values were obtained from the traces in Figure 3.5B and
Figure 3.5C. See Section 3.6.3 for a discussion of photoluminescence quantum yields.

Figure 3.5 E (top) Dyes were dissolved at 0.004 mg/mL in DCM (3.3 and 3.10) or EtOH (ICG)
in 0.3 mL Eppendorf tubes. Excitation was at 785 nm (29 mWcm2), 980 nm (10 mWcm2), and
1,064 nm (6.4 mWecm2), with an 1,100 nm SP filter (Edmund Optics #64-339). Dyes were imaged
on Lens System B, with an 1,100 nm LP filter (Edmund Optics #84-768). The acquisition
parameters were exposure time 5 ms, 100 fps, with a 10 ms trigger pulse width and 60% duty
cycle, and 8-bit format. Displayed images are averaged over 5 frames. (middle and bottom)
Micelles of JuloFlav7 (3.3) and MeOFlav7 (3.10) were prepared as described in the experimental
procedures for Figure 3.9, and diluted to a final volume of 12 mL. MeOFlav7 micelles were
diluted 1:5 (0.007 mg/mL; 9.9 uM) and JuloFlav7 micelles were diluted 1:15 (0.002 mg/mL; 2.6
uM). ICG was prepared as a 0.1 mg/mL solution and diluted 1:20 (0.005 mg/mL; 6.5 pM).
Samples were added to 0.5 mL Eppendorf tubes and imaged using continuous acquisition with
manually modulated excitation at 785 nm (61 mWem2), 980 nm (100 mWem), and 1,064 nm
(100 mWem2), with 2 x 1,100 SP filters (Edmund Optics #64-339). Dyes were imaged in Lens
System B, with 1 x 1,100 LP filter Thorlabs FELH1100) and 3 x 1,100 nm LP filters (Edmund
Optics #84-768). The acquisition parameters were exposure time 20 ms, 50 fps, continuous
acquisition, 14-bit format. Displayed images are averaged over 200 frames.

Images were unmixed according to the following equations:

1064 = 1064,
980, = 980, — (0.44 * 1064,.)

7857 = 785, — (0.17 * 980, ) — (0.13 » 1064;)
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where the subscripts r and f represent “raw” and “final” images, respectively, and 785, 980 and
1,064 represent the images from the wavelength channels.
Figure 3.5G The probes were delivered to the anesthetized animal as follows: 1) i.p. injection of
3.10 (MeOFlav7) micelles (0.250 mL, 0.57 mg/mL, 211 nmol) in PBS buffer; 2) i.v. injection of
3.3 (JuloFlav7) micelles (0.150 mL, 0.26 mg/ml, 50 nmol) in PBS buffer; 3) i.v. injection of ICG
in cell culture water (0.050 mL, 0.1 mg/mL, 6.5 nmol). Excitation for three channels: 785 nm (78
mWcem™), 980 nm (77 mWem™), and 1,064 nm (79 mWem™), with an 1,100 nm SP filter (Edmund
Optics #64-339). Imaging was performed on Lens System A, with an 1,100 nm LP filter (Edmund
Optics #84-768), and an 1,150 nm LP filter (FELH 1150, Thorlabs). The acquisition parameters
were 10 ms exposure time, 27.8 fps, 12 ms trigger pulse width and 83% duty cycle, and 8-bit
format. Displayed images are averaged over 5 frames.
Images were unmixed according to the following equations:

1064 = 1064, — (0.15 * 980¢)

980, = 980, — (0.40 * 1064,.)

785; = 785, — (0.35 x 980, ) — (0.20 * 1064;)

where the subscripts r and f represent “raw” and “final” images, respectively, and 785, 980 and
1,064 represent the images from the wavelength channels.
Figure 3.7-3.8 See Section 3.6.4.
Figure 3.9 Assembly of PEG-phospholipid micelles. A) Encapsulation of JuloFlav7 (3.3) in
micelles. General assembly procedure: JuloFlav7 (3.3, 0.40 mg) was dissolved in DMSO (4.0 mL)
and added to 8.0 mL of a 10 mg/mL solution of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-5000] (sodium salt) lipid (abbreviated 18:0 PEG5000 PE)

(Laysan Bio) on ice. The mixture was divided into 3 mL aliquots and sonicated in a probe sonicator
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(5 min, 35%) on ice. The resulting micelles were combined in a 10 kDa MW cutoff filter (Amicon
Ultra-15) and centrifuged at 4000 rpm. Sequential washes with 1x PBS were performed, until the
remaining DMSO consisted of < 1%. The micelles were then concentrated by centrifugation (4000
rpm) to 1.7-2.0 mL. B) Encapsulation of MeOFlav7 (3.10) in micelles. General assembly
procedure: MeOFlav7 (3.10, 0.426 mg) was dissolved in DCM (2.0 mL) and added to a vessel
containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (ammonium salt) lipid (abbreviated 18:1 PEG2000 PE) (Avanti Polar lipids, 48 mg). The
solution was sonicated briefly in a bath sonicator and divided into four 0.50 mL aliquots before
the solvent was evaporated by gently flushing with N>. Sodium chloride (0.9 % in water, 3.0 mL)
was added and the solution was sonicated on a probe sonicator (35%, 90 s). The aliquots were then
combined in a 10 kDa MW cutoff filter (Amicon Ultra-15) and centrifuged at 4000 rpm to a final
volume of 0.75 mL.

Figure 3.10 Dynamic light scattering characterization of PEG-phospholipid micelles. Size data
by DLS were acquired after a 1:100 (20 pL to 2 mL) dilution in MilliQ water. SOP parameters
were as follows: sample refractive index 1.4, 3 measurements, no delay between measurements,
25 °C with 120 second equilibration time.

Figure 3.11 Viability of HEK293 cells treated with micelles containing 3.3 and 3.10. Dye
containing micelles were prepared as described in experimental procedures for Figure 3.9, on 25%
scale. Empty micelles were prepared analogously, without the addition of dye. JuloFlav7 (3.3)
micelles and the analogous empty micelles were diluted to a final volume of 2 mL. MeOFlav7
(3.10) and the analogous empty micelles were diluted to a final volume of 3 mL. HEK293 cells
were added to a 96-well v-bottom plate with a cell density of 200,000 cells per well in MEM

supplemented with fetal bovine serum (FBS), Pen/Strep, and sodium pyruvate. Micelles (20 puL
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and 50 pL treatments) were added without dilution to a final volume of 200 pL in each well. Cells
were incubated for 3 hours at 37 °C and 5% COx. The incubated cells were washed three times by
centrifugation (3,000 rpm, 3 min, 4 °C) with FACS buffer (PBS + 1% FBS). Cells were
resuspended in 200 pL. FACS buffer and transferred to FACS tubes. Propidium iodide solution
(1.5 uL of 1 mg/mL in PBS) was added to each tube and incubated on ice for 15 min. An additional
200 pL of FACS buffer was added to each tube. PI fluorescence was measured on a 2-laser BD
FACSCalibur Flow Cytometer on the FL2 channel and collected using CellQuest (version 3.3). A
preliminary FSC/SSC gate was implemented on the starting cell population to omit debris. PI
staining and laser power were adjusted such that there was at least an order of magnitude difference
between stained and unstained samples, verified by healthy cells and heat-kill control. Data was
analyzed on FlowJo (v10) by mean FL2 fluorescence with the population split at 10>° to
distinguish live and dead cells.

Figure 3.12 Absorption, excitation, and emission spectra of monomer dyes and micelle-
encapsulated dyes in water A) Absorption spectra were acquired as described in Figure 3.5 C
experimental procedures. B) Excitation spectrum of JuloFlav7 (3.3) in micelles in water was
acquired as described in experimental procedures for Figure 3.5C. Displayed is the baseline
corrected (to 700 nm) and normalized trace (to 1.0 at 1,000 nm). Excitation spectrum of JuloFlav7
(3.3) in DCM was acquired on a sample in a 1 cm cuvette with OD < 0.1. Emission collection was
at 1,088 nm, with 15 nm excitation slit widths, 20 nm emission slit widths, and a 1,200 nm SP
filter placed between the excitation source and the sample. The plotted data are baseline corrected
(to 700 nm) and normalized (to 1.0 at 1,000 nm). C) Emission spectrum of 3.3 in dichloromethane
was acquired as described in Figure 3.2C experimental procedures. Emission spectrum of 3.3

micelles in water was acquired as described in Figure 3.5C experimental procedures. D)
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Absorption spectra were acquired as described in Figure 3.5B experimental procedures. E)
Excitation spectrum of MeOFlav7 (3.10) in micelles in water was acquired as described in
experimental procedures for Figure 3.5C. Displayed is the baseline corrected (to 600 nm) and
normalized (to 1.0 at 980 nm) trace. Excitation spectrum of MeOFlav7 (3.10) in DCM was
acquired on a sample in a 1 cm cuvette with OD < 0.1. Emission collection was at 1,008 nm, with
15 nm excitation slit widths, 10 nm emission slit widths, and a 1,200 nm SP filter placed between
the excitation source and the sample. The plotted data are baseline corrected (to 600 nm) and
normalized (to 1.0 at 980 nm). F) Emission spectrum of 3.10 in dichloromethane was acquired as
described in Figure 2C experimental procedures. Emission spectrum of 3.10 micelles in water was
acquired as described in Figure 3.5B experimental procedures.

Figure 3.13 Imaging with 1064 nm excitation after injection of JuloFlav7 micelles. A) Whole
mouse imaging with 1064 nm excitation after injection of JuloFlav7 micelles. The probe (3.3,
JuloFlav7 micelles in PBS buffer) was delivered to the anesthetized animal by i.v. injection (0.170
mL, 0.22 mg/mL, 44 nmol); Excitation: 1,064 nm (103 mWcm!). Imaging was performed on Lens
System A, with 2x 1,150 nm LP filters (FELH 1150, Thorlabs). The acquisition parameters were
8 ms exposure time, 100 fps, and 8-bit format. Displayed images are averaged over 5 frames. Data
were transformed by 40° on Image] using bicubic interpolation. B) Hind-limb imaging with 1064
nm excitation after injection of JuloFlav7 micelles. The probe (3.3, JuloFlav7 micelles) was
delivered to the anesthetized animal by i.v. injection (0.200 mL, 0.24 mg/mL, 55 nmol);
Excitation: 1,064 nm (95 mWcm™), with a 1,050 + 50 nm BP filter (Edmund Optics #85-893).
Imaging was performed on Lens System B with an 1,100 nm LP filter (Edmund Optics #84-768).
The acquisition parameters were 9 ms exposure time, 100 fps, and 12-bit format. Displayed images

are averaged over 5 frames.
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Figure 3.14 See experimental procedures for Figure 3.5G.

Figure 3.15A The probes were delivered to the anesthetized animal, and the optics and image
processing are as described in Figure 3.5G experimental procedure. Displayed images are one
frame. Imaging occurred 80 minutes after probe administration.

Fig. 3.15B Using Imagel, a vertical, rectangular roi was assigned over the liver to measure motion
due to breathing. At each time point in the 785 nm channel, the center of mass was calculated.
Spatial variation in the center of mass is used to represent breathing rate.

Fig. 3.15C The probes were delivered to the anesthetized animal as follows: 1) i.v. injection of 3.3
(JuloFlav7) micelles (0.150 mL, 0.26 mg/mL, 50 nmol) in PBS buffer; 2) i.v. injection of ICG in
cell culture water (0.050 mL, 0.1 mg/mL, 6.5 nmol). Excitation for two channels: 785 nm (100
mWcem!) and 1,064 nm (100 mWem™), with an 1,100 nm SP filter (Edmund Optics #64-339).
Imaging was performed on Lens System A, with an 1,100 nm LP filter (Edmund Optics #84-768),
and an 1,150 nm LP filter (FELH 1150, Thorlabs). The acquisition parameters were 5 ms exposure
time, 50 fps, 10 ms trigger pulse width and 60% duty cycle, and 8-bit format. Displayed images
are averaged over 5 frames.

Images were unmixed according to the following equations:

1064, = 1064,
785, = 785, — (0.15 * 1064;)
where the subscripts r and f represent “raw” and “final” images, respectively, and 785, and 1,064
represent the images from the wavelength channels. Data are representative of two biological
replicates.
Figure 3.15D Using ImagelJ, a roi was assigned at the location of the liver for the images displayed
in Figure 3.15C and Figure 3.17. The mean intensity and standard deviation were recorded for

each time point and plotted versus injection time of each probe.
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Fig. 3.15E Approximately 2 h after probe administration, the mouse was euthanized and
subsequently, necropsy was performed under real-time fluorescence guidance. Fluorescence from
ICG provided precise localization of the gall bladder as well as the upper intestinal tract, due to its
biliary excretion. In parallel, perfusion of organs such as the lungs and liver is visualized by the
long circulating JuloFlav7 (3.3) micelles. Acquisition parameters and image processing were
identical to Figure 3.15C.

Figure 3.16 See experimental procedures for Figure 3.15A.

Figure 3.17 See experimental procedures for Figure 3.15C.

Figure 3.18B—C The probes were delivered to the anesthetized animal as follows: 1) i.d. injection
of ICG in water (0.050 mL, 5 mg/mL, 323 nmol) over four injection sites (left and right hindfoot
pads and left and right sides of the base of the tail); 2) i.v. injection of 3.3 (JuloFlav7) micelles
(0.200 mL, 0.24 mg/mL, 55 nmol); Excitation for two channels: 785 nm (96 mWcm'!) and 1,064
nm (96 mWemt). Imaging was performed on Lens System B, with an 1,100 nm LP filter (Edmund
Optics #84-768). The acquisition parameters were 20 ms exposure time, 21.7 fps, 23 ms trigger
pulse width and 91% duty cycle, and 8-bit format. Displayed images are averaged over 5 frames.

Images were unmixed according to the following equations:

1064, = 1064,
785f = 785, — (0.08 = 1064y)
where the subscripts r and f represent “raw” and “final” images, respectively, and 785, and 1,064
represent the images from the wavelength channels. Data are representative of two replicate
experiments.
Figure 3.18D-F Images were processed with Python, using the libraries scikit-image for image
processing, NumPy for array manipulations, and Matplotlib for plotting. In Figure 3.15F, the line

profiles of the raw data have been fit using a gaussian model and a constant model, the Imfit library
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has been used. The interpolation was done using the scipy library, a one-dimensional smoothing
spline fit of degree k=4 has been fit to the amplitude data.
Figure 3.19 See experimental procedures for Figure 3.18B—C.

Figure 3.20 See experimental procedures for Figure 3.18D-F.

3.6 Notes Relevant to Chapter Three

3.6.1 Synthetic Discussion

Using three general routes to flavones: 1) Mentzer pyrone synthesis,[47] a thermally induced
condensation between a beta-keto-ester and a phenol; 2) functionalization of a commercial 7-
hydroxy flavone by Buchwald-Hartwig coupling of the corresponding triflate[48] and; 3) acylation
of the commercial 7-amino flavone, we were able to access a diverse set of 7-amino flavylium
heterocycles. By route 1), the alkylated amino flavones 3.13a—c were obtained in moderate yields,
51-55%, by subjecting a substituted 3-aminophenol (3.14a—c) to ethylbenzoylacetate and heating
neat for 2048 h (see Table 3.1). In route 2) aliphatic and aromatic aminoflavones 3.13d-h were
acquired by palladium catalyzed C—N coupling reactions of triflate 3.15 with a variety of secondary
amines in 63-83% yield (see Table 3.2). Finally, by route 3), a BOC substituted 7-aminoflavone
was synthesized by treatment of 7-aminoflavone 3.17 with BOC-anhydride in base with catalytic
dimethylaminopyridine to obtain the doubly BOC protected product 3.13i in 75% yield. Each
flavone was subsequently converted to the corresponding 4-methyl flavylium 3.12a—i in moderate
to good yields (39-86%) by treatment with methyl Grignard and quenching with fluoroboric
acid[65] (see Table 3.3). The fluoroboric acid gives rise to a tetrafluoroborate counterion that is
retained in the final dye species, as confirmed by '"F NMR (see synthetic procedures). The 7-

methoxy substituted 4-methyl flavylium 3.12j was synthesized according to a known route[45].
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The heptamethine dyes were synthesized by the base-promoted reaction of 4-methyl flavylium
heterocycles with bis(phenylimine) 3.13 (see Table 3.4). The conditions required for successful
dye formation proved to be dependent on the heterocycle used. Thus, the solvent and base used
were tailored to each heterocycle. Notably, the non-nucleophilic base 2,6-di-fert-butyl-4-
methylpyridine facilitated efficient polymethine formation with few signs of degradation of the
dye, as monitored by UV-Vis-NIR spectrophotometry. For most heterocycles (3.12a—d; 3.12g—j),
90-100 °C was sufficient to achieve fast (10-15 min) conversion to the heptamethine. The cyclic
alkyl amine heterocycles 3.12e and 3.12f required either extended time (up to 120 min), or higher
temperatures (up to 140 °C) for efficient reaction conversion. Note that the reported isolated yields
are lower than conversions due to similar retention times by normal-phase column chromatography
between heptamethine dyes and other dye species obtained in small amounts including

monomethine, trimethine, and half-dye species.

3.6.2 Hammett Plot Calculations and Approximations

To relate absorption and emission values of the heptamethine dyes to Hammett o, values, a few
approximations must be made. First, some substituents lacked reported constants[50]. In these
cases, the om value from an approximate group, or an appropriate linear combination of om was
used. Pyrrolidine was taken to be equivalent to dimethylamino. NHCOOtBu (BOC) was
approximated by the similar functional group NHCOOMe. Azetidine was approximated with the
average of diethylamino and dimethylamino substituent constants. Piperidine was taken as the
average of diethylamino and dibutylamino substituent constants. Finally, julolidine was
approximated by the addition of om values for diethylamino and 2x methyl. The aromatic

derivatives 3.7 and 3.8 were omitted from the analysis due to being an outlier (3.7), or
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unavailability of a published Hammett value (3.8), respectively. The relationship of negative om
values to longer absorption wavelengths suggests that the electron donating ability of the
substituent is responsible for the red-shifted photophysical behavior, aligning with the initial

design hypothesis.

3.6.3 Photoluminescence Quantum Yield Measurements

The photoluminescence quantum yield (@) of a molecule or material is defined as follows,

o =2£ (Eq. 3.5)

Pa
where Pr and P4 are the number of photons absorbed and emitted, respectively. To determine the
quantum yield, we either use a relative method with a known standard in the same region of the
electromagnetic spectrum, or an absolute method, in which the number of photons absorbed and
emitted are measured independently. Here, due to the limits of our petite integrating sphere (Horiba
KSPHERE-Petite with InGaAs detector Horiba Edison DSS IGA 020L), we use a relative method,
with IR-26 as the known standard. To compare an unknown to a reference with a known quantum
yield, the following relationship was used:

Cpy = Pp,y (mx/mf)(nxz/nrz) (Eq. 3.6)

where m represents the slope of the line (y = mx + b) obtained from graphing integrated
fluorescence intensity versus optical density across a series of samples, 7 is the refractive index of
the solvent, and the subscripts x and 7 represent values of the unknown and reference, respectively.
The (®f,) of IR-26 was taken to be a constant, 0.05%, as we have previously measured[39], and
which agrees with several recent measurements.[51,52] Here, we measured relative fluorescence
quantum yields of (1) each dye in dichloromethane and (2) the relevant dyes used for imaging

JuloFlav7 (3.3) and MeOFlav7 (3.10) encapsulated in micelles in water.
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(1) Fluorescence quantum yields of molecules in dichloromethane.
To obtain a plot of integrated fluorescence intensity versus absorbance for the reference and
unknown, five solutions and a solvent blank were prepared and their absorbance and emission
spectra (with an excitation wavelength of 885 nm) were acquired. IR-26 and the unknown dyes
were diluted in dichloromethane to concentrations with optical densities less than 0.1 to minimize
effects of reabsorption. The baseline corrected (to 1,500 nm) fluorescence traces were integrated,
and the raw integrals were corrected by subtracting the integral over an identical range from
fluorescence traces of the blank solvent. The integrated fluorescence intensities were then plotted
against the baseline corrected absorbance values at the relevant wavelength (885 nm), and the

slope and error in slope were obtained (R?> 0.99 for all traces) (Figure 3.21).
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Figure 3.21 Integrated fluorescence intensity vs. absorbance at 885 nm plots for IR-26 vs. each
unknown dye sample in DCM.

The refractive indices were omitted from the calculation as all samples were measured in the same

solvent (dichloromethane). The fluorescence quantum yields were then calculated using Eq. 3.6

and are reported in Table 3.5. Error measurements were propagated from the error in slope of the

reference and the unknown. The methods employed here were validated with comparison of IR-

26 to IR-1061, giving a ®value of 0.32 £ 0.01 %, which agrees with our prior absolute quantum

yield measurement[39].

(2) Fluorescence quantum yields of micelle encapsulations in water
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A similar procedure was followed to obtain quantum yields of micelle encapsulations of JuloFav7
(3.3) and MeOFlav7 (3.10) in water. The slope and error in slope of the integrated fluorescence

intensity vs. absorbance plots for five concentrations and one blank sample were obtained (Figure

3.22).
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Figure 3.22 Integrated fluorescence intensity vs. absorbance at 885 nm plots for IR-26 vs each
unknown micelle encapsulation sample in water.

For these measurements, as a different solvent is used for the reference and unknown samples,
refractive indices are accounted for in the quantum yield equation. The refractive indices used
were dichloromethane = 1.424 and water = 1.333. Each was designated to have a precision of
0.001. The fluorescence quantum yields were then calculated according to Eq. 3.6 and are reported
in Figure 3.5D.

Acquisition settings for fluorescence quantum yield measurements: For quantum yield
measurements, fluorescence traces were acquired with ex. 885 nm with a 900 nm SP filter
(Thorlabs FES 900) and collection from 920—, 940—, or 950—1,500 nm. The slits were 5.76 mm for
excitation and 11.52 mm for emission. The step size used was 1.0 nm, integration time 0.1 s, and
traces were acquired after an automatic detector background subtraction, and with the default
excitation correction. A correction file was used to account for the non-linearity of the detector.
All absorbance and fluorescence traces were taken in a 10 mm x 10 mm path length cuvette, with

emission detection occurring at 90° from excitation.
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3.6.4 Resolution Effects Observed with Excitation-Multiplexed SWIR Imaging

Resolution and contrast of optical imaging have been shown to vary greatly over different
detection regions in the NIR and SWIR.[14,26,27] Here, we characterize resolution effects in
SWIR imaging when using multiple excitation wavelengths and a single detection channel
(representing an “excitation-multiplexed, single-channel detection” SWIR imaging configuration),
as is described in this manuscript. We compare the results to resolutions effects when using a single
excitation wavelength and multiple detection regions (representing an “emission-multiplexed”
SWIR imaging configuration). To compare resolutions between imaging channels, we created a
mouse phantom that could be analyzed without concern for movement of biological structures, by
performing an i.v. injection of JuloFlav7 (3.3) in a living mouse and then immediately sacrificing
it. The mouse phantom was then imaged in an excitation-multiplexed, single channel detection
configuration, and after one freeze-thaw cycle, in an emission-multiplexed configuration.

The imaging results from an “excitation-multiplexed, single-channel detection
configuration” are displayed in Figure 3.7. Varied irradiation powers of 785, 980, and 1,064 nm
lasers were used such that approximately equal signal in each channel was obtained. From the
images obtained in each channel (Figure 3.7A), linear cross-sections across various vasculature
structures in the mouse were drawn and the baseline subtracted and normalized cross-sections are
overlaid on each other in (Figure 3.7B). From these data, it is clear that the shape and width of

each structure varies only slightly, and we can conclude that spatial resolutions are nearly identical
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in each excitation channel.” The imaging results from an “emission-multiplexing” configuration,
with a single excitation wavelength and differing emission windows, are displayed in Figure 3.8.
Using a common 980 nm laser, we observed emission in three different SWIR emission windows:
1,000-1,700 nm, 1,300-1,700 nm, and 1,500—1,700 nm, by placing the corresponding LP filters
in the optical path to the camera. Laser powers and exposure times were adjusted in each channel
to produce approximately equal signal in each channel. From the images obtained in each channel
(Figure 3.8A), linear cross-sections across various vasculature structures in the mouse were drawn
and the baseline subtracted and normalized cross-sections are overlaid on each other in Figure
3.8B. From these data, it is clear that in different emission windows, the shape and width of each

structure, and thus the resolution, varies considerably, in accordance with prior reports.

3.6.5 Multicolor SWIR Imaging with Triggered Excitation®

Imaging System Description — Programmable Trigger Controller: The programmable trigger
controller receives user instructions from a desktop PC and executes predefined triggering
sequence autonomously. The interface and the architecture of trigger controller is shown in Figure
3.23. The programmable, general purpose Input/output (I/O) pins of an Atmel Atmega328 micro-
controller unit (MCU) is used for pulse generation. An Arduino Nano Rev 3 MCU (A000005) is
used for the implementation of trigger controller unit. The trigger controller can be

programmatically accessed by desktop personal computer (PC) via universal serial bus (USB)

"While resolution remains constant, there are some minor changes in the penetration depth of imaging with
varied excitation wavelengths due to changes in the attenuation amounts of light at different wavelengths.
The longer excitation wavelengths show slightly deeper photon penetration, resulting in deeper structures,
such as the liver to have higher brightness in the order of 1,064 nm > 980 nm > 785 nm. This effect can be
seen in cross sections 4, 5, and 9, where increased signal is present from deeper organs that are underneath
the vasculature structures.

$Contributions by Shyam Ramakrishnan
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interface to upload predetermined triggering sequence. The sequential trigger pulses of 5V TTL
(5V Transistor—Transistor Logic) are delivered to the specific driver units of each laser units and
the InGaAs SWIR camera. The driver units then control the switching of their respective laser
diodes to illuminate an object of interest. The excitation-synchronized camera then acquires
required image data. Upon completion of acquisition, image data is transferred to the desktop PC

via a Gigabit Ethernet (GigE) interface.
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Figure 3.23 System Architecture for Programmable Trigger Controller

Imaging algorithm for operating trigger controller: For operating the developed SWIR imaging
system, a semi-automatic imaging algorithm was adopted by means of MATLAB programming
environment and Arduino Integrated Development Environment (IDE). Figure 3.24 describes the
flowchart for excitation-synchronized imaging algorithm using developed SWIR imaging system.
User may assign the camera parameters such as exposure time, trigger mode, analog gain and post-
image processing attributes via a custom MATLAB script. Next, laser parameters such as per pulse

power and modulation mode are manually fed to the driver units. The pin assignment for sequential
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triggering is done in the Arduino IDE and the user may program the MCU via USB interface. Once
the object of interest is ready for imaging, the user may switch ON the trigger controller to acquire
the image data. The MATLAB image acquisition script will display a live feedback of SWIR
camera acquisition and directly import the image data to the memory of desktop PC. Image data

post-processing attributes are applied to the image data at the end of acquisition cycle.
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End
Figure 3.24 Flowchart for Excitation-Synchronized Imaging Algorithm.

Pulse generation for synchronized imaging algorithm: As described earlier, the trigger
controller requires a predetermined trigger sequence to be programmed in the MCU for
autonomous acquisition of image data, such that the light sources (laser diode modules) are
switched ON sequentially and their synchronized camera triggers are sent to the camera trigger
unit. A sample timing diagram illustrating a three-color image data acquisition is given in Figure

3.25. Upon receiving a rising edge of a trigger pulse, the SWIR camera exposes the InGaAs sensor
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for a period set by the MATLAB acquisition script. This event will be followed by a camera
readout event, where the acquired image data is passed to the GigE data link to transmit the images.
For a three-color imaging, each cycle would consist of three imaging sequence where the camera
sensor exposure time is encapsulated by the laser light illumination. The laser module duty-cycle
is maintained to not exceed the imaging sequence time. Each imaging sequence time consists of
the camera exposure time (ET) duration and a compound time delay (CD). The minimum
achievable camera expose-readout time is constrained by the camera framerate. The compound
time delay allows the camera to complete the readout of current imaging sequence and absorbs
any associated laser diode switch OFF transients (which are higher than the switch ON transients).
Hence, a programmed trigger controller repeats the trigger sequence in each cycle achieving three-

color image data in real-time.

Imaging Cycle >< Cycle N >< Cycle N +1 ><

ON
‘+—p
Laser 785nm ’7
5 ON
R e——
Laser 980nm
ON
. e—
Laser 1064nm
ET CD
. — —
Camera Exposure

Camera Readout

Figure 3.25 Timing Diagram Illustrating a Three-color Image Acquisition. ET = exposure time;
CD = compound delay time
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3.7 Spectra Relevant to Chapter Three

3.7.1 '"H NMR Spectra

Parameter Value

Solvent CDCI3

Temperature 298.2

Pulse Sequence 2930

Experiment 1D

Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 O,W\O fo) Ph

Number of Scans 16

Receiver Gain 155.8

Relaxation Delay 2.0000 o

Pulse Width 15.0000 w

Acquisition Time 3.2998 41.

Acquisition Date 2018-05-10T21:03:00 gl

Modification Date 2018-05-11T09:31:45

Spectrometer Frequency 400.13

Spectral Width 8012.8

Lowest Frequency -1624.0

Nucleus 1H

Acquired Size 26441

Spectral Size 65536

| C ﬁ A
o, e p= 3
[52) woN 9O o o 3
(&] oo n o e =
o AN~ O < z
T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

1 (ppm)
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3.07

Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D _
N O._ _Ph
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT) -
Number of Scans 16 _
Receiver Gain 121
Relaxation Delay 2.0000 o
Pulse Width 10.0000 o
Acquisition Time 3.2768 J
Acquisition Date 2018-05-29T20:02:23 gl
Modification Date 2018-05-29T20:05:28
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2008.7
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
_ NS . .
7 e AR R s T

-0 N~ O - OO o o

O ~— 0 — — a o

ca 00O <« ©
T M T M T T T M T v T M T T T v T T T M T v T M T M T M T T T T T M T v T M T

100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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3.40
3.39
3.37
3.36

Tre—_—n e TS
Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zg30
Experiment 1D T
Probe 7119248 _0002 (DCH 50082 C/ H-D-05 Z LT) N O.__Ph
Number of Scans 8 _\ _
Receiver Gain 79
Relaxation Delay 2.0000 fo)
Pulse Width 10.0000 =
Acquisition Time 3.2768 B
Acquisition Date 2018-02-05T17:17:48 Qm
Modification Date 2018-02-05T17:31:01
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2011.2
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
E __ . J o
<, e A, s T T
553 8 333 9 e &
(a] . .
-~ 2 ] - < Te]
T T T T T T T T T T T T T T T T T T
100 95 9.0 85 m.o Nm 7.0 m.m 60 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date

Modification Date

Spectrometer Frequency

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

NODOMNOUTNTT O DNONN
QONNNNNNNOSE I MNMOL0
MNANMNNMNNMNNMNNMNNMNNMNNSNNMNNNNNO©
e e SN =" |
Value

CDCI3

298.0

2930

1D

Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
8

7.9

2.0000

10.0000

3.2768
2017-12-08T718:58:59
2018-05-29T09:38:19
500.13

10000.0

-2011.7

1H

32768

65536

) ; JU
g S i = S b o o
0 W NO o o D — 0 N~ O ®© ©
S o0 < a oo - - o 9
o m©O - < NN o N > O
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T m_n T H. T T T
10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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8338583855533 380 nr8833335 8RR eRRgR5EYeYNRINCIRE88529991Y
QDD ODBDITI 7r7r.HJ_Hi.w\77 NEESEEEEENRRENO0O0000000000Y00Y MMMMLM‘MM Jaaaaaaa
Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence 2930
Experiment 1D ﬂ/
_uzwcm Z119248_0002 (DCH 500S82|C/ H-D-05 Z LT) N N Ph
Number of Scans 16 8
Receiver Gain 121
Relaxation Delay 2.0000 = 0
Pulse Width 10.0000 B.
Acquisition Time 3.2768 gl
Acquisition Date 2019-04-03T10:34:29
Modification Date 2019-06-03T17:11:45
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2011.7
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
gc I () ()
A ol Ny T i g 2 @
AN WO A D OO w - © o o
o N o ©99 o N : 5 5
T N T M T N T N T N N T M T M T M T N T N 1 M T N I M T N T T N T M T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Spectrometer Frequency
Spectral Width
Lowest Frequency
Nucleus
Acquired Size
Spectral Size

CDCI3
298.0
2g30
1D
Z119248_0002 (DCH 500S2 C/ H-O
9

121

2.0000

10.0000

3.2768
2019-03-20T17:53:02
2019-03-20T18:07:28
500.13

10000.0

-2013.7

1H

32768

65536

7.52
7.51
7.51

!

!

!

05 ZLT)

1.974

094\1%
roxb
C_

3.10=

7.51
7.50
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7.50

Y

o
o
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<
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

Spectrometer Frequency 400.13

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

I N D O MNOTOO,MO
SO0 1B NORFRBNN
00 00 I~ N OO0
NS TN A
Value

CDCI3

298.5

2g30

1D

5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656

8

155.8

2.0000

15.0000

3.2998
2018-08-09T20:22:00
2018-08-09T20:24:58

8012.8
-1623.3
1H
26441
65536

Il

=

JU

—
'f

L1.67
1.65
1.65
1.64

=

e = A

o v

(o> NeNe)]
NN

(a2} 2]

So®

- o
T

cDCl,

o

1.01

DCM

4.02]

6.09- L

H-grease
H-grease

100 95 90 85 80 75 7.0 65

556 50 45 40 35 30 25

f1 (ppm)

20 15 10 05 0.0
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Parameter Value
Solvent CDCI3
Temperature 298.3
Pulse Sequence 2g30
Experiment 1D
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656
Ph
Number of Scans 16 _N (o) Ph
Receiver Gain 739 Ph _
Relaxation Delay 2.0000
Pulse Width 15.0000
- o
Acquisition Time 3.2998 aﬁb
Acquisition Date 2018-05-10T16:58:00 J
Modification Date 2018-05-10T17:46:27 g
Spectrometer Frequency 400.13
Spectral Width 8012.8
Lowest Frequency -1623.2
Nucleus 1H
Acquired Size 26441
Spectral Size 65536
T (] (]
g e E R s 7 ]
OCODD DO — D O % s
SOoN-OO® a s g
T M T N 1 N 1 M T M T M 1 M I M T M I N T M T T N T M 1 M 1 N 1 N I M T M I M T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)

174



NgEteey
00 €0 00 €O 00 O I~
Pl i v . i P> e ——
Parameter Value

Solvent CDCI3
Temperature 294.0
Pulse Sequence zg30
Experiment 1D
Probe 5 mm TBI5 Z8090/ 0030
Number of Scans 8
Receiver Gain 128.0
Relaxation Delay 2.0000
Pulse Width 10.7500
Acquisition Time 2.6477
Acquisition Date 2018-06-28T08:30:14

Modification Date 2018-06-28T08:39:43

Spectrometer Frequency 600.13

Oz 0._Ph
|

3.13h

Spectral Width 12376.2
Lowest Frequency -2614.6
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
f U L.
b SR i
OMOT— OO DA
CemOOvT NG
T ANANTT IO NT—™

DCM

water
H-grease
H-grease

10,0 95 90 85 80 75 70 6.5 6.0

55 50 45 4.0
f1 (ppm)

35 30 25

20 15 1.0 05 0.0
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Parameter Value
Solvent CDCI3
Temperature 294.4
Pulse Sequence 2930
Experiment 1D
Probe 5 mm TBI5 Z8090/ 0030 /‘\
0.0
Number of Scans 25 J\
Receiver Gain 285 OJ\ N o Ph
Relaxation Delay 2.0000 fo) _
Pulse Width 11.5600 Vﬁ
Acquisition Time 2.6477 (0]
Acquisition Date 2018-06-27T20:04:04 M.M
Modification Date 2018-06-28T11:20:07 -
Spectrometer Frequency 600.13 gl
Spectral Width 12376.2
Lowest Frequency -2615.5
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
| ﬁL_ P X N ﬁ ,
T T B = T
ONO©O«- O 0
ONN™«—™O -~
T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f1 (ppm)
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Parameter Value
Solvent DMSO
Temperature 2925
Pulse Sequence 2g30
Experiment 1D
Probe 5 mm TBI5 Z8090/ 0030 _ .
_N O._Ph
Number of Scans 32
Receiver Gain 1290.2 =z
Relaxation Delay 2.0000 BF,4
Pulse Width 11.7500 %.a
Acquisition Time 2.6477 Al
Acquisition Date 2017-12-03T716:33:33 gl
Modification Date 2017-12-03T16:34:58
Spectrometer Frequency 600.13
Spectral Width 12376.2
Lowest Frequency -2870.3
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
a Clp\c pod 1 A
PR R R 2 T 2 2
- OO le) © ™ N o o
o OO O -— o (o)) il -— -—
N+ Ox«w« w © o 8 w w
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100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f1 (ppm)
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Parameter Value
Solvent Acetone
Temperature 298.2
Pulse Sequence 2g30
Experiment 1D “
Probe 5 mm PABBO BB-1H/ D Z-GRD Z862701/ 0016 N OH Ph
Number of Scans 32 = _
Receiver Gain 574.7 BF,4
Relaxation Delay 2.0000 Mm
Pulse Width 14.2500 J
Acquisition Time 5.4657 e
Acquisition Date 2018-02-07T16:14:34
Modification Date 2018-02-07T16:14:41
Spectrometer Frequency 300.13
Spectral Width 5995.2
Lowest Frequency -1200.9
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
I
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AN M < N (@) ©ozT T
)
T T T T T M T T T T T M T M T T T M T M T M T T T M T T T T T v T T T T v T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f1 (ppm)
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Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

32

121

2.0000

10.0000

3.2768
2017-12-12T12:14:43
2017-12-12T12:15:40

Spectrometer Frequency 500.13

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

10000.0
-2013.8
1H
32768
65536
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Parameter Value

Solvent DMSO

Temperature 298.0

Pulse Sequence 2g30

Experiment 1D

Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)

Ph

\ P+

BF,

3.12¢

; J
Tl = T S @ 22
NN OMm 193 NG oS - o
cQoQ- Q <3z e~y o= 5 5
N+~ v~ ® < NANAN O < g
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

f1 (ppm)
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Parameter Value
Solvent Acetone
Temperature 298.0
Pulse Sequence zg30
Experiment 1D
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 ﬂ/ +
N (0] Ph
X
Number of
umber of Scans 32 _
Receiver Gain 189.8 -
Relaxation Delay 2.0000 = BF,4
Pulse Width 15.0000 u
Acquisition Time 3.2998 Qm
Acquisition Date 2018-03-27T08:56:00
Modification Date 2018-03-27T08:57:50
Spectrometer Frequency 400.13
Spectral Width 8012.8
Lowest Frequency -1612.4
Nucleus 1H
Acquired Size 26441
Spectral Size 65536
. S ﬁ,; 9 | R
i N T Q T Oe )
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Parameter Value

Solvent CD3CN

Temperature 298.3

Pulse Sequence 2g30

Experiment 1D

Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 O“ Ph

Number of Scans 8 = _

Receiver Gain 189.8 w_uA

Relaxation Delay 2.0000 2]

Pulse Width 15.0000 u

Acquisition Time 3.2998 a\w

Acquisition Date 2018-08-29T12:31:00

Modification Date 2018-08-29T15:19:02

Spectrometer Frequency 400.13

Spectral Width 8012.8

Lowest Frequency -1616.9

Nucleus 1H

Acquired Size 26441

Spectral Size 65536
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f1 (ppm)
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Parameter Value
Solvent CD3CN
Temperature 294.3
Pulse Sequence zg30
Experiment 1D
Probe 5 mm TBI5 28090/ 0030 N o Ph
X
Number of Scans 16 =
Receiver Gain 1024.0 -~
BF,4
Relaxation Delay 2.0000 [
; (g\]
Pulse Width 12.2500 -
Acquisition Time 26477 )
Acquisition Date 2019-01-09T19:31:02
Modification Date 2019-01-09T19:57:52
Spectrometer Frequency 600.13
Spectral Width 12376.2
Lowest Frequency -2606.2
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

CDCI3
294.6
2g30
1D

5 mm BB5 Z8478/ 0047

16

3225

2.0000

18.2500

2.6477
2019-01-16T17:35:00
2019-03-22T09:20:17

Spectrometer Frequency 600.13

Ph” S

BF,

3.12¢g

Spectral Width 12376.2
Lowest Frequency -2615.2
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
mné
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A s S N 5]
T O OWHZOH”O WL < ©
NOOCCRT Od o 3
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f1 (ppm)
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Parameter Value
Solvent CD3CN
Temperature 295.5
Pulse Sequence zg30
Experiment 1D
Probe 5 mm BB5 Z8478/ 0047 .
N (0] Ph
N
Number of Scans 32
. ) 4
Receiver Gain 256.0 —
Relaxation Delay 2.0000 BF4
Pulse Width 18.2500 le
Acquisition Time 2.6477 Al
Acquisition Date 2019-01-29T20:43:51 N
Modification Date 2019-03-22T09:20:12
Spectrometer Frequency 600.13
Spectral Width 12376.2
Lowest Frequency -2606.8
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
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Parameter Value
Solvent Acetone
Temperature 294.8
Pulse Sequence 2g30
Experiment 1D o H O+ Ph
Probe 5 mm BBS Z8478/ 0047 Y X
(0] =
Number of Scans 24 Vj w_uM
Receiver Gain 256.0 mﬂ
Relaxation Delay 2.0000 o
Pulse Width 14.0000 N
Acquisition Time 2.6477
Acquisition Date 2018-04-18T20:28:58
Modification Date 2018-04-18T20:59:54
Spectrometer Frequency 600.13
Spectral Width 12376.2
Lowest Frequency -2614.6
Nucleus 1H
Acquired Size 32768
Spectral Size 131072
\ | NI , ) |
M %) — O (] %)
0 R 5 b "8 (SP- S
N~ OO0 MO (o) o © 0 To) (@)
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S
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Parameter o Value

Solvent CD3CN

Temperature 2979

Pulse Sequence zg30

Experiment 1D

Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656

Number of Scans 32 \O O+/ Ph

Receiver Gain 189.8

Relaxation Delay 2.0000 =

Pulse Width 15.0000 Cl~

Acquisition Time 3.2998 p—

Acquisition Date 2019-03-22T11:11:00 pu

Modification Date 2019-03-22T11:34:24 N

Class

Spectrometer Frequency 400.13

3.07

Spectral Width 8012.8
Lowest Frequency -1616.8
Nucleus 1H
Acquired Size 26441
Spectral Size 65536
2 ;f LL ﬁ AJ ﬁ A
S U i\ T 5 5
VO NT—O o Tol 1 ©
S8 ©o9d > S g a
o — M N ™ o

11
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Parameter Value
Solvent DMSO
Temperature 298.0
Pulse Sequence 2930
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2017-09-01T12:42:50
Modification Date 2017-09-01T14:55:20
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2003.3
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
§> M)
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Parameter Value
Solvent CD3CN
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 64
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2018-04-25T21:04:07
Modification Date 2018-04-26T10:15:11
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2013.3
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
Wi Ju By
RORORL P s ' T I 5’z  glze
Yeols 598 3 By g 2 txg Eo@E
s s s e s e e d 4 HS) oON O
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100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)

188



Current Data Parameters
NAME EDC_lI_43
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20170822

Time 16.35h
INSTRUM av500
PROBHD Z119248_0002 (

PULPROG zg30
TD 65536
SOLVENT DMSO
NS 32

DS 0

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 12.14

DW 50.000 usec
DE 10.00 usec
TE 298.0 K

D1 2.00000000 sec
TDO 1

SFO1 500.1330008 MHz
NUC1 1H

P1 10.00 usec

PLW1 13.50000000 W

F2- vﬂoomwm_:m %mﬂmamﬁm_.w
6

8.132
8.100
8.093
8.086
8.081

—7.751

RN,

7.612
7.605
7.599
7.552
7.022
6.994

SI 65!
SF 500.1300040 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
V A - | " L I
5 o © o
s - - T @
Q £ 5 3 o o
o
o [ o ol ®|2 [« o] A ©| © g g
o| || o o o o | ol 0O | © T =
<t | | M O o — o < < |~ — N
O || — N oo || << < ©
L B A R S B I I L I L I [ | T T
10 9 8 7 3 2 1 ppm
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Parameter Value
Solvent DMSO
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000 N
Acquisition Time 3.2768 D
Acquisition Date 2018-04-03T16:37:27
Modification Date 2018-04-03T16:40:40
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0 %
Lowest Frequency -2003.2 —
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
I r _ > oy
rom w o pw = oy s T@r T & 2
o N~ [0} < © O o © N~ Q00 [ee) [ [}
© N @ 99 o - = ~ 89 - = >
N~ 0] Al NN [c0} M oM N T T
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Parameter Value
Solvent CcD2CI2
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2019-03-04T715:40:10
Modification Date 2019-06-04T719:32:35
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2013.8
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
r— | A ’, P(rzl.
N [
R b i Ry 3 o N Y8 88 2
NDNMNO O w0 AN © ~ o To] N~ < © % % %
NSNS 0D 0 N © S®m 3 g ¢ 2
I T 1)
T M T M T M T M T v T T T M T T T T T M T M T M T M T T T T T v T T T T T M T v T

f1 (ppm)
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Solvent g E—————— . ——
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768

Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

2019-03-20T17:48:27
2019-03-20T18:07:23

500.13
10000.0
-2013.8
1H
32768
65536

N — N O MOANO O M N
© o VD SOSRANKN
M m AN N ANANN ™ «— —
N NS T

f
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R R, i o HH e Ty @ o ®
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‘_oo mm wo mm 8.0 Nm ﬂo mm mo 55 50 45 40 wm wo Nm No 1.5 1.0 05 0.0
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

N DO ONMNTOHOO
<™ NN MO X © ©
00 0O Ll Dl el el el M D e
N
Value

CcD2CI2

298.0

2g30

1D

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
32

121

2.0000

10.0000

3.2768

2019-01-30T14:47:21

2019-01-30T14:53:02

7.56

NOOTANTTTTODX
REEEEERRE
OOCAqNNNT

f1 (ppm)

Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2013.8
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
\LFL ;, t&l& AW _
o b b b bR o i I 5 3 9 o
N Q T ®© @© ©
T NOMNONWOO [a) o © = 2 o ]
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L7.50
17.42
17.39
17.36
l7.33

212
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Parameter Value

Solvent cD2ClI2

Temperature 298.0

Pulse Sequence 2g30

Experiment 1D Q Z ‘\ Z O

Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT) O N N Q

Number of Scans 64

Receiver Gain 121 O

Relaxation Delay 2.0000

Pulse Width 10.0000

Acquisition Time 3.2768

Acquisition Date 2019-02-06T10:26:23

Modification Date 2019-02-06T10:31:34

Spectrometer Frequency 500.13

Spectral Width 10000.0

Lowest Frequency -2018.8

Nucleus 1H

Acquired Size 32768

Spectral Size 65536

Bt et bt byttt 3 T ™ g 3 8 a
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Parameter Value

Solvent DMSO

Temperature 298.0

Pulse Sequence 2930

Experiment 1D

Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

32

121

2.0000

10.0000

3.2768
2019-03-25T20:19:51
2019-03-25T20:38:34

500.13
10000.0
-2013.8
1H
32768
65536

11.87 4 ——

EC‘E fL»l A

DCM ————

:
f

R R B 5 T @ 2T ! 8 2
© = o D «© o
35=288 P e 588 25 5
I . O =1 [e 0] 7 .
S F O NN m L o< & £ T
105 100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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f1 (ppm)
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Parameter Value
Solvent CcD2CI2
Temperature 298.2
Pulse Sequence 2g30
Experiment 1D
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656
Number of Scans 128
Receiver Gain 189.8
Relaxation Delay 2.0000
Pulse Width 15.0000
Acquisition Time 3.2998
Acquisition Date 2019-01-23T05:18:00
Modification Date 2019-01-23710:35:10
Class
Spectrometer Frequency 400.13
Spectral Width 8012.8
Lowest Frequency -1624.0
Nucleus 1H
Acquired Size 26441
Spectral Size 65536
Mo % " L C wl ﬁ.fl.
Mo e i 3 i v 8 8 2 3
8 & $&88¢° Q 8 N g ¢ £
. d e . &) " . > o =]
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100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 .0 05 0.
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Parameter WBBOIWNNNNNNNNNNNNNNNNN aNaaaaaia i
Solvent CDICM TS\ e ——————— 3\
Temperature 298.0
Pulse Sequence zg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2019-03-25T20:13:19
Modification Date 2019-03-25T20:38:13
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2013.8 n
Nucleus 1H Qm
Acquired Size 32768
Spectral Size 65536
I A LC
S PR i = o T stz 2Q3 @
NTOOWON o) 0 L m O T = © ©
©- 0= NS © Q i N~ sy s¥§ =4
-~ - 7 T
T T T T 2 A”V 4 8_2 T T T T T T T T T 3 T ﬂ_‘ C T H T “—_H T \\lf_
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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3.7.2 3C NMR Spectra
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Parameter Value
Solvent CDCI3
Temperature 298.0 _
Pulse Sequence zgpg30 e N o Ph
Experiment 1D _
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 16 (0]
Receiver Gain 204.5 «
Relaxation Delay 2.0000 B
Pulse Width 10.5000 agm
Acquisition Time 1.0486
Acquisition Date 2018-05-29T20:05:04
Modification Date 2018-05-29T20:05:27
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1153.0
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
=
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o
o
T I T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D T
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 32 N o Ph
Receiver Gain 204.5 j _
Relaxation Delay 2.0000
Pulse Width 10.5000 (0]
Acquisition Time 1.0486 =
Acquisition Date 2018-02-05T17:21:54 B
Modification Date 2018-02-05T17:31:01 agm
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1163.1
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
I |
o 2
g g
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200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 S50 40 30 20 10

f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) N fo) Ph
Number of Scans 64 _
Receiver Gain 204.5
Relaxation Delay 2.0000
Pulse Width 10.5000 o
Acquisition Time 1.0486 )
Acquisition Date 2017-12-08T19:05:50 B
Modification Date 2018-05-29T09:38:19 Qm
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1174.6
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
U _ : I
== []
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o [a) [J]
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f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0 ﬂ/z o Ph
Pulse Sequence zgpg30 _
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) o
Number of Scans 64
Receiver Gain 204.5 mw
Relaxation Delay 2.0000 M
Pulse Width 10.5000
Acquisition Time 1.0486
Acquisition Date 2019-04-03T10:39:36
Modification Date 2019-06-03T17:11:45
Class
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1144.7
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
= (]
o
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f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) Q (o) Ph
Number of Scans 112 _
Receiver Gain 204.5
Relaxation Delay 2.0000
Pulse Width 10.5000 o
Acquisition Time 1.0486 ..w
Acquisition Date 2019-03-20T18:01:56 J
Modification Date 2019-03-20T18:07:26 @
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1144 4
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
o 2
S 9
o
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
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—177.86

Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

O©ON «—
100 v~
o 0
© 0 W0
-
AR
Value

cDCI3

298.0

zgpg30

1D

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
40

2045

2.0000

10.5000

1.0486

2019-03-24T14:03:13

2019-03-24T14:48:15

132.36
4131.24
—129.05

126.69

126.21

\

[52] ~
5%8 & e
N~ (= .
wwo o D
— v -~ <
/e _ _

3.13f

Spectrometer Frequency 125.77

Spectral Width 31250.0

Lowest Frequency -1147.4

Nucleus 13C

Acquired Size 32768

Spectral Size 65536

| N L, ) .
o}
o
(@]
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40

f1 (ppm)

_~25.38
~N-24.40
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

Spectrometer Frequency 150.92

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

N — M W0 NNVNOT— M NANAND W0 D O
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Value

CcDCI3

294.9

zgdc30

1D

5 mm BB5 Z8478/ 0047

48

14596.5

2.0000

10.5000

0.8716
2018-05-11T710:26:39
2018-05-11T10:25:26

37594.0
-681.0
13C
32768
65536
| - s\ A JY
D CO+—- O OTT—UO-UOANTOLWNMN
-~ T T AN NMNOOOOOONT N
T

Ph” _

3.13g

cDcl,
4 grease
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f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30 O
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) O N o
Number of Scans 24 _
Receiver Gain 204.5
Relaxation Delay 2.0000 (o]
Pulse Width 10.5000 a_.w
Acquisition Time 1.0486 Al
Acquisition Date 2018-07-04T15:01:18 gl
Modification Date 2018-07-05T14:05:49
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1151.5
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
y P—— " | inf c}lr.!.&Lfa N N ﬁ... | r .h .
gl
S 5 #
S o 2
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f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 32 (0] (0]
Receiver Gain 204.5 J\
Relaxation Delay 2.0000 OJ\ N 0 Ph
Pulse Width 10.5000 fo) _
Acquisition Time 1.0486 VA\
Acquisition Date 2018-05-13T18:39:25 (@)
Modification Date 2018-05-31T719:42:24
Spectrometer Frequency 125.77 M.M
Spectral Width 31250.0 Al
Lowest Frequency -1159.9 “
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
' — ~ - ’ e
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f1 (ppm)
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Parameter Value
Solvent Acetone _
Te t 298.0 +
emperature P N o Ph
Pulse Sequence zgpg30 N
Experiment 1D —
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) w_ul
Number of Scans 128 4
Receiver Gain 204.5 <
Relaxation Delay 2.0000 u
Pulse Width 10.5000 )
Acquisition Time 1.0486
Acquisition Date 2018-05-29T18:19:15
Modification Date 2018-05-29718:31:03
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1049.9
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
o}
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f1 (ppm)
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Parameter Value
Solvent Acetone
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D T
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) N O+ Ph
Number of Scans 64 ﬂ N
Receiver Gain 204.5 =
Relaxation Delay 2.0000 m_ul
Pulse Width 10.5000 4
Acquisition Time 1.0486 =)
Acquisition Date 2018-02-28T16:11:42 u
Modification Date 2018-02-28T716:31:39 agm
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1052.5
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
rég
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S
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f1 (ppm)
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f1 (ppm)
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Parameter Value
Solvent DMSO
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 128 +
Receiver Gain 204.5 N 0/ Ph
Relaxation Delay 2.0000 _
Pulse Width 10.5000 -
Acquisition Time 1.0486 - BF,
Acquisition Date 2017-12-12T712:34:59 o
Modification Date 2017-12-13T716:15:04 u
Spectrometer Frequency  125.77 a\w
Spectral Width 31250.0
Lowest Frequency -1221.7
Nucleus 13C
Acauired Size 32768
%iiggsgtgggi%é A
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Parameter Value
Solvent CD3CN
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D ﬂ/z Oo. _Ph
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) =
Number of Scans 64 = _
Receiver Gain 204.5 BF4
Relaxation Delay 2.0000
Pulse Width 10.5000 a_.m
Acquisition Time 1.0486 “
Acquisition Date 2019-04-06T12:48:47
Modification Date 2019-04-06T12:52:55
Class
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1163.1
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
P P
(@) O
R d
o (a]
o O
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3.7.3 ’F NMR Spectra
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3.7.4 Absorption and Emission Spectra
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3.8 Data and Code Availability
Image datasets, including all raw and processed imaging data generated in this Chapter, are
available at Biolmage Archive (accession number: S-BIAD27). Custom computer programs used

for the work are available at GitHub (https:// gitlab.com/brunslab/ccda).

3.9 List of Supplementary information relevant to Chapter Three

Supplementary Video 3.1 Single-channel in vivo imaging with ex. 1,064 nm at 100 fps. Image
sequence was frame averaged by a factor of three to reduce file size and is displayed in real-time.
Experimental details correspond to that of Figure 3.13.

Supplementary Video 3.2 Video-rate multiplexed imaging in vivo — JuloFlav7 injection. Image
sequence was frame averaged by a factor of three to reduce file size and is displayed in 3x speed.

Experimental details correspond to that of Figure 3.5G.
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Supplementary Video 3.3 Video-rate multiplexed imaging in vivo — ICG injection. Image
sequence was frame averaged by a factor of three to reduce file size and is displayed in 3x speed.
Experimental details correspond to that of Figure 3.5G.

Supplementary Video 3.4 Imaging of an awake mouse in three colors. Image sequence was not
frame averaged and is displayed in real-time. Experimental details correspond to that of Figure
3.15A/Figure 3.5G.

Supplementary Video 3.5 Two-color demonstration of image guided necropsy. Image sequence
was frame averaged by a factor of eight to reduce file size and is displayed in 5x speed.
Experimental details correspond to that of Figure 3.15C/Figure 3.15E.

Supplementary Video 3.6 Orthogonal circulatory and lymphatic imaging. Image sequence was
frame averaged by a factor of two to reduce file size and is displayed in 3x speed. Experimental

details correspond to that of Figure 3.18B—C.
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CHAPTER FOUR

Bright Chromenylium Polymethine Dyes Enable Fast, Four-Color in vivo Imaging with

Shortwave Infrared Detection

Work in this chapter is incorporated into a submitted manuscript with authors Emily D. Cosco,
Bernardo A. Arus, Anthony L. Spearman, Timothy L. Atallah, Olivia S. Leland, Justin R. Caram,

Thomas S. Bischof, Oliver T. Bruns*, and Ellen M. Sletten*

4.1 Abstract

Optical imaging within the shortwave infrared (SWIR, 1,000-2,000 nm) region of the
electromagnetic spectrum has enabled high-resolution and high-contrast imaging in mice, non-
invasively. Polymethine dyes, with narrow absorption spectra and high absorption coefficients, are
optimal probes for fast and multiplexed SWIR imaging. Here, we expand upon the multiplexing
capabilities in SWIR imaging by obtaining brighter polymethine dyes with varied excitation
wavelengths spaced throughout the near infrared (NIR, 700—1,000 nm) region. Building on the
flavylium polymethine dye scaffold, we explored derivatives with functional group substitution at
the 2-position, deemed chromenylium polymethine dyes. The reported dyes have reduced non-
radiative rates and enhanced emissive properties, enabling non-invasive imaging in mice in a
single color at 300 fps and in three colors at 100 fps. Combined with polymethine dyes containing
a red-shifted julolidine flavylium heterocycle (JuloFlav7), and indocyanine green (ICG), distinct
channels with well-separated excitation wavelengths provide non-invasive video-rate in vivo

imaging in four colors.
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4.2 Introduction

Optical detection in the shortwave infrared (SWIR, 1,000-2,000 nm) region of the
electromagnetic spectrum furnishes high sensitivity and high-resolution imaging in small animals.
The enhanced performance arises from lower scattering coefficients, reduced tissue
autofluorescence, and water absorption improving the contrast in the SWIR compared to the near-
infrared (NIR, 700—1,000 nm) and visible (VIS, 350-700 nm) regions.[ 1-4] Since the initial report
of SWIR detection for deep-tissue optical imaging in 2009,[5] diverse emitters for this region,
including carbon nanotubes[6] quantum dots[7—8] rare-earth containing nanoparticles[9—10] and
small molecules[11-12] have been optimized. These efforts have enabled improvements in
imaging speed, up to ~100 fps[10,13] and the translation of advanced imaging techniques, such as
multicolor imaging[13—15] confocal microscopy[16—17] and light-sheet microscopy[18], to this
long wavelength region.

Recent efforts in multiplexing in vivo using non-invasive modalities such as
bioluminescence,[19] magnetic resonance,[20] and photoacoustic[21] imaging have paved the
way to study multiple biological parameters simultaneously. We recently reported a strategy for
multiplexed non-invasive optical imaging in mice, namely, excitation-multiplexing with single-
channel SWIR detection.[13] This approach hinges on SWIR-emissive fluorescent probes with
well-spaced absorption spectra that can be preferentially excited with orthogonal wavelengths of
light (Figure 4.1A) and detected in the SWIR (Figure 4.1B) in tandem on the millisecond time
scale. An additional benefit of the excitation multiplexing approach is that similar contrast and
resolution in all channels is achieved by maintaining the same SWIR detection window. In the
initial report, non-invasive, real-time, multi-channel imaging in living mice in video rate (27

frames per second, fps) was demonstrated. However, it was limited to three colors and produced
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some challenges in motion artifacts due to the ~10 ms separation between channels. Faster
acquisition speeds would allow for enhanced temporal resolution in three-color imaging, and/or
increased number of orthogonal excitation channels (and thus biological parameters) that can be

acquired while maintaining video-rate acquisition.
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Figure 4.1 Excitation multiplexing concepts. A) Absorption properties of select fluorophores
aligned with distinct excitation channels across the NIR and SWIR. B) Emission properties of
select fluorophores across the NIR and SWIR overlaid with a SWIR detection window, defined
here as 1,000—-1,700 nm. Intensities are schematized to represent the key imaging concepts defined
below.

To produce orthogonal signals from differing, well-separated (~75-100 nm) excitation
wavelengths across the NIR and SWIR, two classifications of emitters are necessary: 1)
fluorophores with SWIR absorption and emission, and 2) NIR-absorbing dyes which exhibit long
wavelength emission tails extending into the SWIR region (Figure 4.1). Imaging NIR dyes in the

SWIR requires a higher brightness to compensate for the small fraction of the emission signal that
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is collected (Figure 4.1B). Fortuitously, this concept aligns well with the energy gap laws[22],
allowing drastically higher fluorescence quantum yields (®r) to be obtained with more blue-shifted
dyes. However, apart from the FDA-approved indocyanine green[22-23], (ICG), and
analogues[25-28] (Figure 4.2A, i) which are commonly excited between 785-808 nm, currently,
4.1).[12-13, 29-33] To improve both the speed and degree of multiplexing for non-invasive
imaging in small animals, brighter dyes with narrow excitation spectra at wavelengths between

800-1,000 nm are necessary.

A Existing bright fluorophores in channels i-iv

i li

L I i LIV
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Figure 4.2 Fluorophores in the context of excitation multiplexed SWIR imaging. C) Existing
fluorophores with high ®r (®r in parenthesis) values for their respective absorption wavelength
aligned with the excitation channels defined in (A). B) Pentamethine and heptamethine
fluorophores reported in this manuscript. Positions 2- and 7- on the flavylium and chromenylium
heterocycles are indicated in red.
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Chart 4.1 Structures of dyes listed in Figure 4.2A.
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Small molecules are desirable contrast agents due to their small size, biocompatibility, and
simple bioconjugation approaches.[34] Polymethine dyes, fluorophores composed of two
heterocyclic terminal groups connected by a vinylene chain[35-36], are ideal candidates for
excitation multiplexing, due to high absorption coefficients (g), often above ~10° M-'em™, and
narrow absorption profiles which can be fine-tuned to match excitation channels.[13,37] While
red-shifted polymethine dyes often retain favorable absorptive properties, ®r values drop
drastically in the NIR to SWIR regions. As brightness is reliant on both absorptive and emissive
properties (brightness = emax X @r; €max = absorbance coefficient at Amaxabs), an ideal fluorophore
will undergo both excitation and emission efficiently. Efforts to increase the quantum yield of
polymethine dyes have included reducing non-radiative processes by interactions with
biomolecules[25, 39—40], introducing conformational restraint on the polymethine chain[41-42],
or by decreasing intersystem crossing by replacing heavy atoms[12, 43]. Further efforts to increase
brightness in polymethine dyes include reducing aggregation effects to increase the amount of
actively absorbing and emitting species that can be detected.[26, 30, 44]

As a starting point to obtain NIR polymethine dyes with absorption maxima >800 nm and
high brightness, we looked to the oxygen-containing flavylium dyes, which have previously
furnished bright NIR and SWIR-light absorbing molecules. Fluorophores constructed from a 4-
methyl-7-dimethylamino flavylium heterocycle include heptamethine dye 4.1 (Flav7, Amax.abs =
1,027 nm, ®r ~0.6%) and pentamethine dye 4.2 (Flav5, Amax,abs = 862 nm, @ ~5%),[12] (Figure
4.2A) which are ~10-fold more emissive than the thiaflavylium counterparts[30, 45], likely due to
reduction in intersystem crossing (in addition to the effects of energy gap laws). Investigation of
structure-property relationships by systematic substitution of the flavylium heterocycle produced

trends which could reliably red- or blue-shift excitation wavelengths but did not produce
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significant enhancements in the emissive properties, offering little insight into further increasing
the brightness of the scaffold.[13, 46] Here, we explore structural features on the heterocycle that
increase the emissive behavior in long wavelength polymethine dyes. The resulting dyes are

applied to fast and multiplexed SWIR imaging in mice.

4.3 Results and Discussion
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Figure 4.3 Structures absorption wavelengths of heptamethine and pentamethine dyes. A)
Chemical structures of heptamethine and pentamethine dyes explored in this study (see Chart 4.1
for full structures). B) Absorption maxima of ICG and dyes 4.1-4.10 displayed graphically on the
electromagnetic spectrum and aligned with the distinct excitation channels used for excitation-
multiplexed, single-channel SWIR imaging.
4.3.1 Design, Synthesis, and Photophysical Characterization of SWIR-Emitting Polymethine Dyes
We hypothesized that rotational and vibrational modes within the phenyl group at the 2-
position on flavylium (Figure 4.2B) could be contributing to internal conversion in the resulting
polymethine dyes. To investigate this question, we targeted 4-methyl chromenylium heterocycles
containing either a tert-butyl or a 1-adamanyl group at their 2-positions and applied them to

synthesize pentamethine and heptamethine dyes with absorption between 800—1000 nm (Figure

4.3). We found that the chromenylium heterocycles could be synthesized by an analogous route to
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the prior flavylium variants[13] (Scheme 4.1A). From these heterocycles, we synthesized the
hepta- and pentamethine chromenylium dyes 4.5-4.8 (Scheme 4.1B—C, Chart 4.1) through the
polymethine condensation reaction with the corresponding conjugated bis(phenylimine) (4.13 and
4.14, respectively).

Scheme 4.1 Synthesis of chromenylium heterocycles (A), heptamethine dyes (B) and
pentamethine dyes (C).

R2 i MeMgBr (3 eq) R2
R2 ] 5 I MeMgBr 3 eq. 4 + 3
R OH U 180 °C, 46-48h (a,c) R 0 | THE R Oy R
o _—
+ Rj OEt or R2 W HBE R2 =
R2 240 °C, 3 min, ywave (b) o I-aq. 4 BF,
4.11a 45% 4.12a 89%
4.11b 28% 4.12b 68%
4.11¢ 60% 4.12¢ 81%
Cl
B Ph.j,~ o~ Ph
R2 _ H H
R1 O+ R3 Cl
~ 4.13
R2 Z 2,6-di-tert-butyl-4-methylpyridine
BF,4 n-butanol/toluene
4.12a-c 100°C; 3-7 h
2
(o] R H H of
1 - 3 N~ N.
414
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Chart 4.2 Full Structures of dyes 4.1-4.10.

4.9 (JuloChrom?7) 4.10 (JuloChromb)
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In previous work, we found that the introduction of a julolidine-containing flavylium
heterocycle provided advantageous red-shifts (4.3, JuloFlav7, Amaxabs = 1,061 nm, ®r ~0.46%)
compared to Flav7 (4.1)[13]. Consequently, we were also interested in investigating the
pentamethine flavylium dye that would result from this same julolidine-containing heterocycle,
(4.4), and the chromenylium pentamethine and heptamethine fluorophores containing the
julolidine functionality (4.9, 4.10, respectively, Figure 4.3A, Chart 4.2).

Scheme 4.2 Synthesis of flavylium pentamethine dyes.

R? H H
R! O_Ph ph- N
4.14 _
R? = NaOAc
BF4 Ac,0

100°C, 1 h

4.15a-b

,4.2:R'=NMe,;R2=H b,4.4:R", R2= C;ﬁi '
%

After preparation of the chromenylium dyes 4.5-4.10 as well as the previously reported

flavylium dyes 4.1-4.3 and the new flavylium dye 4.4 (Scheme 4.2, select dyes are named after
the heterocycle and the number of methine units in the polymethine chain), we performed a
comparative investigation of their photophysical properties. The photophysical properties in
dichloromethane reveal that the absorption and emission of the chromenylium heptamethine
derivatives are blue shifted by A ~52 nm (v ~500 cm™), and the chromenylium pentamethine dyes
by A ~44 nm (v ~600 cm™), from their flavylium counterparts (Figure 4.4A, Table 4.1). The
absorption coefficients remain characteristically high, with the pentamethines having, on average,
higher values than the heptamethines, at ~360,000 M~'cm™ and ~250,000 M~'cm™!, respectively
(Table 4.1). Remarkably, the emissive properties increased substantially, with heptamethine

chromenylium dyes ®r = 1.6-1.7% (relative measurements to IR-26 = 0.05%)[45] and
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pentamethine chromenylium dyes ®r = 18-28% (absolute quantum yield measurements) (Figure
4.4 C-D, Section 4.6.1). Combining the absorptive and emissive properties, 4.5 and 4.7 have the
highest brightness of the heptamethines at 4,300 M'cm™!, while 4.6 is the brightest pentamethine

(106,000 M~'em™).
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Figure 4.4 Photophysics of penta- and heptamethine dyes. A) Absorbance spectra of newly
reported dyes. B) Emission spectra of newly reported dyes, ex. = 755 nm for pentamethine dyes;
ex. = 885 nm for heptamethine dyes. C—D) Quantum yields of heptamethine dyes (C) and
pentamethine dyes (D) displayed graphically; error bars represent standard deviation, n = 3
measurements.
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Table 4.1 Photophysics of penta- and heptamethine dyes in DCM.

dye Amax.abs €max Amax.em P brightness(g,x) SWIR brightness
(nm) (Mem) (nm) (%) (M'em")° (M'em )
[ 4.1 (Flav7)? 1027 241,000 £ 1,000 1053  0.61£0.02 1,470 £ 50 1,430 £ 50
%’ 4.3 (JuloFlav7)? 1061 238,000 £ 7,000 1088  0.46 +0.01 1,090 £ 50 1,090 £ 40
g 4.5 (Chrom?7) 975 252,000 5,000 996 1.70+£0.02 4,300+ 100 2,420 + 60
E‘ 4.7 977 267,000 + 8,000 997 1.61+£0.02 4,300+ 100 2,480 + 80
— 4.9 (JuloChrom7) 1008 228,000 £ 6,000 1033 1.58+0.08 3,600 + 200 3,300 + 200
- 4.2 (Flavs)? 862 327,000 + 7,000 883 6.1£0.1 19,900 £ 500 910 + 20
é 4.4 (JuloFlav5s) 897 254,000 £ 5,000 925 53+£0.2 13,500 + 600 1,200 + 50
g 4.6 (Chromb) 819 380,000 £ 10,000 836 28+2 106,000 + 8000 1,140 £ 90
E 4.8 818 320,000 £ 10,000 837 28.3+0.5 91,000 £ 3000 940 + 30

— 4.10 (JuloChrom5) 852 389,000 * 3,000 872 18.3+£04 71,000 + 2000 1,240 + 30

@previously reported measurements, ref. 13

bpreviously reported as the perchlorate salt, ref. 12

Cbrightness = €,5¢ * Pr

dSWIR brightness = brightness - a; a = emission 21000 nm / total emission

When compared to current state of the art organic fluorophores with similar absorption

wavelengths in each excitation channel (dyes outlined in Figure 4.2 C, Table 4.2), the

chromenylium dyes fare quite well. For example, in region (i), dye 4.6 is brighter than ICG[27],

IRDye-800[26], and IR-140[27] and displays similar brightness to the conformationally restricted

heptamethine indocyanine[28] (notated here as Cy7B). Dye 4.10 (in region ii) is ~3.5-fold and ~4
fold brighter than Flav5 (4.2) [12] and ECXb[29], respectively, while dye 4.5 (in region iii) is
between ~2.5-5-fold brighter than current standards BCT982[30], MeOFlav7 (3.10)[13], and CX-
2[31]. Thus, the series of chromenylium dyes provide bright organic chromophores with NIR-

absorption.
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Table 4.2 Photophysics of existing bright NIR dyes.

dye Solvent Amas.avs Emax Or brightness citation
(nm) Mlem™) (o) (M lem™)

- ICG EtOH 787 194,000 13.2 25,600 27
; IRDye 800CW PBS 775 240,000 8.7 23,490 26

f=
§, IR-140 EtOH 804 174,000 16.7 29,000 27
é — Cy7B DCM 775 303,000 40 121,200 28
g’. i I: ECXb DCM 879 132,000 13.3 17,500 29
E [~ BTC892 DCM 944 260,000 0.68 1,800 30
§ iii | MeOFlav7 DCM 984 190,000 0.52 990 13
- CX-2 chloroform 981 191,000 0.45 860 31

While overall brightness is an important comparative metric, the more relevant brightness
metric for excitation-multiplexed imaging with single channel SWIR detection is the percent of
emission that is within the SWIR region. We accounted for this parameter by defining SWIR
brightness = emax X ®r x a, where o = emission >1000 nm/total emission, calculated from the
emission spectra. All of the chromenylium heptamethine dyes have higher SWIR brightness than
the flavylium heptamethine dyes, despite their more blue-shifted photophysics (Table. 4.1). For
the pentamethines, flavylium dye 4.4 and chromenylium dyes 4.6 and 4.10 are the brightest SWIR
emitters of the series.

4.3.2 Investigation of Enhanced ®r of Chromenylium Dyes

The chromenylium dyes display significant improvements in their ®r compared to their
flavylium analogues. To investigate this enhancement, we measured the fluorescence lifetimes (7)
of dyes 4.1-4.10 by time-correlated single-photon counting (TCSPC) (see Section 4.6.2). We
found that in all cases, T increased considerably for the chromenylium dyes compared to the

flavylium dyes, corresponding to the increase in ®r (Table 4.3). A ~2.5-fold increase in t to ~140
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ps for the heptamethines (4.5, 4.7, 4.9) and a ~3.1-fold enhancement to T ~1 ns for the
pentamethines 4.6 and 4.8 (Table 4.3, Figure 4.5A-B) is observed. A slightly shorter t (~750 ps),
and corresponding lower ®r is determined for the more red-shifted pentamethine 4.10. By
calculating the radiative (k) and non-radiative (k) rates from these data, we discovered that while
modest increases in k. are observed for the brighter dyes, the 4, are more drastically affected.
There is an average of 2.3-fold decrease in k., for the heptamethines and a 3.8-fold decrease in 4,
for the pentamethines when comparing chromenylium to flavylium dyes (Table 4.3).

Table 4.3 Table of photoluminescence lifetimes and rates in DCM.

dye Or T k, k.,
(%) (ps) (ns™) (ns™)

~ 4.1 (Flav7) 0.61+0.02 68 + 1 0.090 + 0.003 14.6£0.5
._‘é’ 4.3 (JuloFlav7) 0.46 + 0.01 56 £ 1 0.083 + 0.003 17.9+0.7
:'% 4.5 (Chrom?) 1.70 £ 0.04 148 + 1 0.117 +0.003 6.7 £ 0.09
E‘ 4.7 1.61+0.04 151 % 1 0.106 % 0.003 6.5+£0.2

~ 4.9 (JuloChrom?7)  1.58 + 0.08 118 + 1 0.134 + 0.007 8.3+ 0.4

™ 4.2 (Flavs) 6.1+0.1 311 %1 0.197 + 0.003 3.02 +0.05
__%’ 4.4 (JuloFlav5) 53+0.2 296 + 1 0.180 + 0.008 32+0.1
g 4.6 (Chroms5) 28+2 1022 + 1 0.27 +0.02 0.70 + 0.04
g 4.8 28.3+0.5 1054 + 1 0.268 + 0.004 0.68 + 0.01

L 4.10 (JuloChrom5)  18.3+ 0.4 753 £ 1 0.243 + 0.005 1.09 + 0.02

This effect can be visualized by comparing analogous chromenylium and flavylium
structures (Figure 4.5C) and observing the relative contribution of changes in &, or &, to A®r
between the two scaffolds (Figure 4.5D, Section 4.6.3). The finding that the decreased k- is the
dominant contributor to the increased ®@r in the chromenylium dyes lead us to hypothesize that the
bulky alkyl groups at the 2-poistion provide fewer vibrational modes that enable relaxation by

internal conversion as compared to a phenyl group. We are unable to decouple the vibrational
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mode effects from those imparted by the energy gap laws: blue-shifted dyes will have both
increased k., and decreased k.- compared to “vibrational mode equivalent” molecules with smaller
HOMO-LUMO gaps. Nonetheless, the significantly increased ®@r seen here that is absent in other
polymethine dyes with a similar wavelength of absorption, supports that reducing vibrational

modes is playing an important role in the increase in emissive behavior.

A 17 ® 4.2 (Flav5) B 17 ® 4.1 (Flav7)
@ 4.6 (Chrom5) ‘é 4.5 (Chrom?7)
Q
£ 2 011
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= N
o T 0.017
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0.01 “= - - - 0.001 . |- .
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C A®g comparisons D Contribution to A®g
Chromenylium  Flavylium dye el T FIIl

dye (structural analogy)
4.5 (Chrom?7)
—4.1 (Flav7) k
4.7 | '
4.9 (JuloChrom7) _}—>-4.3 (JuloFlav7) ® NL 50%
4.6 (Chroms) 7 ® k,
> 4.2 (Flav5)
4.8 _
4.10 (JuloChrom5) | 4.4 (JuloFlav5)

%_.

4.5 4.7 49 4.6 4.8 410

Figure 4.5 Analysis of heptamethine and pentamethine dye emissive properties. A-B) Time-
correlated emission of selected dyes 4.2 and 4.6 (A) or 4.1 and 4.5 (B) and fitting curves. C)
Chart outlining comparisons made between chromenylium and flavylium dyes for A®r analysis
in (D). D) Relative contribution of non-radiative rate (k,), radiative rate (k.), or a non-linear
contribution (NL) composed of a combination of both &, and & to ADr between chromenylium
and flavylium dyes (Section 4.6.3).

To further understand the differences between the two dye types, we obtained the X-ray

crystal structures of dyes 4.4 and 4.5 as exemplars of the flavylium and chromenylium scaffolds,
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respectively (Figure 4.6). Focusing on the 2-position of the heterocycle, the phenyl group on the
flavylium dye 4.4 lies ~10-20° out of plane of the polymethine chain and the C1-C2 and C3-C4
bonds have an average bond length of 1.47 A, indicating single bond C(sp*)—C(sp?) character.
These metrics suggest that free rotation of the phenyl groups occur in solution. Chromenylium
dye 4.5 displays the expected C2—C1 and C4—C3 bond lengths of 1.51 A for a C(sp?)~C(sp’) bond.
Taken together, the crystal structure and fluorescence lifetime analyses suggest that the added
degrees of freedom in the chromophore associated with the 2-phenyl substituent contributes to the

increased k- in the flavylium dyes.

Figure 4.6 Thermal Ellipsoid Plots (ORTEP) for compound 4.4 (A) and 4.5 (B), arbitrary
numbering, shown at two viewpoints. Counterions and solvent molecules are omitted for clarity.
Lower structures omit all H atoms for clarity. Atomic displacement parameters are drawn at the
50% probability level.

4.3.3 In vitro Comparative Brightness Experiments’

While photophysical characterization is essential for understanding chromophore

properties, there are many additional parameters that contribute to a dye’s in vivo performance,

! Imaging experiments in this chapter with Bernardo Arus
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including: delivery strategy, interaction with biological tissues, and the excitation and detection
parameters of the imaging configuration. To begin to understand the translation to in vivo
experiments, we used an excitation-multiplexed SWIR imaging configuration to compare emission
of the fluorophores in different biologically-relevant media when excited at different wavelengths.
The imaging set-up includes excitation lasers that correspond to each channel (i—iv, Figure 4.1A)
(785, 892, and 968, 1,065 nm), which are diffused and delivered uniformly to the biological
sample. Excitation irradiation is scaled to the approved values, as outlined by the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines. The guidelines indicate
that within the spectral region of interest (~785—1,065 nm), higher photon doses are tolerated as
the wavelength is increased. This results in a factor of 3.4-fold higher irradiation power allowed
at 1,000 nm compared to 785 nm.[50] Importantly, the excitation-multiplexed imaging
configuration provides fast switching of the excitation lasers (on the ps time scale), allowing for
real-time multicolor imaging. Collection is achieved through a single-channel (“color-blind”)
SWIR detector that records individual frames for each excitation channel in tandem. Multiplexed
frames are obtained by merging the adjacent frames from each excitation channel. As multiplexed
frame rates are related to the exposure time multiplied by the number of channels used in the
experiment, to obtain video-rate speeds, bright probes and short exposure times are necessary.

To compare brightness of the chromenylium dyes in vitro, we first dissolved dyes 4.5, 4.6,
4.9 and 4.10, in organic solvent (DCM) at 0.25 uM, and measured the emission with 1,000 nm
longpass (LP) filtering on an InGaAs camera upon sequential excitation with 785, 892, and 968
nm lasers. ICG (in EtOH), 4.4, and MeOFlav7 (3.10) were used as benchmarks for excitation
channels, i—iii, respectively (Figure 4.7). When the raw count data are normalized to the exposure

time used in image collection, it is clear that 4.5, in channel iii, produces the brightest SWIR
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emission in organic solvent with excitation with the 968 nm laser, providing a ~3-fold advantage
in brightness over MeOFlav7 (3.10), previously employed for 3-color imaging.[12] The other two

channels offered lower signal overall, but the best performers in channels 7 and ii were ICG and

4.4, respectively.

A Organic solvent (equal power density)
12000
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2000 1

0

counts / ET (ms'1)

ICG 4.6 410 4.4 310 4.5 4.9

B Organic solvent (equal photons)
10000 7
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6000 1
4000 1
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2000 1

0 ICG 4.6 410 4.4 310 45 49
C Organic solvent (scaled power densities)
250001
200001
150001
100001
50001

counts / ET (ms'1)

0° ICG 4.6 4.10 44 310 4.5 4.9
Figure 4.7 Brightness comparisons in organic solvent obtained in a SWIR imaging setup with
different excitation and collection 1,100-1,700 nm. Quantification of mean intensity over
ROI/exposure time (ms) from SWIR images of Eppendorf tubes containing 0.25 uM of each dye
in organic solvent (flavylium and chromenylium dyes in DCM; ICG in EtOH) after excitation with
785 nm, 892 nm, or 968 nm lasers of equal power densities (A; 785 nm = 100 mWcem™2, 892 nm =
101 mWem2, 968 nm = 100 mWem2), equal photon number (B; 785 nm = 100 mWem2, 892 =

88 mWem2, 968 nm = 81 mWcem2), or power densities scaled to INCIRP guidelines (C; 785 nm
= 100 mWem?2, 892 nm = 163 mWem™; 968 nm = 232 mWcem?) and LP1000 nm detection
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(variable exposure time (ET) and frame rate). Error represents variation in concentration assessed
by UV-VIS spectrometry measurements.

Next, to more closely approximate in vivo performance, we formulated each chromenylium
or flavylium dye into water-soluble poly(ethylene) glycol-phospholipid micelles, a biocompatible
nanomaterial for delivery (Scheme 4.3, Figures 4.8-4.9).

Scheme 4.3 Assembly of PEG-phospholipid micelles of chromenylium and flavylium polymethine dyes
4.3 (JuloFlav7), 4.4 (JuloFlav5), 4.5 (Chrom?7), 4.6 (Chrom5), 4.9 (JuloChrom?7), and 4.10 (JuloChromS5).

O
* I 15\/?\/ P
Het = ' Het 0 O 7 H
= N N
i Y ig 0 My o
BF4 (6] 0 45
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¥ or i) DMSO/water, sonicate 3 min 0 °C
Het '\~~~ Het ii) wash with PBS

BFs 4.4, 46,410

v7

249



A B
1
3 4.3 (JuloFlav7) 3
c C
< 0.8 1 ©
£ 2
o T [e]
3 06 ] 8
© ] ©
el el
g 044 8
© 1 ®
£ 0.2 £
S | S
pd z
0 ————T—7—T—T7—T—7—T— 77—
400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm
c gth (nm) b
1]
8 4.5 (Chrom7) 8
C C
s 0.8 1 @
2 2
o 1 [e]
& 0.6 1 a
© 1 ©
el el
g o4 g
© 1 ©
£ 0.2 £
S | S
pd 0 z
400 500 600 700 800 900 1000 1100 1200 1300
E Wavelength (nm) F
o 1 @
© 4.9 (JuloChrom?7) Qe
g 08 8
o 1 [e]
& 06 { 2
(0] ©
ke ) kel
& 04 I
© ] ©
E 0.2 ; £
S S
pd 1 z
0

400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

1

0.8

0.6

0.2 1

0

0.8 -
0.6
0.4 ]
02

0

0.8 A
0.6 1
0.4 -

0

0.4

0.2 4

| 4.4 (uloFlavs)

400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

1 4.6 (Chromb)

400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

4 4.10 (JuloChrom5)

400 500 600 700 800 900 1000
Wavelength (nm)

1100 1200 1300

Figure 4.8 Normalized absorbance traces of PEG-phospholipid micelles of chromenylium and
flavylium polymethine dyes in PBS buffer at 3—5 uM (path length = 2.0 mm).
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Figure 4.9 Dynamic light scattering (DLS) characterization of PEG-phospholipid micelles
composed of 18:0 PEG2000 lipids containing either no dye, or one of dyes used for imaging:
4.3-4.6, 4.10. Data are the average of three replicate measurements. A) Size distribution by
intensity. B) Size distribution by number. Size values and PDI values are taken and calculated
from the majority peak. Note: minor micelle aggregation is occurring between 0.5-10,000 pum.
As intensity is proportional to diameter to the sixth power, aggregate species is a small amount
of the total sample and cannot be observed in the size distribution by number graphs in (B).
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Solutions with equal dye concentration (flavylium and chromenylium dyes in micelles;
ICG, free; see Section 4.6.4) were dispersed in water (Figure 4.10A—4.11A), fetal bovine serum
(FBS) (Figure 4.10B—4.11B), and sheep blood (Figure 4.10C—4.11C) and loaded into capillary
tubes (Figure 4.12). As many polymethine dyes, most notably ICG,[51] are known to increase in
brightness in serum and blood, it is essential to perform benchmarking experiments in these
biologically-relevant media. Evaluating brightness in these media changed the results drastically
compared to those in the organic solvent experiment, likely due to variable amounts of aggregation
or interactions within the micelles and/or biological media. Notably, in all media, two dyes stand
out with significantly high SWIR brightness, 4.10, when excited with the 892 nm laser, and 4.5,
when excited with the 968 nm laser. While ICG is the brightest SWIR emitter upon 785 nm laser
excitation in both FBS and blood, both chromenylium dyes produce greater signal in their
respective channels (i7 and iii) compared to that of ICG (in channel 7). In blood, the most
representative media, this quantitates to a ~2.8-fold and ~1.7-fold improvement in signal over ICG
for 4.10 and 4.5, respectively. Additionally, comparing the performance of the chromenylium dyes
between media, it is clear that, similar to ICG, an increase in brightness is occurring in FBS and
blood compared to water. Interestingly, the opposite effect is observed for MeOFlav7, likely due
to instability in more complex environments. Similar experiments using either equal laser power,
or equal photon number at all excitation wavelengths have an expected reduced performance at
the longer excitation wavelengths compared to those using ICNIRP-suggested powers, but still
predict a ~2-fold brightness advantage of 4.10 over ICG (Figure 4.10D-I). As 4.5 and 4.10 will be
further applied in multiplexed SWIR imaging in the in vivo experiments we will refer to them as

Chrom7 (4.5) and JuloChromS5 (4.10), respectively.
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Figure 4.10 Brightness comparisons in imaging configuration using scaled power densities (A—
C), equal power densities (D-F), and equal photon numbers (G-I) across laser wavelengths.
Images upon 785 (A-1 =33 mW cm), 892 (A-C = 54; D-F = 33; G-1 =29 mW cm2), and 968
(A-C =77, D-F = 33; G-1 =27 mW c¢m™) nm ex. and LP1000 nm detection (variable exposure
time (ET) and frame rate) of capillaries containing equal moles of dyes 4.4—4.6, 4.9, 4.10 (lipid
formulations) and benchmark dyes ICG (free) and MeOFlav7 (3.10) (lipid formulation) when
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dissolved in water (A, D, G), fetal bovine serum (FBS) (B, E, H), or sheep blood (C, F, I).
Displayed images were averaged over 200 frames and normalized to the ET used in each image.
The intensities are averaged over the vertical dimension and are plotted over distance in the
horizontal dimension below each image.
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Figure 4.11 Graphs from brightness comparison in Figure 4.10 displayed individually for visual
clarity. A—C) Scaled power densities. D-F) Equal power densities. G—I) Equal photon numbers.
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Power densities: 785 (A-I =33 mWcm™2), 892 (A-C = 54; D-F =33; G-I =29 mWcm™2), 968 (A—
C = 77; D-F = 33; G-I = 27 mWcm™?). LP1000 nm detection (variable ET and frame rate).
Capillaries contain equal moles of dyes 4.4—4.6, 4.9, and 4.10 (lipid formulations) and benchmark
dyes ICG (free) and MeOFlav7 (3.10) (lipid formulation) when dissolved in water (A, D, G), fetal
bovine serum (FBS) (B, E, H), or sheep blood (C, F, I). Graphs represent the intensity of each
image averaged over the vertical dimension, and plotted over the horizontal dimension.

Figure 4.12 Visible light photographs of the capillary imaging configuration. A) Image of dye-
filled capillaries in a transparent plastic holder placed in the imaging configuration. Lasers and
camera are situated directly above the field of view. B) Close-up of the capillary holder and dye-
filled capillaries. The red color is due to reflections from a 650 nm pilot light on the lasers.
4.3.4 Comparative in vivo Imaging Experiment

To most closely assess the brightness performance for SWIR imaging, we designed an in
vivo comparative experiment between the highest performing chromenylium dye, JuloChrom5
(4.10) and ICG. To note, while many SWIR imaging agents have been compared to the benchmark
dye, ICG, these comparisons are often difficult due to the diverse photophysical and biological
properties of different emitters. In our case, the in vivo comparison is complicated by differing
biodistribution properties of the two dyes. While this difference cannot be entirely decoupled from
the conclusions, we aimed to reduce uncertainty in other aspects of the experiment and the analysis.

We capitalized on the multiplexing capabilities of the two dyes to perform a comparative
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experiment of both agents in a single mouse, thus reducing biological sample variance. As signal
from ICG upon 892 nm laser irradiation is negligible with these acquisition settings (Figure 4.15),
we performed temporally-separated tail-vein injections of equal moles of ICG, followed by
JuloChrom5 (4.10) into mice and imaged each injection in two channels, with 785 nm and 8§92 nm
lasers and collection with 1,000 nm LP filtering (Figures 4.13—4.14). Normalizing each acquisition
to the injection start time, we quantified the signal over time over the whole mouse (yellow), a
section of the vasculature (red), and the liver (black). Looking at the whole mouse region of interest
(ROJ) (Figure 4.13E), signal from JuloChrom5 (4.10) is significantly higher than signal from ICG.
However, the ratio of counts between 4.10 and ICG (Figure 4.13E) increases when looking only
at the vasculature. Conversely, the ratio (4.10 to ICG) decreases when observing the liver, due to
the faster hepatic clearance time of ICG compared to the PEG-coated micelles containing 4.10.
Despite this difference, 4.10 still demonstrates slightly higher signal than ICG in the liver over the
observed time frame. While differential biodistribution could result in variable probe depths and
differing amounts of attenuation, the higher signal among several regions of interest in vivo,
combined with the more controlled in vitro quantification leads us to conclude that JuloChrom5
(4.10) displays an overall higher signal in the SWIR compared to ICG. Importantly, the
advantageous brightness of 4.10 enables imaging with high signal-to-noise ratios (SNR) at low
exposure times (1.6-2.0 ms). Accordingly, we can now image a whole mouse in a single color at
frame rates up to 300 fps, limited by the collection rate of the current detector. Notably, the more
red-shifted dye, Chrom7 (4.5), in channel iii, can also be employed to image in a single color at
300 fps, with good SNR and similar acquisition parameters (Figure 4.16, Supplementary Video

4.1), enabling rapid, multiplexed SWIR imaging.
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Figure 4.13 In vivo comparative imaging experiment. A) Experimental timeline for the imaging
experiment in B—C. B—C) Images after injection of ICG (50 nmol) upon 785 nm (64 mWcm~2)
ex. (B) and after injection of JuloChrom3 (4.10) (50 nmol) upon 892 nm (104 mWcm2) ex. (C).
Collect: LP1000 nm, 2.0 ms ET, 150 fps (for 2-channel collection, see Figure 4.15 for cross-talk
evaluation). Single frames at the time point which displayed the highest intensity over the whole
mouse ROI obtained during acquisition are displayed. D) Intensity quantification from images in
B-C, taken by averaging intensity over the whole mouse at each frame after i.v. injection, where
t = 0 is the initial frame in which signal is visualized. E) Ratio of intensities (JuloChromS5

(4.10)/ICG) from ROIs quantified in B-C.
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Figure 4.14 In vivo comparative imaging experiment, replicate. A) Experimental timeline for the
imaging experiment in B—C. B—C) Images after injection of ICG (50 nmol) upon 785 nm (64
mWcm2) ex. (B) and after injection of JuloChrom5 (4.10) (50 nmol) upon 892 nm (104 mWcem-™
2) ex. (C). Collect: LP1000 nm, 2.0 ms ET, 150 fps (for 2-channel collection, see Figure 4.15 for
cross-talk evaluation). Single frames at the time point which displayed the highest intensity over
the whole mouse ROI obtained during acquisition are displayed. D) Intensity quantification from
images in B—C, taken by averaging intensity over the whole mouse at each frame after i.v.
injection, where t = 0 is the initial frame in which signal is visualized. E) Ratio of intensities
(JuloChrom5 (4.10)/ICG) from ROIs quantified in B—C.
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Figure 4.15 Images from comparative brightness experiment (Figure 4.13) taken after ICG
injection and before injection (left) and after injection (right) of JuloChrom5 (4.10), showing
residual signal from ICG in the 892 nm channel. A) Experimental timeline for the imaging
experiment in B—C. B) Normal contrast images. C) Contrast-enhanced images. Ex. 892 nm (104
mWcm2); collect: LP1000 nm, 2.0 ms ET, 150 fps. Single frames are displayed.

4.27s 8.39s
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Figure 4.16 Single color imaging at 300 fps. Images after injection of Chrom7 (4.5) (141 nmol)
upon 968 nm (100 mWem2) laser ex. Collect: LP1500 nm, 3 ms ET, 300 fps. Single frames are
displayed. Images are representative of two replicate experiments.

182.69 s
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4.3.5 Fast, Multiplexed in vivo SWIR Imaging

We next moved to examine how the brighter dyes can be used to improve excitation-
multiplexed, single-channel detection, SWIR imaging. Previously, we demonstrated 3-color
imaging in real time (up to 27 fps)[13]. Here, we aimed to improve the temporal resolution of the
method as well as increase the number of channels at which orthogonal signals can be detected.
The high brightness of the chromenylium dyes and the flavylium pentamethines, coupled with the
varied absorption profiles across the far-NIR provides several candidate dyes for multiplexed
imaging using channels i—iii. First, we used 4.6 (referred to here as Chrom5), 4.4 (referred to here
as JuloFlav5), and Chrom7 (4.5) together, preferentially excited by 785, 892, and 968 nm lasers,
respectively, with collection using 1,000 nm LP filtering. The three dyes were injected at differing
times or routes to ensure varied biodistribution of the different channels during imaging. The
injection amounts of each dye were optimized to provide similar brightness using the ICNIRP-
scaled power densities. Images with excellent signal to noise ratio (Figure 4.17, Supplementary
Video 4.2) were collected with 3.3 ms exposure time (ET), and 100 fps multiplexed frame rate
(multiplexed frame rate = 1/(n x ET), where n = number of channels), which is over 3x the speed
obtained previously.[13] Multiplexing at these high frame rates ensures that macroscopic
biological motion is negligible within the collection time for each frame that contributes to the
composite image and will offer increased benefits in applications such as image-guided surgery or

imaging animals in the absence of anesthesia.
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Figure 4.17 High-speed three-color imaging. A) Experimental timeline for experiment in B. (not
to scale). B) Single channel and composite images from three-color excitation multiplexed SWIR
imaging at 100 fps. Injection amounts are as follows: Chrom5 (4.6) = 130 nmol; JuloFlav5 (4.4)
= 80 nmol; Chrom7 (4.5) = 110 nmol. Ex. 785 nm (80 mWcm2). 892 nm (87 mWcm™2), 968 nm
(94 mWcem2), collect LP1000 nm, 3.3 ms, 100 fps, single frames are displayed.

Finally, the new NIR fluorophores allowed the addition of a fourth channel such that 4-
color SWIR imaging could be performed for the first time. We chose ICG, JuloChrom5 (4.10),
Chrom?7 (4.5), and JuloFlav7 (4.3) as spectrally distinct fluorophores with preferential excitation
at 785, 892, 968, and 1,065 nm, respectively, and collection with 1,100 nm LP filtering (Figure
4.18-4.19, Supplementary Video 4.3). Again, we optimized injection routes, times, and amounts
to ensure different biodistribution of probes would be present with similar brightness at the time
of imaging. First, JuloChrom5 (4.10) was injected i.v. 27 hours prior to serve as a structural
reference. Next, [CG was injected i.v., and allowed to clear for 5 hours through the liver into the

intestine. JuloFlav7 (4.3) was then administered into the i.p. space 7 min before imaging, and

finally, Chrom?7 (4.5) was injected i.v. to obtain the time-course images of the injection displayed
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in Figure 4.18B—C. For multiplexed experiments employing 1,065 nm laser excitation, longer
exposure times were needed due to the smaller, more red-shifted collection window decreasing the
percentage of emissive-tails of the dyes collected. Regardless, signal in each channel was sufficient
for collection at 30 fps, with a 7.8 ms ET for each channel. The 4 color experiment was able to be
performed at similar speeds to previously reported 3-color experiments which used 1,064 nm laser
excitation, providing video-rate temporal resolution of biological function, visualized in the heart
and breathing rates (Figure 4.20).[13] The lower exposure times used herein (7.8 ms vs. 10 ms)
were possible due to the improved brightness of the chromenylium dyes and the scaled power
densities of the excitation wavelengths.[13] Notably, we have also improved the linear unmixing

procedure compared to the initial report, to accommodate 4-color data (see Section 4.6.5).
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A multiplex imaging settings: image
excite: 785 nm, 892 nm, 968 nm, 1065 nm [time course in (b)| [snapshot in ()]
collect: LP1100 nm
I—'] 00 s—|
| } '
27 hr -5 hr 7 min

_ aicers] [ = ]

C| 785 nm (ICG) || 892 nm (JuloChroms5) || 968 nm (Chrom7) || 1065 nm (JuloFlav7) |
100 s

Figure 4.18 Video-rate four-color imaging. A) Experimental timeline for experiment in (B-C) (not
to scale). B-C) Composite images (B) and single frames (C) from four-color excitation multiplexed
SWIR imaging at 30 fps. Injection amounts are as follows: ICG = 200 nmol; JuloChrom5 (4.10)
= 50 nmol; Chrom7 (4.5) = 45 nmol; JuloFlav7 (4.3) = 45 nmol. Ex. 785 nm (45 mWcm-2), 892
nm (75 mWcm-2), 968 nm (103 mWcem-2), 1065 nm (156 mWem-2); collect LP1100 nm, 7.8 ms,
30 fps, single frames are displayed.
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[ 785 nm (ICG) | [ 892nm (JuloFlav5) | | 968 nm (Chrom?7) | [ 1065 nm (JuloFlav7) | | Composite |

Figure 4.19 Video-rate 4-color imaging, with individual channels displayed at all time points.
Injection amounts are: ICG = 200 nmol; JuloChrom5 (4.10) = 50 nmol; Chrom7 (4.5) = 45 nmol;
JuloFlav7 (4.3) = 45 nmol. Ex. 785 nm (45 mWem™2). 892 nm (75 mWem2), 968 nm (103 mWem™
2), 1065 nm (156 mWem2); collect LP1100 nm, 7.8 ms, 30 fps, single frames are displayed.
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Figure 4.20 Heart rate (D) and Breath rate (E) calculated from ROIs specified in 4.18C.

4.4 Conclusions

The ability to non-invasively and longitudinally track multiple probes within living animals
will be key to studying causes and interventions of human disease. Fluorescence is an optimal tool
for high resolution and high sensitivity detection, but non-invasive experiments are limited by light
scattering in tissue. Longer wavelength detection benefits from increased penetration depth and
contrast, but lacks bright enough probes that can be concurrently detected orthogonally. Here, we
designed and synthesized seven new polymethine dyes with flavylium or chromenylium
heterocycles, which are brighter than their predecessors. The pentamethine and heptamethine
chromenylium dyes benefit from significantly higher quantum yields due to decreased non-
radiative rates compared to the flavylium dyes. We capitalize on the excitation-multiplexed
strategy to compare performance and biodistribution of two probes in the same mouse. In this
experiment, we found that JuloChrom5 (4.10), excitable when excited at 892 nm, is brighter than
ICG for in vivo experiments. The panel of bright dyes enables single-channel imaging at up to 300

fps, while dyes excitable at orthogonal excitation wavelengths can be used together providing
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three-channel imaging at up to 100 fps. These experiments represent the fastest single and multi-
channel SWIR imaging to date. Combining these dyes with ICG and JuloFlav7 (4.3), video-rate
(30 fps) imaging in mice in 4-colors is demonstrated for the first time. The contribution puts forth
a greater understanding of how to increase the performance and utility of long wavelength probes
to visualize complex organisms. Specifically, by improving the brightness of dyes in key
wavelength regions and integrating their use into excitation-multiplexed SWIR imaging, we open
up opportunities for non-invasive and high-resolution imaging of multiple biological parameters

in vivo.

4.5 Experimental procedures

4.5.1 General experimental procedures

Instrumentation Thin layer chromatography was performed using Silica Gel 60 Fzs4 (EMD
Millipore) plates. Flash chromatography was executed with technical grade silica gel with 60 A
pores and 40—63 um mesh particle size (Sorbtech Technologies). Solvent was removed under
reduced pressure with a Biichi Rotavapor with a Welch self-cleaning dry vacuum pump and further
dried with a Welch DuoSeal pump. Aqueous solvent was removed by lyophilization with a
LABCONCO FreeZone Benchtop Freeze Dryer. Bath sonication was performed using a Branson
3800 ultrasonic cleaner or an Elma S15EImasonic. Nuclear magnetic resonance (‘"H NMR, *C
NMR) spectra were taken on Bruker Avance 300, AV-500 or AV-600 instruments and processed
with MestReNova software. All "H NMR and *C NMR peaks are reported in ppm in reference to
their respective solvent signals. High resolution mass spectra (electrospray ionization (ESI)) were
obtained on a Thermo Scientific Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ M with Dionex

UltiMate 3000 RSLCnano System. IR spectra were obtained on a Perkin-Elmer UATR Two FT-

266



IR spectrometer and are reported in terms of frequency of absorption (cm™'). Nanomaterial size
was analyzed with a Malvern Zetaziser Nano dynamic light scattering in plastic 1 cm cuvettes.
Absorbance spectra were collected on a JASCO V-770 UV-Visible/NIR spectrophotometer with
a 2000 nm/min scan rate after blanking with the appropriate solvent or on a PerkinElmer
LAMBDA 1050+ UV/VIS/NIR Spectrophotometer with a reference sample. Photoluminescence
spectra were obtained on a Horiba Instruments PTT QuantaMaster Series fluorometer with InGaAs
detector Horiba Edison DSS IGA 020L. Absolute quantum yields were taken in a Horiba
KSPHERE-Petite. Quartz cuvettes (1 cm) were used for absorbance and photoluminescence
measurements. Absorption coefficients in DCM were calculated with serial dilutions with
Hamilton syringes in volumetric glassware. Error was taken as the standard deviation of the
triplicate experiments. Relative quantum yields were determined in DCM relative to IR-26 in
DCM (see Note S1 for details on photoluminescence quantum yield measurements).
Abbreviations DCM = dichloromethane; DMSO = dimethylsulfoxide; ET = exposure time; EtOH
= ethanol; EtOAc = ethyl acetate; fps = frames per second; i.v. = intravenous; i.p. intraperitoneal;
LP = longpass; NIR = near-infrared; NMR = nuclear magnetic resonance; PBS = phosphate
buffered saline; PEG = polyethylene glycol; ROI = region of interest; SP = shortpass; SWIR =
shortwave infrared; THF = tetrahydrofuran; VIS = visible.

General synthetic procedures Chemical reagents were purchased from Accela, Acros Organics,
Alfa Aesar, Carl Roth, Fisher Scientific, Sigma-Aldrich, or TCI and used without purification
unless noted otherwise. Anhydrous and deoxygenated solvents (toluene, THF) were dispensed
from a Grubb’s-type Phoenix Solvent Drying System constructed by JC Meyer. Anhydrous solvent
(n-butanol) was prepared by drying over 4 A molecular sieves for at least 3 days. Oxygen was

removed by three consecutive freeze—pump—thaw cycles in air-free glassware directly before use.
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Animal procedures Animal experiments were conducted in conformity with the institutional
guidelines. Non-invasive whole mouse imaging was performed on athymic nude female mice (6-
15 weeks old, weight between 20-25 g), purchased from Envigo or Charles River Laboratories.
Mice were anesthetized with inhaled isoflurane/oxygen. Tail vein injections were performed with
a catheter assembled from a 30-gauge needle connected through plastic tubing to a syringe prefilled
with isotonic saline solution. The bevel of the needle was then inserted into the tail vein and
secured using tissue adhesive. The plastic tubing was then connected to a syringe (30-gauge
needle) prefilled with the probe of interest. All probes were filtered through a 0.22 pm syringe
filter prior to i.v. injection.

SWIR imaging apparatus For whole mouse imaging, a custom-built setup was used. Lumics
laser units: LU1064DLD350-S70ANO03 (35 W) “1065 nm”; LU0980D350-D30AN (35W) “968
nm”, and LU0O890D400-U10AF (40W) “892 nm”, LU0O785DLU250-S70ANO03 (25 W) "785 nm”
were used for excitation. Laser modules are specced to = 10 nm. Laser outputs were coupled in a
4x1 fan-out fiber-optic bundle (Thorlabs BF46L.S01) of 600 pm core diameter for each optical
path. The output from the fiber was fixed in an excitation cube (Thorlabs KCB1EC/M), reflected
off of a mirror (Thorlabs BBE1-E03), and passed through a positive achromat (Thorlabs AC254-
050-B), SP filter (specified for each experiment) and an engineered diffuser (Thorlabs ED1-S20-
MD or EDI1-S50-MD) to provide uniform illumination over the working area. In a typical
experiment, the excitation flux at the object was adjusted to be close to 100 mWem™ (power
density used is defined separately in each experiment, with an error of = 3%). The working area
was covered by a heating mat coated with blackout fabric (Thorlabs BK5). Emitted light was
directed onto an Allied Vision Goldeye G-032 Cool TEC2 camera with a sensor temperature set

point of -30 °C or a Goldeye G-033 TECless camera. Emitted light was directed through a custom
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filter set (defined for each experiment) and a C-mount camera lens (Navitar, SWIR-35). The
assembly was partially enclosed to avoid excess light while enabling manipulation of the field of
view during operation. Camera and lasers were externally controlled and synchronized by
delivering trigger pulses of 5V TTL (5V Transistor-Transistor Logic) to the laser drivers and
camera using a programmable trigger controller with pulses generated with an Atmel Atmega328
micro-controller unit and programmed using Arduino Nano Rev 3 MCU (A000005) in the Arduino
integrated development environment (IDE). Acquired imaging data is then transferred to the PC
via either a Gigabit Ethernet (GigE), or CameraLink (CL) interface. For image acquisition with
the G-032 camera, the toolbox of MATLAB programming environment was used in combination
with a MATLAB script (github) to preview and collect the required image data in 14-bit depth.
For image acquisition with the G-033 camera, FireBird Camera Link Frame Grabber (1xCLD-
2PE8 or 1xCLD-2PE4, Active Silicon) along with ActiveCapture (Active Silicon) was used to
collect image data in 8-bit or 12-bit depth.

Image processing procedures Images were processed using the Fiji distribution[52] of
ImageJ[53] and Python3. All images were background corrected to correct for non-linearities in
the detector and/or excitation. Raw images underwent no further processing. Multiplexed images
that underwent unmixing were subjected to either manual or an automated linear unmixing method
(see Note S5), specified in the experimental procedures for each figure. All still images are
displayed as single frames and converted to 8-bit PNG files for display, unless stated otherwise.
Videos were frame averaged to reduce file size, if necessary, before compression with FFmpeg to

a .mov file.
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4.5.2 Experimental procedures’

| 2-(tert-butyl)-7-(dimethylamino)-4 H-chromen-4-one  (4.11a): 3-

| (dimethylamino)phenol (299 mg, 2.18 mmol, 1.00 equiv.) and ethyl

o) pivaloylacetate (700 pL, 3.93 mmol, 1.00 equiv.) were combined in an

oven-dried 1 dram vial and heated at 180 °C for 40 h. The solution was cooled to room temperature,
evaporated onto silica, and purified via column chromatography with a 10:1 to 4:1 hexanes/EtOAc
gradient. The procedure gave a light pink solid (238 mg, 0.970 mmol, 45%). R = 0.4 in 1:2
hexanes/EtOAc. 'H NMR (300 MHz, Chloroform-d) & 7.96 (d, J= 9.0 Hz, 1H), 6.70 (dd, J = 9.0,
2.4 Hz, 1H), 6.45 (d, J=2.4 Hz, 1H), 6.10 (s, 1H), 3.05 (s, 6H), 1.30 (s, 9H). 3*C NMR (126 MHz,
Chloroform-d) 6 178.4, 174.7, 158.6, 154.1, 126.4, 113.1, 110.5, 106.1, 97.0, 40.2, 36.3, 28.0.
HRMS (ESI") caled for CisH2o0NO>" [M+H]": 246.1489; found: 246.1482. Absorbance (CH2Cl,):

264, 296, 337 nm.

2-((3r,5r,7r)-adamantan-1-yl)-7-(dimethylamino)-4 H-chromen-

- 4-one (4.11b): 3-(dimethylamino)phenol (150 mg, 1.09 mmol, 1.00
equiv.) and ethyl 3-(1-adamantyl)-3-oxopropionate (316 pL, 1.31

mmol, 1.20 equiv.) were added to a glass 10 mL microwave vial and heated to 240 °C for 3 min.
The crude product was cooled and evaporated onto silica for purification via column
chromatography with a 10:1 to 3:1 hexanes/EtOAc gradient. Impure fractions were further purified
with a 250:1 to 14:1 toluene/acetone gradient to obtain a grey solid (99.6 mg, 0.308 mmol, 28%).

R¢ = 0.4 in 1:2 hexanes/EtOAc. '"H NMR (500 MHz, Chloroform-d) & 7.96 (d, J = 9.0 Hz, 1H),

2 Anthony Spearman contributed to work in this section
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6.71 (dd, J=9.1, 2.5 Hz, 1H), 6.46 (d, J = 2.4 Hz, 1H), 6.03 (s, 1H), 3.06 (s, 6H), 2.17 —2.03 (m,
3H), 1.93 (d, J = 3.0 Hz, 6H), 1.84 — 1.65 (m, 6H). *C NMR (126 MHz, Chloroform-d) & 178.6,
174.6, 158.7, 154.1, 126.5, 113.4, 110.5, 106.0, 97.1, 40.3, 39.6, 38.0, 36.6, 28.1. HRMS (ESI")
calcd for C21H26NO2" [M+H]™: 324.1958; found: 324.1949. Absorbance (CH2Cly): 264, 297, 339

nm.

11-(tert-butyl)-2,3,6,7-tetrahydro-1H,5H,9H-pyrano|[2,3-

| flpyrido[3,2,1-ij]quinolin-9-one (4.11c): 8- hydroxyjulolidine (315 mg,

o) 1.66 mmol, 1.00 equiv) and ethyl pivaloylacetate (500 uL, 2.81 mmol,

1.69 equiv.) were added to a 20 mL vial, and heated at 180 °C for 48 h. The solution was cooled
to room temperature, evaporated onto silica, and purified via column chromatography with an 8:1
to 3:1 hexanes/EtOAc gradient to yield an off-white solid (295 mg, 0.992 mmol, 60%). Rr= 0.4 in
1:2 hexanes/EtOAc. 'TH NMR (600 MHz, Chloroform-d) & 7.53 (s, 1H), 6.05 (s, 1H), 5.25 (s, 1H),
3.27 - 3.15 (m, 4H), 2.83 (t, J = 6.5 Hz, 2H), 2.74 (t, J = 6.2 Hz, 2H), 1.96 (p, J = 6.3 Hz, 2H),
1.90 (p, J= 6.2 Hz, 2H), 1.27 (s, 9H). 3C NMR (126 MHz, Chloroform-d) 4 178.4, 173.9, 153.9,
146.9, 122.1, 119.9, 112.2, 105.58, 105.55, 49.9, 49.4, 36.4, 28.1, 27.6, 21.5, 20.7, 20.5. HRMS

(ESI") caled for CioH24NO;" [M+H]": 298.1802; found: 298.1793. Absorbance (CH2Clz): 272,

300, 355 nm.
’L o 2-(tert-butyl)-7-(dimethylamino)-4-methylchromenylium
- AN
_ tetrafluoroborate (4.12a): Chromone 4.11a (500 mg, 2.04 mmol, 1.00

BF . . . . .
*  equiv.) was dissolved in THF (20 mL) in a flame-dried 100 mL 3-neck

flask in an N, atmosphere. The solution was cooled to 0 °C, and methylmagnesium bromide (1.0
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M in THF, 5.1 mL, 2.5 equiv.) was added dropwise. The reaction mixture was warmed to room
temperature and stirred for 21 h. The reaction was quenched with fluoroboric acid (50% aqueous,
300 pL), and with the addition of 5% fluoroboric acid, extracted into DCM. The extract was dried
with NaxSOq, filtered, and evaporated. The crude product was purified by precipitation upon
addition of EtOAc, filtration, and rinsing with additional EtOAc to yield a bright orange solid (604
mg, 1.82 mmol, 89%). 'H NMR (500 MHz, Acetone-ds) & 8.27 (d, J=9.6 Hz, 1H), 7.59 (dd, J =
9.6,2.5 Hz, 1H), 7.50 (s, 1H), 7.25 (d, J= 2.6 Hz, 1H), 3.45 (s, 6H), 2.93 (s, 3H), 1.52 (s, 9H). 1*C
NMR (126 MHz, Acetone-ds) 6 181.0, 166.1, 160.5, 159.1, 129.7, 119.2, 118.3, 112.5,96.7, 41.2,
38.7, 28.3, 20.0. HRMS (ESI") caled for CisH2NO*™ [M]": 244.1696; found: 244.1693.

Absorbance (CH2Cly): 285, 331, 468 nm. Emission (CH2Cl, ex. 450 nm): 534 nm.

2-((3r,5r,7r)-adamantan-1-yl)-7-(dimethylamino)-4-
- O+\ methylchromenylium tetrafluoroborate (4.12b): Chromone 4.11b
d 'BF, (79 mg, 0.24 mmol, 1.0 equiv.) was added to a flame dried 25 mL 2-
neck flask in a N> atmosphere and dissolved in THF (3.2 mL). The solution was cooled to 0 °C
and methylmagnesium bromide (1.0 M in THF, 0.75 mL, 3.1 equiv.) was added dropwise. The
reaction was warmed to room temperature and stirred for 14 h before quenching with fluoroboric
acid (50%, aqueous, 150 pL). After further addition of 5% fluoroboric acid, the product was
extracted into DCM, dried with Na>SQg, filtered, and evaporated. The crude product was purified
by precipitation upon addition of toluene, collected by vacuum filtration, and rinsed briefly with
cold EtOAc to yield a bright orange solid (68 mg, 0.17 mmol, 68%). 'H NMR (500 MHz, Acetone-
ds) 8 8.26 (d,J=9.7 Hz, 1H), 7.58 (dd, J=9.6, 2.5 Hz, 1H), 7.42 (s, 1H), 7.25 (d, /= 2.6 Hz, 1H),

3.45 (s, 6H), 2.94 (s, 3H), 2.17 (d, J = 1.4 Hz, 9H), 1.95 — 1.79 (m, 6H). *C NMR (126 MHz,
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Acetone-ds) 0 180.5, 166.1, 160.5, 159.0, 129.6, 119.1, 118.3, 112.5, 96.7, 41.2, 40.6, 40.3, 36.7,
28.8, 20.0. HRMS (EST") calcd for CoHsNO* [M]™: 322.2165; found: 322.2164. Absorbance

(CH2Cly): 286, 331, 469 nm. Emission (CH2Cly, ex. 450 nm): 534 nm.

11-(tert-butyl)-9-methyl-2,3,6,7-tetrahydro-1H,5SH-pyrano|2,3-

N

flpyrido|3,2,1-ij]quinolin-12-ium tetrafluoroborate (4.12c): Chromone
=

BF, 4.1c (256 mg, 0.861 mmol, 1.00 equiv.) was added to a flame dried 50
mL 2-neck flask in a N atmosphere and dissolved in THF (8.8 mL). Methylmagnesium bromide
(1.0 M in THF, 2.6 mL, 3.0 equiv.) was added dropwise and the solution was stirred at room
temperature for 12 h. The reaction was quenched with fluoroboric acid (50% aqueous, 200 uL).
The product was extracted into DCM with the addition of 5% fluoroboric acid, dried with Na>;SOs,
filtered, and evaporated. The product was purified by precipitation upon addition of cold EtOAc,
filtration and rinsing with cold EtOAc to obtain a magenta solid (268 mg, 0.669 mmol, 81%). 'H
NMR (500 MHz, Acetonitrile-d3) 6 7.65 (s, 1H), 7.02 (s, 1H), 3.53 (q, J = 5.4 Hz, 4H), 2.95 (t, J
= 6.4 Hz, 2H), 2.93 — 2.87 (m, 2H), 2.67 (s, 3H), 2.05 — 1.96 (m, 4H), 1.44 (s, 9H). *C NMR (126
MHz, Acetonitrile-d3) 6 178.3, 161.6, 155.2, 153.7, 129.7, 124.7, {peak at 118.6—118.1 beneath
CDsCN solvent peak}, 111.1, 105.6, 51.8, 51.3, 38.5, 28.4, 28.4, 21.0, 20.2, 19.9, 19.7. HRMS

(ESI) calcd for C20H26NO™ [M]": 296.2009; found: 296.2002. Absorbance (CH2Clz): 300, 351,

488 nm. Emission (CH2Cly, ex. 450 nm): 557 nm.

7-(dimethylamino)-4-((1E,3E)-5-((E)-7-
(dimethylamino)-2-phenyl-4 H-chromen-4-

ylidene)penta-1,3-dien-1-yl)-2-
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phenylchromenylium tetrafluoroborate (4.2, FlavS): Flavylium 4.15a (see [13] for synthesis)
(164 mg, 0.467 mmol, 1.00 equiv.), malonaldehyde bis(phenylimine) monohydrochloride (59.0
mg, 0.228 mmol, 0.490 equiv.) and sodium acetate (128 mg, 1.25 mmol, 2.68 equiv.) were added
to a 25 mL Schlenk tube under a N, atmosphere. Acetic anhydride (4.0 mL) was added and the
solution was freeze-pump-thawed x3 before heating to 100 °C for 65 min. The reaction was cooled,
~16 mL of toluene was added, and the product was collected by vacuum filtration. The product
was rinsed with toluene and water before drying in vacuo. A bronze solid resulted (127 mg, 0.194
mmol, 86%). '"H NMR (500 MHz, DMSO-ds) & 8.20 (t, J = 12.9 Hz, 2H), 8.13 — 8.03 (m, 4H),
7.99 (d, J=9.4 Hz, 2H), 7.66 (s, 2H), 7.62 — 7.53 (m, 6H), 7.08 (d, J = 13.3 Hz, 2H), 6.91 (dd, J
= 9.3, 2.6 Hz, 2H), 6.83 (t, J = 12.4 Hz, 1H), 6.77 (d, J = 2.6 Hz, 2H), 3.13 (s, 12H). 13C NMR
(126 MHz, DMSO-ds) 6 156.1, 155.3, 154.1, 148.9, 145.5, 131.5, 131.1, 129.1, 126.0, 125.8,
115.3, 113.1, 110.8, 101.5, 97.3 {peak at 38.9-40.1 beneath DMSO- ds solvent peak.}. HRMS
(ESTY) calcd for C39H35sN202" [M]": 563.2693; found: 563.2675. IR (film): 2926, 2867, 1629, 1456,
1052, 995, 902, 883 cm!. Absorbance (CH2Cl»): 548, 778, 862 nm. Emission (CH2Cl,, ex. 755

nm): 883 nm.

11-phenyl-9-((1E,3E,5E)-5-(11-phenyl-2,3,6,7-
tetrahydro-1H,5H,9H-pyrano|[2,3-f]pyrido|[3,2,1-

ijflquinolin-9-ylidene)penta-1,3-dien-1-yl)-2,3,6,7-

tetrahydro-1H,5H-pyrano[2,3-f]pyrido[3,2,1-
iflquinolin-12-ium tetrafluoroborate (4.4, JuloFlav5): Flavylium 4.15b (see [13] for synthesis)
(150 mg, 0.372 mmol, 1.00 equiv.), malonaldehyde bis(phenylimine) monohydrochloride (47.2

mg, 0.182 mmol, 0.490 equiv.) and sodium acetate (92.6 mg, 1.13 mmol, 3.03 equiv.) were added
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to a 25 mL Schlenk tube under a N, atmosphere. Acetic anhydride (4.0 mL) was added and the
solution was freeze-pump-thawed x3 before heating to 100 °C for 60 min. The reaction was cooled,
~10 mL of toluene was added, and the product was collected by vacuum filtration. The product
was rinsed with toluene until filtrate runs clear, followed by a water rinse. The product was further
purified by column chromatography, after dry-loading onto silica, in a three-way gradient of 1:1
toluene/DCM plus 1% EtOH to 0:1 toluene/DCM plus 20% EtOH. An iridescent red solid resulted
(97.9 mg, 0.130 mmol, 71%). 'H NMR (500 MHz, DMSO-ds) 6 8.15 (t, J= 13.0 Hz, 2H), 8.13 —
8.08 (m, 4H), 7.70 — 7.58 (m, 10H), 7.05 (d, J = 13.4 Hz, 2H), 6.79 (t, J = 12.4 Hz, 1H), 3.41 —
3.38 (m, 8H), 2.92 (t, J= 6.5 Hz, 4H), 2.78 (t, /= 6.5 Hz, 4H), 1.98 (p, /= 5.7 Hz, 4H), 1.91 (p, J
= 5.8 Hz, 4H). 3C NMR (126 MHz, DMSO-ds) 8 154.9, 150.4, 147.6, 144.2, 131.5, 131.2, 129.1,
125.6, 122.6, 121.6, 114.5, 110.4, 105.5, 100.9, 49.6, 49.0, 27.1, 20.5, 19.8, 19.6. HRMS (EST")
calcd for C47Ha3N202" [M]*: 667.3319; found: 667.3296. IR (film): 2928, 2849, 1631, 1431, 1091,

1038, 916 cm™'. Absorbance (CH2Cl»): 588, 805, 897 nm. Emission (CH,Cl», ex. 755 nm): 925 nm.

2-(tert-butyl)-4-((E)-2-((E)-3-(2-((E)-2-(tert-
butyl)-7-(dimethylamino)-4 H-chromen-4-

ylidene)ethylidene)-2-chlorocyclohex-1-en-1-

T yl)vinyl)-7-(dimethylamino)chromenylium
tetrafluoroborate (4.5, Chrom?7): Chromenylium 4.12a (300 mg, 0.900 mmol, 1.00 equiv.), N-
[(3-(anilinomethylene)-2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (153 mg,
0.426 mmol, 0.47 equiv.) and 2,6-di-tert-butyl-4-methyl pyridine (555 mg, 2.70 mmol, 2.98
equiv.) were added to a flame-dried 50 mL Schlenk tube under a N atmosphere. Toluene (2.1 mL)

and n-butanol (4.8 mL) were added and the solution was freeze-pump-thawed x3 before heating
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to 100 °C for 3 h. The reaction was cooled and evaporated. The product was precipitated in toluene
and collected by vacuum filtration, washing with ~200 mL toluene, ~50 mL trifluorotoluene, ~50
mL cold THF. The product was further purified by column chromatography after dry-loading onto
silica in DCM plus a gradient of 0.5-5% EtOH. After a second column in a three-way gradient of
3:7 toluene/DCM plus 0.5 % EtOH to 0:1 toluene/DCM plus 5% EtOH, the procedure resulted in
a red iridescent product (108 mg, 0.152 mmol, 36%). '"H NMR (500 MHz, Acetonitrile-d3) & 8.00
(d, J=13.8 Hz, 2H), 7.82 (d, J=9.3 Hz, 2H), 6.86 (dd, /= 9.4, 2.6 Hz, 2H), 6.79 (s, 2H), 6.73 (d,
J=13.8 Hz, 2H), 6.50 (d, J= 2.5 Hz, 2H), 3.04 (s, 12H), 2.71 (t, J = 6.3 Hz, 4H), 1.89 (p, J = 6.2
Hz, 2H), 1.42 (s, 18H). *C NMR (126 MHz, Acetonitrile-d3) 8 170.8, 157.2, 155.3, 146.8, 146.1,
139.1, 130.5, 126.3, 113.9, 112.9, 112.3, 100.4, 98.0, 40.5, 37.4, 28.2, 27.6, 21.8. HRMS (EST")
calcd for C4oHasCIN2O2™ [M]™: 623.3399; found: 623.3383. IR (film): 2964, 2927, 2872, 2811,
1627, 1377, 1227, 1155, 982, 934, 884 cm!. Absorbance (CH2Cl»): 499, 562, 975 nm. Emission

(CH2Cly, ex. 885 nm): 996 nm.

2-(tert-butyl)-4-((1E,3E)-5-((E)-2-(tert-butyl)-7-
(dimethylamino)-4 H-chromen-4-ylidene)penta-

1,3-dien-1-yl)-7-(dimethylamino)chromenylium

T tetrafluoroborate (4.6, Chrom5): Chromenylium
4.12a (150 mg, 0.45 mmol, 1.0 equiv.), malonaldehyde bis(phenylimine) monohydrochloride
(57.3 mg, 0.221 mmol, 0.490 equiv.), and sodium acetate (117 mg, 1.43 mmol, 3.16 equiv.) were
added to a 25 mL Schlenk tube under a N, atmosphere. Acetic anhydride (3.5 mL) was added and
the solution was freeze-pump-thawed x3 before heating to 120 °C for 60 min. The reaction was

cooled, ~14 mL of toluene was added, and the product was collected by vacuum filtration. The
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product was rinsed with toluene until filtrate runs clear, followed by a water rinse. The product
was further purified by column chromatography, after dry-loading onto silica, in a three-way
gradient of 1:1 toluene/DCM plus 1% EtOH to 0:1 toluene/DCM plus 12% EtOH. An iridescent
dark purple solid resulted (76.6 mg, 0.125 mmol, 57%). '"H NMR (500 MHz, Acetonitrile-d3) &
7.93 (t, J=13.0 Hz, 2H), 7.87 (d, J = 9.4 Hz, 2H), 6.91 (dd, J = 9.3, 2.6 Hz, 2H), 6.86 (s, 2H),
6.83 (d, J=13.5 Hz, 2H), 6.68 (t, J = 12.5 Hz, 1H), 6.61 (d, J = 2.6 Hz, 2H), 3.10 (s, 12H), 1.40
(s, 18H). 13C NMR (126 MHz, Acetonitrile-d3) & 171.3, 157.5, 155.6, 150.1, 148.2, 128.3, 126.5,
114.5, 114.0, 112.0, 100.3, 98.1, 40.6, 37.5, 28.2. HRMS (ESI") calcd for C3sHazsN202" [M]*:
523.3319; found: 523.3312. IR (film): 2961, 2923, 2870, 1631, 1457, 124, 977, 929, 882 cm™'.

Absorbance (CH2Cly): 521, 741, 819 nm. Emission (CH2Cl,, ex. 755 nm): 836 nm.

2-((3r,5r,7r)-adamantan-1-yl)-4-((E)-2-((E)-
3-(2-((E)-2-((3r,5r,7r)-adamantan-1-yl)-7-
(dimethylamino)-4H-chromen-4-

ylidene)ethylidene)-2-chlorocyclohex-1-en-1-

yl)vinyl)-7-(dimethylamino)chromenylium
tetrafluoroborate (4.7): Chromenylium 4.12b (30.5 mg, 0.0745 mmol, 1.00 equiv.), N-[(3-
(anilinomethylene)- 2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (11.9 mg,
0.0331 mmol, 0.440 equiv.) and 2,6-di-tert-butyl-4-methyl pyridine (46.1 mg, 0.225 mmol, 3.01
equiv.) were added to a flame-dried 25 mL Schlenk tube under a N> atmosphere. Toluene (0.20
mL) and n-butanol (0.50 mL) were added and the solution was freeze-pump-thawed x3 before
heating to 100 °C for 6.5 h. The reaction was cooled and evaporated. The crude product was

purified by column chromatography after dry-loading onto silica in DCM plus a gradient of 0.5—
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4% EtOH. After a second column in a three-way gradient of 3:7 toluene/DCM plus 0.4% EtOH to
0:1 toluene/DCM plus 7% EtOH, the procedure resulted in a dark blue product (9.2 mg, 0.011
mmol, 32%). "H NMR (500 MHz, DMSO-ds) 8 8.15 (d, J=9.6 Hz, 2H), 7.93 (d, /= 13.6 Hz, 2H),
7.14 — 6.90 (m, 4H), 6.71 (s, 2H), 6.68 (d, J = 2.5 Hz, 2H), 3.07 (s, 12H), 2.76 (m, 4H), 2.13 —
2.11 (m, 6H), 2.03 — 2.02 (m, J = 12H), 1.86 — 1.76 (m, 14H). 3C NMR (126 MHz, DMSO-ds) 5
169.0, 155.8, 154.2, 145.0, 144.4, 137.7, 129.4, 126.2, 113.3, 111.84, 111.81, 99.2, 97.0, {two
peaks at 40.4-38.8, beneath DMSO-ds solvent peak} 37.9, 35.9, 27.6, 26.5, 20.8. HRMS (ESI")
calcd for Cs2HeoCIN202" [M]": 779.4338; found: 779.4307. IR (film): 2902, 2850, 1634, 1363,
1230, 1143, 987, 932, 885 cm!. Absorbance (CH2Cl»): 500, 562, 876, 977 nm. Emission (CH2Cly,

ex. 885 nm): 997 nm.

2-((3r,5r,7r)-adamantan-1-yl)-4-((1E,3E)-5-((E)-2-
((3r,5r,7r)-adamantan-1-yl)-7-(dimethylamino)-
4H-chromen-4-ylidene)penta-1,3-dien-1-yl)-7-

(dimethylamino)chromenylium tetrafluoroborate

(4.8). Chromenylium 4.12b (15.1 mg, 0.0369 mmol,
1.00 equiv.), malonaldehyde bis(phenylimine) monohydrochloride (4.5 mg, 0.020 mmol, 0.47
equiv.), and sodium acetate (10.2 mg, 0.124 mmol, 3.37 equiv.) were added to a 25 mL Schlenk
tube under a N> atmosphere. Acetic anhydride (0.41 mL) was added and the solution was freeze-
pump-thawed x3 before heating to 100 °C for 70 min. The reaction was cooled, ~5 mL of toluene
was added, and the product was collected by vacuum filtration. An iridescent dark purple solid
resulted (10.5 mg, 0.0137 mmol, 79%). 'H NMR (500 MHz, Methylene Chloride-d>) & 7.87 (d, J

=9.4 Hz, 2H), 7.80 (t, J = 12.9 Hz, 2H), 6.91 (dd, J= 9.3, 2.6 Hz, 2H), 6.82 (d, J = 13.4 Hz, 2H),
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6.76-6.71 (m, 3H), 6.57 (d, J = 2.6 Hz, 2H), 3.16 (s, 12H), 2.16 (t, J = 3.1 Hz, 6H), 2.05 (d, J =
2.8 Hz, 12H), 1.89 — 1.75 (m, 12H). 3C NMR (126 MHz, Methylene Chloride-d>) 8 170.9, 157.1,
154.8, 148.9, 147.9, 127.3, 125.8, 113.5, 113.3, 111.7, 99.9, 97.6, 40.6, 40.2, 39.0, 36.8, 28.6.
HRMS (ESI") calcd for C47HssN2O2" [M]™: 679.4258; found: 679.4240. IR (film): 2905, 2851,
1631, 1463, 1122, 984, 929, 884. Absorbance (CH2Cly): 521, 742, 818 nm. Emission (CH2Cl, ex.

755 nm): 837 nm.

11-(Tert-butyl)-9-((E)-2-((E)-3-((E)-2-(11-
(tert-butyl)-2,3,6,7-tetrahydro-1H,5H,9H-
pyrano[2,3-f|pyrido[3,2,1-ij]quinolin-9-

ylidene)ethylidene)-2-chlorocyclohex-1-en-1-

yl)vinyl)-2,3,6,7-tetrahydro-1H,5SH-pyrano[2,3-f]pyrido|[3,2,1-ij|quinolin-12-ium

tetrafluoroborate (4.9, JuloChrom7). Chromenylium 4.12¢ (52 mg, 0.13 mmol, 1.0 equiv.), N-
[(3-(anilinomethylene)- 2-chloro-1-cyclohexen-1-yl)methylene]aniline hydrochloride (22 mg,
0.062 mmol, 0.48 equiv.), and 2,6-di-tert-butyl-4-methyl pyridine (80 mg, 0.4 mmol, 3 equiv.)
were dissolved in a mixture of n-butanol (820 pL) and toluene (350 pL) in a 25 mL Schlenk flask
and heated to 105 °C for 7 hours. The solution was cooled to rt and evaporated onto silica gel. The
crude product was purified via silica gel chromatography, eluting with a DCM/toluene/EtOH
solvent gradient of 7:3 + 0.2% EtOH, increasing up to 10% EtOH gradually, followed by a
trituration with ice cold THF. The procedure gave a dark purple solid (30. mg, 0.036 mmol, 28 %).
'"H NMR (500 MHz, Methylene Chloride-d>) & 8.15 (d, J = 13.8 Hz, 2H), 7.48 (s, 2H), 6.79 (s,
4H), 3.39 (s, 8H), 2.89 (s, 8H), 2.77 (s, 4H), 2.02 (d, J = 7.2 Hz, 8H), 1.41 (s, 18H), 0.08 (s, 2H).

HRMS (EST") calcd for C4sHs6CIN,Ox+" [M]*: 727.4025; found: 727.4003. IR (film): 2925, 2854,
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1628, 1234, 1144, 1048, 960, 929, 895 cm™'. Absorbance (CH.Cl): 524, 563, 608, 1008 nm.

Emission (CH2Cl,): 1033 nm..

11-(tert-butyl)-9-((1E,3E,SE)-5-(11-(tert-butyl)-
2,3,6,7-tetrahydro-1H,5H,9H-pyrano|2,3-
flpyrido[3,2,1-ij]quinolin-9-ylidene)penta-1,3-

dien-1-yl)-2,3,6,7-tetrahydro-1H,5H-pyrano|2,3-

flpyrido[3,2,1-ij]quinolin-12-ium tetrafluoroborate (4.10, JuloChrom5). Chromenylium 4.12¢
(150 mg, 0.39 mmol, 1.0 equiv.), malonaldehyde bis(phenylimine) monohydrochloride (49.7 mg,
0.192 mmol, 0.490 equiv.), and sodium acetate (99.1 mg, 1.21 mmol, 3.09 equiv.) were added to
a 25 mL Schlenk tube under a N, atmosphere. Acetic anhydride (3.5 mL) was added and the
solution was freeze-pump-thawed x3 before heating to 100 °C for 60 min. The reaction was cooled,
~10 mL of toluene was added, and the product was collected by vacuum filtration. A bronze solid
resulted (111 mg, 0.155 mmol, 81%). '"H NMR (500 MHz, Acetonitrile-d3) & 7.85 (t, J= 13.0 Hz,
2H), 7.51 (s, 2H), 6.81 (s, 2H), 6.78 (d, J = 13.6 Hz, 2H), 6.61 (t, J = 12.5 Hz, 1H), 3.36 (q, J =
6.5 Hz, 8H), 2.85 (t, /= 6.4 Hz, 4H), 2.81 (t, /= 6.1 Hz, 4H), 1.99 — 1.96 (m, 8H), 1.39 (s, 18H).
3C NMR (126 MHz, Acetonitrile-ds) 8 170.0, 152.6, 149.1, 148.4, 146.9, 127.3, 124.1, 122.3,
113.7, 111.6, 107.0, 99.7, 50.9, 50.4, 37.6, 28.5, 28.4, 21.8, 20.91, 20.87. HRMS (ESI") calcd for
C43Hs51N20,2" [M]": 627.3945; found: 627.3927. IR (film): 2955, 2847, 1633, 1439, 1091, 951, 925,

886 cm™!. Absorbance (CH>Cl»): 560, 771, 852 nm. Emission (CH2Clz, ex. 755 nm): 872 nm.
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4.5.3 Figure experimental procedures

Figure 4.4A-B Absorption spectra were obtained of dilute dye solutions in DCM (approx. OD =
1) in a 10 mm cuvette. Spectra were baseline corrected to the signal at 1,300 nm for the
heptamethine dyes and to 1,000 nm for 4.6 and 4.8, 1,100 nm for 4.10, and 1,200 nm for 4.4.
Spectra for 4.6 and 4.8were corrected for non-linearity between gratings. Displayed spectra are
normalized to 1.0. Emission spectra were obtained in dilute solutions of dyes in DCM (OD < 0.1)
in a 10 mm cuvette, with excitation at 885 nm for the heptamethine dyes and at 755 nm for the
pentamethine dyes.

Figure 4.4C-D Quantum yields were acquired as described in Seciton 4.6.1. Photophysics were
acquired as described in the general experimental procedures. Brightness and “SWIR brightness”
were calculated from the listed equations.

Figure 4.5A-B Excited state lifetimes were acquired and calculated as described in Section 4.6.2.
Figure 4.5C-D The contribution of change in k, and k,, to the A®; for chromenylium vs.
flavylium dyes was obtained as described in Section 4.6.3

Figure 4.6 Single crystals of dye 4.4 were obtained by slow evaporation from DMSO. Single
crystals of dye 4.5 were obtained by layered diffusion of DCM with n-hexane. Crystallization
parameters are provided in Section 4.7.

Figure 4.7. Solutions in DCM of each flavylium/chromenylium dye and in EtOH of ICG at 0.25
uM were prepared and transferred to 1.5 mL Eppendorf tubes. Imaging was performed with
Goldeye G-032 in an upright configuration with Navitar (SWIR-35) SWIR C-mount lens and LP
filters (1x FELH1000 (Thorlabs), 3x LP1000 (#84-766 Edmund Optics). Camera settings were as
follows: gain = 1, temperature = -30 °C, ET = 0.3-2.5 ms. The excitation used 785 nm, 892 nm,

and 968 nm lasers in an excitation unit with SP filters 2x FESH1000 (Thorlabs) and engineered
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diffuser ED1-S50 (Thorlabs). Power densities for each irradiation wavelength were as follows:
equal power densities (A): 785 nm = 100 mWem™2, 892 nm = 101 mWem2, 968 nm = 100 mWem-
2; equal photon number (B): 785 nm = 100 mWcm™, 892 = 88 mWcem2, 968 nm = 81 mWem™2;
power densities scaled to INCIRP guidelines (C) 785 nm = 100 mWem™2, 892 nm = 163 mWem-
2, 968 nm = 232 mWcm 2. Images were averaged over 200 frames before analysis. Rectangular
ROIs were drawn over the Eppendorf locations and used to obtain intensity values for each sample.
Intensities were divided by the exposure time used for each acquisition to obtain counts/ms.
Figure 4.8 Micelles were fabricated according to the following procedure: 0.4 mg of each dye
(dyes 4.3, 4.4, 4.5, 4.6, 4.8, 4.10) was dissolved in 4 mL DMSO and added to 2 mL of a 6 mg/mL
solution of 18:0 PEG2000 PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-/N-
[methoxy(polyethylene glycol)-2000] ammonium salt (Avanti Polar Lipids) in a 50 mL falcon
tube. The solution was sonicated in a probe sonicator for 3 min on ice. The solution was then
transferred to a 10 kDa MW cutoff filter (Amicon Ultra-15) and centrifuged at 4000 rpm.
Sequential washes with 1x PBS were performed, until the remaining DMSO consisted of <1%.
The micelles were then concentrated by centrifugation (4000 rpm) to ~12.5 mL. Concentrations
were calculated according to Section 4.6.4. Absorbance traces were obtained without dilution in a
2 mm cuvette. Spectra were baseline corrected to the signal at 1,300 nm. Displayed spectra are
normalized to 1.0.

Figure 4.9 Size data by DLS were acquired after a 1:100 (20 pL to 2 mL, 14 uM with respect to
the lipid) dilution in MilliQ water, after filtering through a 0.22 um cellulose acetate syringe filter.
SOP parameters were as follows: sample refractive index 1.4, 3 measurements, no delay between

measurements, 25 °C with 120 second equilibration time.
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Figure 4.10—4.12 Micelles were prepared as described in experimental procedures for Figure 4.8.
MeOFlav7 (3.10) micelles were prepared following literature procedure.[13] ICG was prepared in
water. 2 uM solutions were prepared using dilutions from water into water, FBS, and sheep blood.
Solutions were transferred to capillary tubes (Perschman DEM 18 Mini Caps ISO7000), and placed
in a transparent plastic holder for imaging. Imaging was performed with Goldeye G-032 in an
upright configuration with Navitar (SWIR-35) SWIR C-mount lens and LP filters (1x FELH1000
(Thorlabs), 3x LP1000 (#84-766 Edmund Optics). Camera settings were as follows: gain = 1,
temperature = -30 °C, ET = 35 ms. The excitation used 785 nm, 892 nm, and 968 nm lasers in an
excitation unit with SP filters 2x FESH1000 (Thorlabs) and engineered diffuser ED1-S50
(Thorlabs). Power densities for each irradiation wavelength and image are listed in the figure
legend. Excitation was modulated using external triggering, with variable “on” time to modulate
effective exposure time while keeping camera exposure time at 35 ms. Images were divided by the
laser “on” time used in acquisition to normalize signal across all images. A rectangular ROI was
drawn over the relevant area and used to crop images to the displayed size. The intensity over this
ROI (averaged in the Y dimension) is plotted below each figure. LUT table CET-L16[54] was
applied to all images for manuscript display in 8-bit format.

Figure 4.13—4.15 Imaging was performed with Goldeye G-033 in an upright configuration with
Navitar (SWIR-35) SWIR C-mount lens and LP filters 1x FELH1000 (Thorlabs), 3x LP1000 (#84-
766 Edmund Optics). Camera settings were as follows: gain = 1, ET = 2 ms, frame rate = 300 fps.
The Arduino-programmed laser/camera “on” time = 2000 microseconds; “off” time = 1300
microseconds. The excitation used 785 nm and 892 nm lasers in an excitation unit with SP filters
2x FESH1000 (Thorlabs) and engineered diffuser ED1-S50 (Thorlabs). Power densities for each

irradiation wavelength were as follows: 785 nm = 64 mWcm2; 892 nm =104 mWem 2. The mouse
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was dosed with 50 nmol of each dye, delivered i.v. at the timepoints listed in the timelines. Micelles
of 4.10 were prepared as described in experimental procedures for Figure 4.8. Images were
analyzed by taking the intensities over the ROIs and graphing signal over the injection time (D)
and relative signal of 4.10/ICG (E).

Figure 4.16 Imaging was performed with Goledye G-033 in an upright configuration with Navitar
(SWIR-35) SWIR C-mount lens and LP filters 1x FELH1150 (Thorlabs), and 1x LP1100 (#84-
768 Edmund Optics). Camera settings were as follows: gain = 1, ET = 3 ms, frame rate = 300 fps.
The excitation used 968 nm laser in an excitation unit with SP filter 1x SP1100 (#64-339 Edmund
Optics) and engineered diffuser ED1-S50 (Thorlabs). Power density of irradiation was 100
mWcm™. The mouse was dosed with 141 nmol Chrom7 (4.5) i.v.

Figure 4.17 Imaging was performed with Goldeye G-033 in an upright configuration with Navitar
(SWIR-35) SWIR C-mount lens and LP filters 1x FELH1000 (Thorlabs), 2x LP1000 (#84-768
Edmund Optics). Camera settings were as follows: gain = 1, ET = 3.3 ms, frame rate = 300 fps.
The Arduino-programmed laser/camera “on” time = 2800 microseconds; “off” time = 500
microseconds. The excitation used 785 nm, 892 nm, 968 nm lasers in an excitation unit with SP
filters 2x FESH1000 (Thorlabs) and engineered diffuser ED1-S50 (Thorlabs). Power densities for
each irradiation wavelength were as follows: 785 nm = 80 mWcm2; 892 nm =87 mWem2; 968
nm = 94 mWcm™2. The mouse was dosed with: Chrom5 (4.6) = 130 nmol; JuloFlav5 (4.4) = 80
nmol; Chrom?7 (4.5) = 110 nmol with delivery i.v. (Chrom5 (4.6), Chrom7 (4.5)) or i.p. (JuloFlav5
(4.4)) at the timepoints indicated in the timeline in (A). Micelles of 4.6, 4.5, and 4.4 were prepared
as described in experimental procedures for Figure 4.8. The mouse was imaged at the time points
after injection listed in the timeline in (A). Images were manually unmixed using the following

equations:
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980, = 980, — (0.28 * 892,) Eq. 4.1

892; = 892, — (0.4 = 785, — (0.6 x 968;)) Eq. 4.2

7857 = 785, — (0.2 x 980, — (0.11 = 785,.)) Eq. 4.3
Where the subscripts (f) and (r) represent “final” and “raw” images, respectively.
Figure 4.18-4.20 Imaging was performed with Goldeye G-033 in an upright configuration with
Navitar (SWIR-35) SWIR C-mount lens and LP filters 1x FELH1100 (Thorlabs), 2x LP1100 (#84-
768 Edmund Optics). Camera settings were as follows: gain = 1, ET = 7.8 ms, frame rate = 120
fps. The Arduino-programmed laser/camera “on” time = 7800 microseconds; “off” time = 500
microseconds. The excitation used 785 nm, 892 nm, 968 nm, and 1065 nm lasers in an excitation
unit with SP filters 2x SP1100 (#64-339 Edmund Optics) and engineered diffuser ED1-S50
(Thorlabs). Power densities for each irradiation wavelength were as follows: 785 nm =45 mWcm®
2: 892 nm =75 mWem™?; 968 nm = 103 mWem2; 1065 nm = 156 mWem™. The mouse was dosed
with: ICG = 200 nmol; JuloChrom5 (4.10) = 50 nmol; Chrom7 (4.5) = 45 nmol; JuloFlav7 (4.3) =
45 nmol with delivery i.v. (JuloChrom5 (4.10), ICG, Chrom7 (4.5)) or i.p. (JuloFlav7 (4.3)) at the
time points listed in the timeline in (a). Micelles of 4.10, 4.5, and 4.3 were prepared as described
in experimental procedures for Figure 4.8. The mouse was imaged at the time points after injection
listed in the timeline in (a). Heart rate and breathing rate traces were obtained from plotting the
intensity over time from the ROIs in (4.18c). Images were linearly unmixed using an automated

unmixing method described in Section 4.6.5. Data are representative of two biological replicates.
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4.6 Notes related to Chapter Four

4.6.1 Photoluminescence Quantum Yield Measurements
The photoluminescence quantum yield (@) of a molecule or material is defined as follows,
Pg

dp =2E (Eq. 4.4)

Pa
where Pr and P4 are the number of photons absorbed and emitted, respectively. To determine the
quantum yield, we either use a relative method with a known standard in the same region of the
electromagnetic spectrum, or an absolute method, in which the number of photons absorbed and
emitted are measured independently. Here, we used (1) a relative method with IR-26 as the known
standard for all new heptamethine derivatives (4.5, 4.7, 4.9) and (2) an absolute method for all
pentamethine derivatives (4.2, 4.4, 4.6, 4.8, 4.10). Quantum yields for dyes 4.1 and 4.3 were taken
from measurements acquired previously.[13]
(1) For the relative method, to compare an unknown to a reference with a known quantum

yield, the following relationship was used:

Cp, = (DF,r(mx/mf)(sz/Tlrz) (Eq. 4.5)
where m represents the slope of the line (y = mx + b) obtained from graphing integrated
fluorescence intensity versus optical density across a series of samples, 7 is the refractive index of
the solvent, and the subscripts x and 7 represent values of the unknown and reference, respectively.
The (®f,) of IR-26 was taken to be a constant, 0.05%, as we have previously measured,[12] and
which agrees with several recent measurements.[45, 55]

Here, we measured relative fluorescence quantum yields of each dye in DCM. To obtain a
plot of integrated fluorescence intensity versus absorbance for the reference and unknown, five

solutions and a solvent blank were prepared and their absorbance and emission spectra (with an
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excitation wavelength of 885 nm) were acquired. IR-26 and the unknown dyes were diluted in
DCM to concentrations with optical densities less than 0.1 to minimize effects of reabsorption.
The baseline corrected (to 1,500 nm) fluorescence traces were integrated, and the raw integrals
were corrected by subtracting the integral over an identical range from fluorescence traces of the
blank solvent. The integrated fluorescence intensities were then plotted against the baseline
corrected absorbance values at the relevant wavelength (885 nm), and the slope and error in slope

were obtained (R?> 0.99 for all traces) (Figure 4.21).
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Figure 4.21 Integrated fluorescence intensity vs. absorbance at 885 nm plots for IR-26 vs. each
unknown dye sample in DCM.

The refractive indices were omitted from the calculation as all samples were measured in the same
solvent (DCM). The fluorescence quantum yields were then calculated using Eq. 4.5 and are
reported in Table 4.1. Error measurements were propagated from the error in slope of the reference
and the unknown.

The methods employed here were validated with comparison of IR-26 to IR-1061, giving a
®pvalue 0f 0.32 £ 0.01 %, which agrees with our prior absolute quantum yield measurement.[12]
Acquisition settings for relative fluorescence quantum yield measurements: For quantum yield
measurements, fluorescence traces were acquired with ex. 885 nm with a 900 nm SP filter
(Thorlabs FES 900) and collection from 920— or 930—1,500 nm. The slits were 5.76 mm (15 nm)

for excitation and 11.52 mm (30 nm) for emission. The step size used was 1.0 nm, integration time
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0.1 s, and traces were acquired after an automatic detector background subtraction, and with the
default excitation correction. Absorbances traces were acquired with a 2,000 nm/min acquisition
speed, and a 1 nm step size, after blanking with dichloromethane. All samples were observed an
OD of <0.1 to minimize sample reabsorption effects.

(2) For absolute quantum yield measurements, an integrating sphere was used (Horiba
KSPHERE-Petite). Detector-corrected emission traces (collecting over the spectral region
containing emission of the sample, A,,) and “excitation traces” (emission spectra
collecting over the spectral region containing the excitation wavelength, 4,,) of the sample
dissolved in DCM (sample, x) and DCM in the absence of sample (solvent, r) were
collected. From these traces, absolute quantum yields were calculated from the following
equation:

_ P_E _ flem(lx(lem)_lr(/’lem)) dlem

=
Pa [y (r(ex)=1x(ex)) dAex

(Eq. 4.6)

Where, I = intensity. All reported quantum yields are the average of three independent
measurements and the error is taken as the standard deviation.

Acquisition settings for absolute fluorescence quantum yield measurements: Samples in a 10 mm
x 10 mm quartz cuvette were illuminated with the excitation lamp on the fluorometer and detected
at 90°. Direct scatter into the detector is obfuscated by a Teflon baffle. Step sizes of 1 nm, and
integration times of 0.1 s were used. A correction file was used to account for the non-linearity of
the detector. All samples were observed an OD of <0.1 to minimize sample reabsorption effects.

Parameters which were variable for each sample are outlined in Table 4.4.
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Table 4.4 Acquisition settings for fluorescence quantum yield measurements.

Dye Excitation A4,,(nm) Aen (nm)  Ex.slits (mm)  Em. slits (nm)
A (nm)

4.2 (Flavs) 808 778-830 850-1300 14 21

4.4 (JuloFlav5) 770 740-800 810-1230  11.5 11.5

4.6 (Chrom5) 750 720-780 780-1200 12 12

4.8 750 720-780 780-1200 12 12

4.10 (JuloChrom5) 770 740-800 800-1220 12 12

Photoluminescence quantum yields are displayed in Table 4.1.

4.6.2 Time Resolved Photoluminescence (TRPL) Measurements’

We recorded PL lifetimes using a home-built, all-reflective epifluorescence setup. Dye sample
solutions (OD ~1.0) were excited at the front of a 1 cm cuvette using the pulsed laser output from
an optical parametric amplifier [Spirit-OPA, MKS-Spectra Physics] pumped by ytterbium-fiber
amplified pulsed laser (1040 nm, 29uJ, ~300 fs, at 10 kHz with pulse-picker) [Spirit HE 30, MKS-
Spectra Physics]:

For the heptamethine dyes, the OPA excitation was tuned to 970 nm (70 pJem2, ~200 fs) and the
emission was then collected and filtered with a 90:10 beamsplitter [BSX10R, Thorlabs], two 1,000
nm longpass filters [ [0CGA-1000, Newport], one 1050 nm longpass filter [FELH1050, Thorlabs],
and a hot mirror [1I0HMR-0, Newport] and finally reflectively coupled into a single-mode fiber
[F-SMF-28-C-10FC, Newport] and detected using a superconducting nanowire single photon

detector (SNSPD, IRF =47 + 1 ps) [Quantum Opus One].

3 With Timothy Atallah
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For the pentamethine dyes, the OPA excitation was tuned to 780 nm (900-100 pwJem2, ~200 fs)
and the emission was then collected and filtered with the 90:10 beamsplitter, one 800 nm longpass
filters [l0CGA-800, Newport], two 830 nm longpass filter [10CGA-800, Newport], and the hot
mirror and finally reflectively coupled into the single-mode fiber and detected using a
superconducting nanowire single photon detector (SNSPD) (IRF = 59 £ 1 ps) [Quantum Opus
Onel].

Time correlated single photon counting (TCSPC) traces were histogrammed using a HydraHarp
400 and corresponding software [Picoquant]. All measurements were carried out at room
temperature. Curve fitting was performed with Igor Pro.

The instrument response function (IRF) was determined from the weighted average of two

gaussian curves (Figure 4.22).
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Figure 4.22 Integrated fluorescence intensity vs. absorbance at 885 nm plots for IR-26 vs. each
unknown dye sample in DCM.

TRPL decay curves were fit to a single exponential using the convolution integral of the IRF and

the impulse response function (Figure 4.23):
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where I = intensity, a = amplitude, k = total excited state decay rate, t = time, t, = initial time, o

= IRF width, and ¢ = constant.

> 17 4.2 (Flavs) 17 4.4 (JuloFlavs)
)
C
(V]
€ 0.17 0.1
o
(0]
N
© — -
£ 0.01 0.01
S
= 1
0.001- 0.001 71—
0O 2 4 6  8x103 0o 2 4 6  8x103
time (ps) time (ps)
2 1 4.6 (Chrom5) 1 17 4.10 (JuloChroms5)
2
i)
£ 041 0.1 0.1
el
()
N
©
£ oo 0.01 0.011
) i
0.001 0.001 0.001
0 2 4 6 8l10° 0 2 4 6 8x103 0 2 4 6 8103
time (ps) time (ps) time (ps)
- 17 4.1 (Flav7) 19 4.3 (JuloFlav7)
.§
g
€ 0.11 0.14
el
(0]
N
©
E 0.011 0.011
(e}
b4
0-001'I'II'II'I'I0-001'I'I'I'I'I
0 400 800 1200 1600 0 400 800 1200 1600
time (ps) time (ps)
17 4.5 (Chrom?7) 17 17 4.9 (JuloChrom?7)
2
B
§ 0.1 0.1 0.1
£
©
N
= 0.071 0.014 0.011
£
(s}
4
0.001 — , 0.001—+ . . . 0.001-———7— b
0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600
time (ps) time (ps) time (ps)

Figure 4.23 Decay curves (red) and single exponential fits (black).
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The excited state lifetime is defined as the inverse of total excited state decay rate:

1
T==
k

(Eq. 4.8)
Errors in T were taken as + 1 ps, the value of the detector resolution. Errors in fitting parameters

were sufficiently small such that they are negligible when considering the detector resolution.

The radiative (k,) and non-radiative (k,,.) rates were calculated according to the following

equations:
@
k, = TF (Eq. 4.9)
k,, = —2F (Eq. 4.10)

Errors in k, and k,,, were taken as the propagated error from the errors in T and Or.

Lifetimes and radiative and non-radiative rates, are displayed in Table 4.

4.6.3 Contribution of Change in k, and ky, to the A®y for Chromenylium vs. Flavylium Dyes*
The relative contribution of k,. and k,,,- to the A®; between the chromenylium and flavylium dye
structures was determined according to the following analysis.

From the definition of @ in terms of k,. and k,,,-:

®p(k,, kpy) = —2— (Eq. 4.11)

Ky+Kny
The change in fluorescence quantum yield, 4@y, can be determined by:
AQ)F (kr' knr' Akw Aknr) = ¢F (kr + Akr' knr + Aknr) - ¢F (krr knr)

(Eq. 4.12)

* Analysis by Timothy Atallah
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Where each rate constant (k,., k,,-) represents that of the flavylium dye and each change in rate
constant, (4k,., Ak,,) represents the difference in rate constant between the chromenylium and
flavylium dyes (chromenylium — flavylium). Eq. 4.12 can be divided into components:

ADp(ky, kny, Ay, Akyy) =

ADp(ky, kpy, Ak, 0) + ADp(ky, kpy, 0, Akyy) + Ogg, ke, (Eq. 4.13)

Since the mixed partial derivatives of ®g(k,, k,,,-) with respect to k, and k,, are non-zero, i.e.

a 9 . . )
FYSET &p(ky, k) # 0, then Oy g, # 0. Simultaneous changes in k, and kp, result in a
T nr

component that can change ® (k,, k,,,-) depending on both k,. and k,,,- together. Hence accounting
for the total change in ®(k,., k,,) in terms of the separate changes of k,. and k,, is not possible.
Therefore, we determine the remaining term requiring the non-linear mixing of changes in both k,
and k,, together, Oy, ax,,.» from the unaccounted fraction in the change. The relative contribution
from each component in the equation to the overall 4@, can be calculated as a ratio of A®g

attributed to each component over the total 4@ resulting from all components:

Ad’F(kr'knr:A kTro)
A®p(kyknrd kr,Aknr)

RAkT = (Eq 414)

Eq. 4.14 gives the ratio component of the A® attributed solely to the change in k,..

— Ad)F(kr:knr,O:A knr)
Aknr ™ a0 gk knr,Aky,Aknr)

(Eq. 4.15)

Eq. 4.15 gives the ratio component of the A®y attributed solely to the change in k..

— 1 _ _ OakyAkny
Rosiaeny = 1= (Raky F Raryy) = g gt — (Eq. 4.16)

Eq. 4.16 gives the ratio component of the A®; due to both the non-radiative and radiative
component simultaneously changed leading to even further non-linear change of the quantum yield

as the non-radiative and radiative rates act together.
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The values of Ry, Ra,,,., and Ry ey dieyy WETE determined for each chromenylium dye compared

to the closest structurally analogous flavylium dye, to best represent the impact of structural
changes at the C2 position of the heterocycle. These pairs are outlined in the Figure 3d. The
resulting contributions to overall 4@y are plotted in Figure 3e.

The analysis used here to compare of k,. and k,,,- contributions to A®y is limited to cases where a
change in @ is observed between chromophores, and to cases where the non-linear component is

non-negative and is not the dominating contributor to change in ®.

4.6.4 Determination of Dye Concentration within Micelles

As micelle fabrication includes several washing and transfer steps, and various amounts of dye
could be lost from the nanomaterial during these steps, we applied a method to allow accurate
quantification of the amount of dye in a micelle solution.

After micelle fabrication (see experimental procedures for Figure 4.5), an aliquot was removed
from the micelle stock and lyophilized overnight. The resulting dry powder was dissolved in DCM

for analysis by UV-VIS spectroscopy. The concentration of the dye in organic solvent was
determined using Beer’s law, ¢ = ‘%l and correlated to the appropriate volume of the original

aliquot to determine dye concentration in the aqueous micellular solution.

4.6.5 Method Description — Linear Unmixing’
The excitation spectra of the dyes used in these experiments have some overlap between imaging

channels. We use a linear unmixing method to generate images representing the quantity of each

> Analysis by Thomas Bischof and Bernardo Arus
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dye present in an image, enhancing contrast and simplifying interpretation. We assume that each
dye has a consistent excitation spectrum, which is linear with concentration. We also assume that
the signals are additive, such that the signal measured at each pixel for a given laser can be
expressed as:

1(A1) = (A1) + CayerAaye1 (A1) + CayerAayer (A1) (Eq. 4.17)
where 1) is the background signal (camera noise, stray light, etc), ¢ is the concentration of the dye,
and A is the signal generated by that dye. Overall this leads to a system of equations:

L:

I,D>

c+n (Eq. 4.18)

where the number of underlines represents the number of dimensions for the quantity (vector vs.
matrix). Thus, our task is to determine A and n, such that we can convert from a signal measured
in intensity space to a signal in concentration space.

We measure noise by obtaining images of a blank field of view, which are then subtracted from
subsequent measurements. To calibrate the relative amount of signal emitted by each dye in each
imaging channel, we begin by placing vials containing solutions of each dye in the field of view
and acquire images, using the same conditions as in the in vivo experiments. We select regions of
interest (ROI) representing each vial, and determine the mean signal generated by each dye, in
each imaging channel. Inversion of Eq. 4.15 yields a value for A, which is then used to generate

unmixed images representing the contribution of each dye to the overall signal.
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4.7 Crystallographic Information Relevant to Chapter Four

Table 4.5 Crystal data and structure refinement for 4.4 (JuloFlav5).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C53 H61 B F4 N2 O5 S3

989.02

100(2) K
1.54178 A
Triclinic

P-1
a=12.9984(5) A
b =13.0604(5) A
c=15.5647(6) A

a=101.472(2)°.
b= 90.570(2)°.
g=111.570(2)°.

2398.17(16) A3

2

1.370 Mg/m3

1.969 mm-1

1044

2x.2x.18 mm3

2.909 to 69.453°.

-15<=h<=15, -15<=k<=15, -18<=I<=18
45262

8621 [R(int) = 0.0437]

96.6 %

Semi-empirical from equivalents
0.75 and 0.67

Full-matrix least-squares on F2
8621/0/619

1.066

R1=0.0453, wR2 =0.1234
R1=0.0522, wR2 =0.1287

n/a

0.643 and -0.600 e.A-3
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Table 4.6 Crystal data and structure refinement for 4.5 (Chrom?7).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges -

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C43 H54 B C17 F4 N2 02

965.84

100(2) K
1.54178 A
Triclinic

P-1
a=14.0234(3) A
b=18.9593(5) A
c=19.1502(4) A

a= 88.1450(10)°.
b= 79.6560(10)°.
g =70.0770(10)°.

4706.73(19) A3

4

1.363 Mg/m3

4.298 mm-1

2008

0.200 x 0.200 x 0.100 mm3
2.346 to 69.503°.

16<=h<=17, -21<=k<=22, -22<=[<=23
96540

16916 [R(int) = 0.0414]

96.5 %

Semi-empirical from equivalents
0.75 and 0.58

Full-matrix least-squares on F2
16916/0/ 1101

1.038

R1=0.0486, wR2 =0.1211
R1=0.0585, wR2 =0.1269

n/a

0.826 and -0.894 ¢.A-3
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4.8 Spectra Relevant to Chapter Four

'H NMR Spectra

4.8.1

Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

7.97
7.96
7.94
7.93
6.72
6.71
6.69
6.68
6.45
6.45
6.43
—6.10
3.07
3.05
3.00
3
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

—7.53
—6.05

Value
CDCI3
2949
2g30
1D
5 mm BB5 28478/ 0047

8

181.0
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22.0000

2.6477
2019-09-11720:32:15
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
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Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

OUOWITTONID NN DRV AAN SO ORI T ONONNNN ST TS OO RRVORRBRNN T T O
COOOOWONMBNHOO LNV OVOOOOOOCOCOOOCOOOOMMOOOMOOO T T
NNNNNNNNNN oo aNNANNANNANNANNNNANNNANNNNANNANNNNTSF S - -«
e e e e e e el el —
Value
CD3CN
298.0
2g30
1D
Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
16
121
+
2.0000 N fo)
/
10.0000
3.2768 =
2019-09-12T19:29:16 BF,

2019-09-12T20:17:21

500.13
10000.0
-1958.2
1H
32768
65536

4.12¢

f1 (ppm)

| Lo )
T T s T AR o'TZ T
N o o N N~ N TLOQ -
S < o N © oo 20y @
- - < — ANM <O (o))
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
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Parameter Value
Solvent DMSO
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 8
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2019-09-08T15:42:28
Modification Date 2019-09-08T16:16:55
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0 <
Lowest Frequency -2002.7 m
Nucleus 1H
Acquired Size 32768 e 8 8 2 2 3 3 8 3
o~ © - - w - - o -
Spectral Size 65536 85 84 83 82 81 80 70 78 77 76 75 74 73 72 71 70 69 68 67 66 65
f1 (ppm)
g e ﬁt I\ .
PATL T e 5T S
-
ONANULM OO T ™ %
—OORO O MDD g s
ANMe——Ll) O« - 'a)
T T T

100 95 90 85 80 75 7.0 65 6.0 m.mz Am.o vk_.m 40 35 30 25 20 15 10 05 0.0
ppm
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Parameter Value
Solvent DMSO
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2019-09-27T20:17:07
Modification Date 2019-09-27T722:53:16
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2003.7
Nucleus 1H
Acquired Size 32768
Spectral Size 65536 Lcﬁ u>>?
T T
8 8
82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 6.7
1 (ppm)
W&ﬁ gﬁ. r - " %C Mﬁﬁ -
0 — M_.u o o O 7m oo % 0 © o
©o g S S a -2 @93 A+ 5
AN < -— 2 — 8 3 < QO < < T
T T T M T M T M T T T v T T v T v T M T M T T T
100 95 90 85 80 75 .\o mm mo mm mo Am Ao wm wo 25 20 15 10 05 O0C

f1 (ppm)
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Parameter Value
Solvent CD3CN
Temperature 298.0
Pulse Sequence 2g30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 19.1
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2018-05-01T14:01:46
Modification Date 2018-05-01T14:11:50
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2013.3
Nucleus 1H
Acquired Size 32768 == .
o [=2] oW [=2]
Spectral Size 65536 e o A o
o~ - N - -
81 80 79 78 77 76 75 74 73 72 Y1 70 69 68 67 66 65 64
f1 (ppm)
i )nrl\, - ﬁ\f‘> - [ f
Ay A s T 28T i
(& 9] © 0
[N e)) [N (o Ncole)] e [P o] =N o
C cCuCq a @ o o
AN «~— AN~ QN -~ o™ -~ -~
T - -

75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)
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7.95
7.93
7.90
7.87
7.86
6.92
6.92
6.90
6.90
6.86
6.84
6.82
6.71
6.68
6.66
6.61
6.61
—3.10
—1.40
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Parameter

Solvent CD3CN

Temperature 298.0

Pulse Sequence 2g30

Experiment 1D

Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)

Number of Scans 24

Receiver Gain 19.1

Relaxation Delay 2.0000

Pulse Width 10.0000

Acquisition Time 3.2768

Acquisition Date 2019-11-21T13:19:22

Modification Date 2019-11-21T14:03:33

Class

Spectrometer Frequency 500.13

Spectral Width 10000.0

Lowest Frequency -2013.2 T j '

Nucleus 1H ) m m § . ) . § . ) i . mmm m m .

Acquired Size 32768 80 79 78 77 76 15 74 u%ﬁuaw.n 71 70 69 68 67 66 65

Spectral Size 65536

LA —e e = T 8 nN.u LA

< © © M < © 0 an 3 g o Wm
S D0MHS O ~ O KO
— QN v (N v~ v - ~—T
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100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 0.0

f1 (ppm)
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Parameter Value
Solvent DMSO
Temperature 298.0
Pulse Sequence 2930
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 24
Receiver Gain 121
Relaxation Delay 2.0000
Pulse Width 10.0000
Acquisition Time 3.2768
Acquisition Date 2019-09-30T21:20:03
Modification Date 2019-10-01T09:45:58
Class
Spectrometer Frequency 500.13
Spectral Width 10000.0 0
Lowest Frequency -2003.2 m
Nucleus 1H
Acquired Size 32768
Spectral Size 65536
8 8 toluene S 88
o~ - . . . . . . < - N
82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 6€
f1 (nnm)
? A _ A ¥ C Ggs\ C ﬁlx
™ 7 o AN = g T T R oA
& (&) T O 05 00
o O O  © (o) O O v oo m
S o 2500 2 9 o 22322
it o =Y -— T = 0 . AN <
[ T AN -~ M A FO
T M T T T T T M T T T M T M T T T M T M T T T M T T T T T M T T T N T T T N T

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

N O QO OFTN—O
T WYY Q@
00 00 NNN (©O©©OOoo
N SNV S
Value

CD2CI2

298.0

2g30

1D

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
16

214

2.0000

10.0000

3.2768

2020-01-24T10:50:53

2020-01-24T11:04:24

2.05
2.04
2.03

Spectrometer Frequency 500.13
Spectral Width 10000.0
Lowest Frequency -2018.8 L
Nucleus 1H
Acquired Size 32768 =) © ~
Spectral Size 65536 N mm N
85 83 8. 79 77 75 73 71 69 6.7
f1 (ppm)
| » 5 bl > >> A (gr i 7
- N . 3 S 5T 8 3
o © ~ a' © oY =] ©om ZSuno o @
S & N o © ®©Q we 3o 5 >
N - [sp] N~ N~ < O —I I n
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f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

85“3211097419

€0 00 Q0 QY NN © QOO
NNNDNDNDNO©OOOOooo
N e

CD3CN

298.0

2g30

1D

Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
32

121

2.0000

10.0000

3.2768

2019-09-25T20:27:09

2019-09-25T21:12:06

500.13
10000.0
-2013.2
1H
32768
65536

3.38
3.37
3.35
3.35
3.34
2.87
2.85
2.84
2.82
2.81
2.80
2.80

%[\ f,\“\u\ruﬁk\l

88 8

-

31 80 79 78 77 76 75 74 73 72 74

70 69
1 (ppm)

68 67 66 65 64 63 62 6.1

water L
CD;CN

wn O
oo
43

S T R R S R

_

—

18.00=

10.0 95 9.0 85 8.

7.5 No mm mo mm mo Am Ao w

f1 (ppm)

T

3.0

J
T LS
<t
m
5

25 20

1.5

1.0

0.5

0.0
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4.8.2 3C NMR Spectra

—178.42

Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

8 3 3
N 8 3
- - -
_ (.
Value
CDCI3
298.0
2gpg30
1D

Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
16

204.5

2.0000

10.5000

1.0486

2018-04-29T12:53:32

2018-04-29T13:53:08

125.77
31250.0
-1157.7
13C
32768
65536

126.38
~113.14
~110.48
—106.05
97.03
—40.20
—36.27
27.96

o

4.11a

CDCl,

200 190 180 170 160 150 140 130 120

T r T r T T T r T

110 100 90 80 70 60 50 40 30
f1 (ppm)

20

10
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f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 24 _
Receiver Gain 204.5 _ N ()
Relaxation Delay 2.0000 _
Pulse Width 10.5000
Acquisition Time 1.0486 o)
Acquisition Date 2019-07-16T14:41:05
Modification Date 2019-07-16T14:44:32 o
Class n.
Spectrometer Frequency 125.77 Ay
Spectral Width 31250.0
Lowest Frequency -1152.6
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
| A
gl
3 5
Q a
o
T T T T T M T T T M T M T M T M T T v T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 16
Receiver Gain 204.5 N o
Relaxation Delay 2.0000 _
Pulse Width 10.5000
Acquisition Time 1.0486 (0]
Acquisition Date 2019-09-11T20:45:40
Modification Date 2019-09-11T20:41:11
(5]
Class —
-
Spectrometer Frequency 125.77 A-n
Spectral Width 31250.0
Lowest Frequency -1162.8
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
ol s
o (@]
3 [a]
T v T M T v T T T M T T T M T T T T T v T M T v T T T M T T T M T T T T T v T M T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency 125.77

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

—181.02
~166.11
160.50
159.10
129.65
119.16
118.28
—112.54

/
\

Value
Acetone
298.0
zgpg30
1D
Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
64 _
204.5 N (0]
2.0000
10.5000
1.0486
2018-04-29T12:48:04
2018-04-29T13:53:15

\

4.12a

31250.0
-1050.5
13C
32768
65536

19.96

200 190

180 170 160 150 140 130 120 110 100 90
f1 (ppm)

T

80

T

70

T

60

T

50
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Parameter Value

Solvent Acetone

Temperature 298.0

Pulse Sequence zgpg30

Experiment 1D

Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)

Number of Scans 80

Receiver Gain 204.5 _

Relaxation Delay 2.0000 _N O+/

Pulse Width 10.5000

Acquisition Time 1.0486 =

Acquisition Date 2019-07-17T18:22:05 BF4

Modification Date 2019-07-17T718:28:06

Class =)

(g\]

Spectrometer Frequency 125.77 J

Spectral Width 31250.0 A

Lowest Frequency -1050.4

Nucleus 13C

Acquired Size 32768

Spectral Size 65536

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
f1 (ppm)

20 10 O

w
o
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f1 (ppm)
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Parameter Value
Solvent CD3CN
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 56
Receiver Gai 204.5
iv in N O+
Relaxation Delay 2.0000 N
Pulse Width 10.5000 =
Acquisition Time 1.0486 =
BF,
Acquisition Date 2019-09-12719:34:10
Modification Date 2019-09-12T20:17:20
Class (3]
(g\]
Spectrometer Frequency 125.77 J
Spectral Width 31250.0 =
Lowest Frequency -1038.7
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
P4 Z
(®) O
G g
o o
o o
T T M T M T T T T T M T M T T T T T v T M T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

Class

Spectrometer Frequency

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

DMSO
298.0

2gpg30
1D

Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)

440

204.5

2.0000

10.5000

1.0486
2019-09-08T16:10:30
2019-09-08T16:16:57

125.77
31250.0
-1221.2
13C
32768
65536

™M «— O O < OANN o]

NSoo® Ar® T 9
5588 222 S
T T - - O
~N/ NI/ |

DMSO-d,

200 190

180 170 160

150 140

130 120 110 100 90
f1 (ppm)

T

80

70

60

T

50

T

40

T

30

20

10
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Parameter Value

Solvent DMSO

Temperature 298.0

Pulse Sequence zgpg30

Experiment 1D

Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)

Number of Scans 2008

Receiver Gain 204.5

Relaxation Delay 2.0000

Pulse Width 10.5000

Acquisition Time 1.0486

Acquisition Date 2019-09-27T722:37:29

Modification Date 2019-09-27T722:53:30

Class

Spectrometer Frequency 125.77

Spectral Width 31250.0

Lowest Frequency -1220.8

Nucleus 13C

Acquired Size 32768

Spectral Size 65536

DMSO-d,

DCM

200 190 180 170 160 150 140 130 120 .:o: A,_oovoo 80 70 60 50 40 30 20 10 O
ppm
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f1 (ppm)
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Parameter Value
Solvent CD3CN
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 256
Receiver Gain 204.5
Relaxation Delay 2.0000
Pulse Width 10.5000
Acquisition Time 1.0486
Acquisition Date 2018-05-08T18:50:44
Modification Date 2018-05-10T17:53:03
Class
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1044.2
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
pd N{‘
@) O
aQ aQ
o O
T T T M T T T M T M T T T T T v T M T T T M T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

© AN NO
N 0 Q-
«— N O
~ nww<
- -
_ L7 N
Value

CD3CN

298.0

zgpg30

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
128

204.5

2.0000

10.5000

1.0486

2019-11-21T13:28:31

2019-11-21T14:03:31

—~-128.31
~126.52

114.46
113.99

<
«
=}
o
=

|

\111.96
—98.08

L

—40.59
—37.46

28.23

f1 (ppm)

Spectrometer Frequency 125.77

Spectral Width 31250.0

Lowest Frequency -1039.1

Nucleus 13C

Acquired Size 32768

Spectral Size 65536
3 3 5
) o )
o o

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

~154.15

14496
144.40
—137.70

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)

[{e} ™
S o
0 wn
© wn
- -
_ 5
Value

DMSO

298.0

zgpg30

1D

4096

204.5

2.0000

10.5000

1.0486

2019-10-01T02:05:00
2019-10-01T09:45:59

—129.38
—126.17

113.29

111.84

111.81
—99.20
~96.95

/
<

-

I,

~35.88

\

27.58
26.47
—20.75

Spectrometer Frequency 125.77 _ W_HA
Spectral Width 31250.0
Lowest Frequency -1218.4 —/.
Nucleus 13C =~
Acquired Size 32768
Spectral Size 65536
pgpii o %fgsrmHiLr:z;;:s;fzzi
sa@ 2 >
58 o =
T T T T T T M T T T M T M T ‘Iw. T T T v T M T T T T T T T T T T v T M
200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

(o] OO
© SO m»
o N M 0 N
~ LWwI T
- -
_ I/ NI
Value
CD2CI2
298.0
zgpg30

1D

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
200

204.5

2.0000

10.5000

1.0486

2019-09-25T21:06:49

2019-09-25T21:12:19

125.77
31250.0
-1111.2
13C
32768
65536

~127.27
~-125.76

113.52

L

113.28
\111.69
_99.88
~97.64

40.56
40.16

/
\
\

38.97
36.78

§

1 CD,CI

—28.62

200 190

180 170 160 150 140 130 120

110 100
f1 (ppm)

80 70 60 50 40

& H-greas

20 10 O
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Parameter Value
Solvent CD2CI2
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 256
Receiver Gain 204.5
Relaxation Delay 2.0000
Pulse Width 10.5000
Acquisition Time 1.0486
Acquisition Date 2020-01-24T11:06:43
Modification Date 2020-01-24T11:04:25
Class
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1090.6
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
o~ ) [
3 > ?
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4.8.3 FT-IR Spectra
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4.8.4 Absorption and Emission Spectra
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4.9 Data and Code Availability
Crystal structures are available at the Cambridge Crystallographic Data Centre. Custom computer

programs used for the work are available at GitHub (https:// gitlab.com/brunslab/ccda).

4.10 List of Supplementary Information Relevant to Chapter Four

Supplementary Video 4.1 Single color imaging at 300 fps

One per every 4 frames was kept in an image sequence. Image sequence was reduced in file size
by constant rate factor of 12, using ffmpeg (vcodec h264) and is displayed in 3-fold slow motion.
Experimental details correspond to that of Figure 4.16.

Supplementary Video 4.2 High speed 3-color imaging

One per every 4 frames was kept in an image sequence. Image sequence was reduced in file size
by constant rate factor of 5, using ffmpeg (vcodec h264) and is displayed in real-time.
Experimental details correspond to that of Figure 4.17

Supplementary Video 4.3 Video rate 4-color imaging

No frames were omitted. Image sequence was reduced in file size by constant rate factor of 14.
using ffmpeg (vcodec h264) and is displayed in real-time.

Experimental details correspond to that of Figure 4.18.
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CHAPTER FIVE

Investigating Solubility Changes and Nanomaterial Encapsulation of Polymethine dyes for

Shortwave Infrared in vivo Imaging

5.1 Abstract

A major aspect imaging probe development is efficient delivery of the imaging probe into
biological environments. The hydrophobicity of the flavylium and chromenylium polymethine
dyes reported in Chapters 2—4 renders aqueous solubility or dispersion a major challenge for their
widespread use in biological experiments. Here, we explore diverse strategies towards enabling
delivery of these chromophores by encapsulation in nanomaterials composed of poly(lactic-co-
glycolic acid) or poly(ethylene glycol)-phospholipid amphiphiles, exploring weakly coordinating
anions as counterions, and by appending diverse solubilizing groups onto the chromophore.
Polymethine dyes with fluorophobic, lipophilic, and hydrophilic tags are synthesized and the

solubility properties are investigated towards their use as shortwave infrared contrast agents.

5.2 Nanomaterial Encapsulation of Flavylium and Chromenylium Polymethine Dyes!
5.2.1 Background

Delivery in nanomaterials is advantageous for facilitating solubility of organic molecules
as well as for increasing avidity for targeting to cell-type specific surface receptors, particularly to
solid tumors. Efficient nanomaterial encapsulation is a challenge for many organic dyes, and often

results in formation of a blue-shifted, non-emissive, H-aggregate species in addition to a

! Olivia Leland and Zhumin Zhang contributed to work in this section
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monomeric species. In the studies described in Chapters 2—4, the flavylium and chromenylium
dyes used are hydrophobic and thus required delivery within nanoparticles. We used poly(ethylene
glycol)-phospholipid amphiphiles to solubilize the dyes inside micelles which are dispersed in
water or phosphate buffered saline (PBS) and deliver them to living species. Upon loading in
phospholipid micelles composed of 18:0 PEG2000 PE (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] ammonium salt) or 18:0 PEG5000
PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000]
ammonium salt), Flav7 indeed has a large H-aggregate peak observable by absorption
spectroscopy (see Ch. 2) that is present alongside the monomer. Optimizing the dye loading within
nanoparticles to reduce H-aggregation would increase the amount of dye that is in an active
species, increase the overall brightness of the material, and enable a reduction in the amount of
dye delivered. Thus far, we have taken several diverse approaches to pursue improved
nanomaterial encapsulation.

Initial work focused on screening micelle formation conditions, buffers, and additives
(organic host molecules and charged polymers) with Flav7 and IR-1061 dyes in the PEG5000 PE
amphiphile-based micelles. These experiments, with additives including poly(acrylic acid)
(average MW ~1,800), poly(sodium 4-styrenesulfonate) (average MW ~70,000), B-cyclodextrin,
B-cyclodextrin polymer, y-cyclodextrin, and curcurbit[7]uril (CB[7]), and buffers such as 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), (3-(N-morpholino)propanesulfonic
acid) (MOPS), piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), and
tris(hydroxymethyl)aminomethane (TRIS), were largely unsuccessful; the conditions screened did
not improve the ratio of monomer to H-aggregated species compared to formation with no additive

in PBS buffer at physiological pH.
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5.2.2 Loading Polymethine Dyes in PLGA Nanoparticles

We also explored other polymer amphiphiles for dye encapsulation, specifically
poly(lactic-co-glycolic acid) (PLGA) using JuloFlav7 (4.3) as a model dye. The fabrication
procedure[1] involved dissolving dye and PLGA into a co-solvent mixture composed of organic
solvents, adding this solution dropwise to an aqueous solution of poly(vinyl alcohol) (PVA) and
sonicating the immiscible phases together using a probe sonicator. Organic solvent was removed
by evaporation under stirring, and finally, the particles were spun down by centrifugation and
washed with phosphate buffered saline (PBS) (Figure 5.1A). Within this procedure, aggregation
would occur during the organic solvent evaporation step (step 5), naturally once the dye no longer
can benefit from organic solvent solubilization. Modifications to this procedure included
optimizing the dye loading concentration and testing two PLGA polymers containing different
lactide to glycolide (hydrophobic to hydrophilic) ratios (50:50 and 75:25 lactide:glycolide) (Figure
5.1B). A range of co-solvents in which to initially dissolve the dye and polymer were screened
(Figure 5.1C). Finally, PVA concentrations, from 0.1-2.0% were also investigated (5.1D).
Regardless of the parameters tested, these experiments resulted in nanoparticles with a diameter

of 130-190 nm (Figure 5.1 E-F), but with minimal monomer behavior of JuloFlav7.
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Figure 5.1 Fabrication and absorption characterization on JuloFlav7 encapsulated in PLGA
nanoparticles. A) Fabrication scheme. B) Absorption of JuloFlav7 in PLGA using amphiphiles
with 50:50 (black) and 75:25 (grey) lactide:glycolide ratios before solvent evaporation (step 4,
dotted) and after solvent evaporation and washing (step 5, solid). C) Absorption of JuloFlav7 in
the 50:50 PLGA nanoparticles, fabricated using a variety of different co-solvent mixtures (step 1).
D) Absorption of JuloFlav7 in 50:50 PLGA nanoparticles, fabricated by dropwise addition of 0.1—
2% PVA in water solutions. E-F) DLS data on PLGA nanoparticles fabricated with polymers with
a 50:50 lactide:glycolide (E) and a 75:25 lactide:glycolide ratio (F). Data is displayed as the
average of three measurements, error represents the standard deviation.

To contextualize the behavior of JuloFlav7 in PLGA micelles, loading of several other dyes

was also explored. In contrast, ICG did not display any H-aggregation upon encapsulation in
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PLGA nanoparticles, however, upon washing and dilution, (after steps 4.ii—4.iii, Figure 5.1), a
significant amount of J-aggregation was observed (Figure 5.2A). This result was unexpected but
not unsurprising, as ICG has been shown to have concentration and time-dependent J-aggregation
in micellar and protein environments.[2—3] Finally, the indolenine heptamethine dye, HITCI
(,1',3,3,3',3"-hexamethylindotricarbocyanine iodide) showed successful encapsulation without
signs of either H- or J-aggregation (Figure 5.2B). Further, the absorption of monomeric HITCI in

the particles was stable for at least 2 days when stored at 4 °C.
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Figure 5.2 Absorption characterization on ICG (A) and HITCI (B) encapsulated in PLGA (50:50
lactide:glycolide ratio) nanoparticles at several steps in the fabrication process.
5.2.3 Loading Flavylium and Chromenylium Polymethine Dyes in Phospholipid Micelles

Next, (as described in Ch. 4) we introduced bulky substituents at the 2-position of the dye
heterocycles, such as fert-butyl and 1-adamantyl, hypothesizing that these groups could disfavor
face-to-face stacking of the molecules. Addition of bulky substituents onto polymethine dyes has
been studied by Marder and coworkers, in which they demonstrate decreased aggregation of
polymethine dyes in thin films,[4—5] an environment with close dye packing, similar to the inside
of a nanomaterial. Using the Charton steric parameters (v) to estimate the relative steric bulk of

the functional groups tested, Ph is the smallest (v = 0.57), tert-butyl is substantially larger (v =
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1.24), and 1-adamantyl is the largest, although by a smaller margin (v = 1.33) )[6]. In our system,
for the heptamethine dyes, the hypothesis that increased steric bulk could decrease H-aggregation
held for the comparison of 2-phenyl (flavylium) dyes to 2-fert-butyl (chromenylium) dyes. The
increase in steric bulk of the 2-fert-butyl group correlated with a higher percentage of monomer
vs H-aggregate present upon micellular encapsulation (Figure 5.3B). However, the trend did not
extend to the 2-adamantyl heptamethine dye 4.7 despite a further increase in steric bulk. Upon
encapsulation, dye 4.7 displayed a substantially smaller monomer/aggregate ratio than the tert-
butyl containing dyes (Figure 5.3B), with similar behavior to the flavylium dye JuloFlav7 (4.3).
Additionally, changes to the micelle fabrication method, including using a thin-film method from
chloroform or dichloromethane did not improve the amount of monomer present (Figure 5.3C-D).
This result implies that more subtle packing behaviors are at play in addition to simply the
substituent size. Further investigation into structure-property relationships with groups of varying

steric parameters is needed to understand this behavior.
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Figure 5.3 Normalized absorbance traces of PEG-phospholipid micelles composed of 18:0
PEG2000 lipids containing heptamethine flavylium or chromenylium dyes.

For the pentamethine dyes, overall less aggregate formation is observed upon micelle
encapsulation compared to the heptamethine dyes, yet in this case both #-Bu and 1-Ad groups at
the 2-position on the heterocycle improved the amount of monomer present compared to the
flavylium dyes with a 2-position phenyl group (Figure 5.4). Note that although these data cannot
be directly compared to the heptamethine micelle data in Figure 5.4, as amphiphiles with different

length PEG chains were used, similar results are obtained by loading heptamethine dyes in both

PEG2000 and PEG5000 containing lipids.
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Figure 5.4 Normalized absorbance traces of PEG-phospholipid micelles composed of 18:0
PEG2000 lipids containing pentamethine flavylium or chromenylium dyes.
5.2.4 Exploring Weakly Coordinating Anions as Counterions for Flav7

As an alternate route to reduce aggregation upon nanoparticle encapsulation by increasing
steric bulk, we also explored the use of large and weakly-coordinating counterions. Weakly
coordinating anions and their effects on dye aggregation within nanoparticles has been studied
extensively by Klymchenko and coworkers in rhodamine dyes[7-10] and cyanine dyes.[11-13]
Further, alongside increasing molecular steric bulk, large anions have shown improvement for
cyanine dye aggregation in thin films.[2,14] Additionally, anion exchange in polymethine dyes can
produce diverse changes in molecular photophysical properties, such as absorption coefficient,
quantum yield, and stokes shift.[12]

Three counterions of increasing size were chosen to exchange with the original
tetrafluoroborate: tetraphenyl borate (TPB), tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(F24TPB) and tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)phenyl]borate
(F4sTBP).[15] The three counterions have a molecular diameter of ~10.8 A, for TPB, ~12.4 A for
F24TPB, and ~16.0 A for F4sTPB.[9] Counterion exchanges were performed by treating the
tetrafluoroborate salt of Flav7 (Flav7-BF4) with sodium salts of each counterion (Scheme 5.1).
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Flav7-BF4was dissolved in DCM, and the counterion was either co-dissolved in DCM or dissolved

in water and combined together with the DCM layer in a biphasic solution. The solution was then

sonicated in a bath sonicator for 5 min to induce thorough mixing, washed with water, and purified

via column chromatography. The resulting Flav salts, Flav7-TPB (5.1), Flav7-F24TPB (5.2), and

Flav7-F4sTPB (5.3) were characterized by 'H NMR, F NMR (compounds 5.2 and 5.3) and !'B

NMR (compound 5.2). Characterizing the photophysics of the salts, the Amaxabs in DCM was

unchanged at 1027 nm for all variants. However, the absorption coefficients of the series in DCM

varied between 180,000-283,000 M-'cm™!, with the lowest number corresponding to Flav7-TPB

(5.1) and the highest to Flav7-F24TPB (5.2) (Figure 5.5A-B).

Scheme 5.1 Counterion-exchange on Flav7.
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Upon micellar encapsulation with PEG2000 PE amphiphiles, the increasing counterion
size trended to increase H-aggregation of Flav7, contrary to our initial hypothesis (Figure 5.5C—
D). It is possible that the environment within relatively small micelles is limiting in volume, and
the addition of large counterions further restricts the free volume available to dye species, further
decreasing the amount of monomeric species present. With a clear trend related to counterion size,
moving to smaller counterions, such as Cl- and NO3” may have the opposite effect, but substantial
improvement is not likely as BF 4™ is already quite small with a diameter of ~3.3 A.[8] Sequestration
in thin films, polymer matrices, or within larger nanoparticles such as PLGA nanoparticles[7,10],
oil based emulsions, or in ion-associated nanoparticles[8] could allow for more volume for dyes
and counterions to pack without aggregation, compared to the PEG-phospholipid micelles.
Additionally, indication that weakly coordinating anions can decrease the ion pairing effect to
favor the cyanine over a dipolar electronic structure in non-polar environments[16—17] prompts
more solvent dependent studies on these dye—weakly coordinating anion pairs. With the limited
solubility of Flav7 in nonpolar solvents, decoupling the effects of aggregation from electronic
structure changes could be challenging. Its possible that to fully elucidate these effect, Flav7
derivatives with higher solubility in nonpolar solvents would be required. These studies, as well
as investigation into the emissive behavior of the Flav7 counterion salt species are needed to fully

understand the effects of large weakly-coordinating anions on the Flav7 scaffold.
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Figure 5.5 Photophysics of Flav7 salts with weakly coordinating anions. A) Absorption coefficient
spectra in DCM. B) Table of photophysical values C) Normalized absorption spectra of PEG2000
PE micelles containing Flav7 salts, fabricated by a solution method. D) Normalized absorption
spectra of PEG2000 PE micelles containing Flav7 salts, fabricated by a thin-film evaporation
method.

With minimal success in all of the attempts to better solubilize the dyes within
nanoparticles, we realized that covalent modifications to alter the solubility behavior of the
flavylium and chromenylium dyes could be a more promising approach to improve the efficiency
of biological delivery. The remainder of this chapter is devoted to covalent dye modifications

intended to alter the dye solubility and offer possibilities of diverse strategies for delivery into

biological environments.
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5.3. SWIR Imaging with a Fluorous Soluble Dye in Perfluorocarbon Nanoemulsions
5.3.1 Background

Biological delivery using nanoparticles with a hydrophobic or aqueous core, including
micelles, liposomes, and oil-based emulsions aids in solubilization of organic cargo, and offers
opportunities for targeting to a site of interest with increased avidity compared to a single molecule.
Importantly, the nanoparticle gives the cargo increased protection from reactive biological species
until it reaches the target location. However, nanomaterials with an aqueous or organic core can
readily interact with biological species in either aqueous (extracellular space, cytosol) or organic
(lipid membranes) environments, which can limit the stability and selectivity of the cargo delivery.
In contrast, perfluorocarbon nanoemulsions, droplets of perfluorocarbon-in-water stabilized by
surfactant, offer a delivery strategy with a vehicle that is orthogonal to the molecules and liquid
phases found in biology. Perfluorocarbons (PFCs), molecules containing sp* C—F bonds instead of
the sp> C—H bonds found in organic molecules, will separate entirely from aqueous and organic
phases, forming a separate fluorous phase. This behavior is primarily due to the large size and high
electronegativity of fluorine atoms and the resulting low polarizability of perfluorocarbons.[18]
The clinical applicability of PFC nanoemulsions is reinforced by Fluosol-DA, a previously FDA-
approved PFC nanoemulsion formulation for oxygen delivery.[19] PFC nanoemulsions have been
widely employed as imaging agents in mammalian model organisms, specifically in F-MRI[20—
22] and ultrasound experiments.[23—25] In contrast, the application of PFC nanoemulsions to in
vivo optical imaging is minimally explored, and is often performed in combination with °F-
MRI.[26-30] This lack of optical imaging experiments in animals is likely due to the challenges
associated with encapsulating fluorophores within the fluorous phase. Prior and concurrent work

in the Sletten group has focused on developing fluorous-soluble optical tools including
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photosensitizers[31-32] and dyes within the visible[33—34] and NIR[35] regions which can be
successfully encapsulated and delivered within PFC nanoemulsions. Imaging and phototherapy
experiments with the fluorous-soluble tools have been performed in mammalian cells[26-27,36—
37] and in zebrafish.[30] Fluorous optical tools which absorb and emit longer wavelengths of light
could successfully extend these experiments to applications in mice. Here, we pursue this
challenge by targeting a fluorous-soluble flavylium heptamethine dye with shortwave infrared
(SWIR) absorption and emission. We hypothesized that, in addition to enabling optical detection
of perfluorocarbons in mammalian model organisms, the rigidity of perfluorocarbons, as well as
isolation from C-H bonds, which are a large source of vibrational quenching for molecules in the

SWIR,[38] could generate SWIR contrast agents with superior brightness.

5.3.2 Design and Synthesis of a Fluorous Flavylium Heptamethine Dye

Fluorous solubility is often imparted by molecules that have a high wt-% fluorine
(>60%).[39] In addition, increased solubility is observed for branched fluorous groups, as well as
molecules which have fluoroalkyl chains appended to several different locations.[40] With these
parameters in mind and knowledge of existing perfluoroalkylated starting materials, we chose
compound 5.4 as a synthetic target. We envisioned that 5.4, a flavylium heptamethine dye with
fluoroalkyl chains appended to the 7-amino group, could be synthesized by an analogous route to
that used in Chapter 3 (Scheme 5.2). Initially, following route 1, alkylation of 3-aminophenol was
achieved in good agreement with the literature.[33] The Mentzer-pyrone reaction between
aminophenol 5.4 and ethyl benzoyl acetate proceeded in moderate yield, but difficulties in
separating product 5.5 from reaction by-products with similar retention times on silica gel

chromatography prompted direct alkylation of 7-aminoflavone in a second route. In route 2,

352



alkylation could be obtained in moderate yields using excess sodium hydride and heat, and allowed
for more facile purification. A Grignard reaction on the flavone efficiently produced the flavylium
5.6 in 83% yield. Finally, the fluoroalkylated heptamethine dye 5.8 (named FegFlav7, for the
number of fluorine atoms contained in the molecule) was obtained in good yield by reacting
flavylium 5.6 with the relevant pentamethine imine-enamine linker 5.7 using 2,6-di-tert-butyl-4-
methylpyridine in DMF. To note, due to the low solubility of flavylium 5.6 in many organic
solvents, including those typically used for polymethine dye formation, such as n-butanol and
toluene, and instability in heated, basic acetic anhydride, DMF was necessary to solubilize 5.6 and
produce significant and selective conversion to the heptamethine dye.

Scheme 5.2 Synthesis of a fluoroalkylated 7-amino flavylium heptamethine dye 5.8.
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5.3.3 Photophysical Characterization and Perfluorocarbon Solubility

Upon characterizing the photophysics of the heptamethine dye 5.8 in DCM, we found that
the behavior was similar, yet slightly blue shifted (~5 nm) from the original, non-fluorinated dye,
Flav7, with Amaxabs = 1022 nm, Amax,em = 1044 nm and ®r = 0.73% (Figure 5.6A-B). Moving to
characterize the photophysics of 5.8 in other organic, fluorinated or fluorous solvents, we
encountered challenges in solubilizing the dye. We observed low and no solubility in the organic
solvents acetone and DMSO, respectively, and very minimal and no solubility in the fluorous,
polar solvents perfluorooctyl bromide (PFOB) and perfluorotripropylamine (PFTPA), respectively
(Figure 5.6C). The dye was unstable in the more polar hexafluroisopropanol (HFIPA), but we were
able to observe some solubility in the partially fluorinated solvent, nonafluorobutyl methyl ether
(HFE-7100). In HFE-7100, significant H-aggregation occurred in the absorption spectrum, with a
Amax,abs = 727 nm, but some monomer could be observed as a long wavelength shoulder. Excitation
at the shoulder (900 nm) resulted in emission at Amaxem = 1011 nm, which is ~30 nm blue shifted

from the absorption maximum of 5.8 in DCM.
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Figure 5.6 Photophysical properties of heptamethine dye FesFlav7 (5.8). A) Absorption and
emission spectra of 5.8. Excitation = 890 nm (DCM); excitation = 900 nm (HFE-7100). B-C)
Photophysical properties (B) and solubility observations (C) of 5.8 in various organic and
fluorinated solvents.
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To enable solubility in perfluorocarbons, we hypothesized that exchanging the "BF,4
counterion for one with higher fluorous content could help increase the amount of fluorous
character of the resulting salt. We screened a variety of counterions containing CF3 and fluoroalkyl
groups. The counterions tested (Scheme 5.3) include trifluoroacetate (TFA), perfluorooctanoic
acetate (PFOA acetate), two of the TPB counterions used in Section 5.1, F24TPB and F4TPB, as
well as the more highly fluorinated TPB derivative 5.13,[41] which we will refer to here as
F104TPB. The Gladysz group (Texas A&M) previously optimized the synthesis of this
compound[42], and kindly provided it to us for testing. The counterion exchanges were performed
by mixing or sonicating an aqueous solution of counterion with a solution of FesFlav7-BF4 (5.8) in
DCM (5.9, 5.10, 5.11) or by co-dissolving dye and counterion salts in DCM (5.12) or HFE-7100

(5.14) and washing with water.
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Scheme 5.3 Counterion exchange on FesFlav7 (5.8).
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In a photophysics screen, we observed absorption and emission of the FessFlav7 fluorinated

salts 5.9, 5.10, and 5.11 in HFE-7100 (Figure 5.7A—B). The TFA counterion in FegFlav7-TFA (5.9)

worsened the H-aggregation and solubility in HFE-7100 compared to 5.8, with a more blue-shifted

H-aggregate peak now visible at 649 nm and displays only minimal emission. The PFOA

counterion produced a dye, FssFlav7-PFOA (5.10), which displayed similar H-aggregation in HFE-

7100 to 5.8, but for which a monomer absorption peak could be visualized at 992 nm in addition

to the H-aggregate peak at 726 nm. In contrast, good solubility in HFE-7100 is obtained with

FesFlav7-F24TPB (5.11), with the Amaxabs = 994 nm and Amaxem = 1014 nm (Figure 5.7D). Despite

solubility in the partially fluorinated solvent HFE-7100, stable PFC nanoemulsions could not be

obtained with this solvent due to its low boiling point (60 °C). Thus, fluorous solubility needed to
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be increased further to enable the use of higher boiling perfluorocarbon, such as PFOB. The
absorption and emission spectra in PFOB were observed for the dye salts with more highly
fluorinated counterions, 5.12 and 5.14 (Figure 5.7C). While dye 5.12 displays monomer absorption
in addition to a large H-aggregate peak, dye 5.14 displays solely monomer behavior in PFOB.[43]
From these spectral data of the counterion salts of FesFlav7, we learned that while some
improvement in solubility was observed for the salts with an increasing number of CF3 groups,
namely 5.11 and 5.12, the counterions that did not substantially increase the wt% fluorine were
insufficient. It was not until we moved to the F104TPB counterion which increased the wt% fluorine

to 66% that we were able to obtain solubility in an entirely fluorous solvent.
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Figure 5.7 Photophysics of FesFlav7 salts. A—B) Absorption (A) and emission (B) traces of
FesFlav7 salts in HFE-7100. C) Absorption and emission traces of FssFlav7 salts in PFOB. D-E)
Table of photophysical measurements for FsgFlav7 salts in HFE-7100 (D) and in PFOB (D).
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5.3.4 SWIR Imaging with Perfluorocarbon Nanoemulsions

With solubility obtained in PFOB with 5.14, PFC emulsions were fabricated with 5.14
using Pluronic F-68 or poly(2-oxazoline) (POx) amphiphiles (Figure 5.8A-B). The alkyne-
containing POx amphiphile 5.15 developed by Estabrook ez al.[31] offers a functionalizable handle
on the surface of the emulsions for modification with vitamins, peptides, or small-molecule
targeting agents to control biodistribution. Initial experiments screening dye loading in PFC
emulsions with Pluronic F-68 revealed that although 5.14 appears to be soluble in PFOB at
spectroscopy-relevant concentrations (UM range), significant aggregation occurs upon
encapsulation in the emulsions, in which dye is solubilized in perfluorocarbon at the mM
concentration range (Figure 5.8C). In the absorption traces for at all concentrations tested, between
0.77-3.1 mM, a large H-aggregation peak is visible at ~804 nm.[44] Other parameters which
remain to be explored beyond concentration could also be playing roles here, such as the
amphiphilic nature of the fluorous ions or interactions with the surfactant.

Despite the aggregation observed, we moved forward to test the performance of the SWIR
PFC nanoemulsions in vivo, using dye 5.14 inside emulsions stabilized with POx 5.15. Emulsions
with dye at 1.6 mM enabled a total of 34 nmol of 5.14 to be contained within a 190 uL volume for
delivery. The SWIR-fluorescent emulsions were injected into the tail vein, and subsequently, the
head (Figure 5.8D) and the hindlimb (Figure 5.8E) of the mouse and were immediately imaged
using 968 nm excitation and collecting with 1100 nm longpass filtering. While high-resolution
images were obtained upon injection, exposure times were limited to 60—120 ms, and imaging
speeds to 8—16 fps. The moderate brightness is likely due to the aggregation within the PCF
nanoemulsions. For targeted experiments, it will be necessary to image at later time points, to

allow for accumulation at a site(s) of interest and clearance from the non-targeted areas. Thus, high
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brightness is an essential characteristics of a targeted imaging agent. While these studies produced

a promising initial result, the difficulties in formulating and delivering the FegsFlav7 dye in PFC

nanoemulsions prompted us pause imaging experiments at this point, and re-evaluate the dye

structure before pursuing targeted imaging experiments.
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Figure 5.8 PFC nanoemulsion formation and in vivo imaging with FesFlav7-F104TPB (5.14). A)
PFC nanoemulsion fabrication scheme. B) Structures of the surfactants used to stabilize the PFC
nanoemulsions. C) Absorption spectra of Pluronic F-68-stabilized PFC nanoemulsions containing
5.14. D-E) In vivo imaging of the mouse head (D) and hindlimb (E) with PFC emulsions
containing emulsions of 5.14 (34 nmol of dye) immediately after tail vein injection. Acquisition
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settings: excitation wavelength: 968 nm (100 mWem™2), collection with 1100 nm longpass,
exposure time = 60 ms, 16.6 fps (D); exposure time = 120 ms, 8.3 fps (E). Scale bar = 1 cm.
5.3.5 Outlook for Fluorous Soluble Flavylium or Chromenylium Dyes

Ultimately, we concluded that the FsgFlav7 dye is not soluble enough in fluorous solvent
to render it a useful dye for studying perfluorocarbons in vivo, particularly for targeted imaging
experiments. Strategies towards other derivatives are now en route by others in the lab.
Specifically, chromenylium derivatives, which are both brighter than the flavylium counterparts,
and include derivatives which have shown decreased aggregation in nanomaterials with a
hydrophobic core, could be a more promising scaffold from which to build a fluorous dye.
Additionally, it could be advantageous to have additional fluorination locations on the dye
scaffold, such as at the C2 or C4’ locations on the dye. Lim et al. have demonstrated increased
fluorous solubility of indolenine cyanine dyes with the presence of three fluoroalkyl chains on
each heterocycle.[35] Concurrent studies on fluoroalkylated cyanine dyes which aims to decipher
structure-property relationships between the location and amount of fluoroalkyl chains on fluorous
solubility should be highly useful for providing similar insights into the behavior of the flavylium
scaffold. Nevertheless, as we were able to show here, counterion exchange with fluorine-
containing counterions, particularly with the Fio4TPB (5.13) is a promising route to significantly
increase fluorous solubility of the dye. I began early work to pursue these aims by targeting a
chromenylium dye with a 2-trifluoromethyl substituent. The initial target molecule, 5.16 (Scheme
5.4), focused on installing the 2-CF; modification, and excluded the fluoroalkyl chain
modifications at the 7-amino position that we envisioned would be employed for a fluorous soluble
dye. The proposed synthesis began with a Kostanecki-Robinson reaction of 2’4°-

dihydroxyacetophenone and trifluoroacetic anhydride to obtain the 2-trifluoromethyl substituted
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7-hydroxyflavone 5.16.[45] The hydroxyl group in 5.16 was converted to the triflate 5.17 by
treatment with trifluoromethanesulfonic anhydride in pyridine. Initial attempts at Buchwald-
Hartwig coupling reactions with dimethyl amine were unsuccessful, however a more recent
methodology study of coupling reactions on molecule 5.17 offers a more promising starting
point.[46]

Scheme 5.4 Progress towards 2-CF3 chromenylium dyes.
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An alternate attempt to arrive at flavone 5.18, using the analogous “Mentzer-pyrone” conditions
did not produce the desired product but instead selectively furnished the coumarin isomer 5.20 in
high yield (Scheme 5.5). This transformation was previously observed using a ZnCl, catalyst,[47]
but has not been reported neat and without the use of catalyst.

Scheme 5.5 Synthesis of a CF3-substituted coumarin.

5.20, 76% 5.18, not observed
Overall, upon further optimization of the flavylium or chromenylium dye structure to
increase solubility in perfluorocarbons, reduce H-aggregation, and increase dye loading within

PFC emulsions, the material should offer a bright and orthogonal system for in vivo experiments.
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This optimization should include targeting molecules with shorter fluoroalkyl chain (CsF13) or
smaller, to reduce bioaccumulation. Alongside current complementary work in the Sletten lab to
optimize the stabilization, surface functionalization, delivery, and disassembly of PFC emulsions,
the ability to efficiently label the perfluorocarbons with SWIR-emitting fluorophores will enable
diverse imaging, phototherapy, and theranostic applications of this bioorthogonal delivery vessel

in mammalian model organisms.

5.4 Synthesis of Lipophilic Chromenylium Polymethine Dyes

Lipophilic chromophores are a staple in optical microscopy and spectroscopy experiments
to study biological membrane structure and composition,[48] diffusion dynamics,[49-51]
tension,[52—53] polarization,[54] as well as for tracking lipid droplets,[55] and lipoproteins.[56]
A wide variety of chromophore structures have been utilized for these experiments, and with a key
focus on environmentally sensitive structures.[57] However, commonly employed dyes for these
experiments absorb and emit VIS and NIR light while longer wavelength lipophilic chromophores
optimized for SWIR absorption and emission have yet to be reported. We envisioned that lipophilic
chromenylium polymethine dyes could have applications in labelling lipoproteins, lipids, and
membranes in vivo, as well as offer improved loading in lipophilic nanomaterial environments. As
an initial structure to test and explore its properties in lipophilic environments, we targeted a 7-
amino chromenylium heterocycle 5.23, with two C-12 alkyl chains appended to the amine, and
envisioned that the penta- and heptamethine dyes synthesized from this heterocycle could be used
in SWIR imaging experiments at 785 nm and 980 nm excitation, respectively. The synthesis of the
polymethine dyes followed a similar route as the perfluoroalkyl dyes in section 5.2, beginning with

alkylation of 3-aminophenol to yield aminophenol 5.21 (Scheme 5.6).Error! Bookmark not defined. e
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chromone 5.22 was obtained in moderate yield through a Mentzer pyrone reaction of 5.21 with
ethyl pivaloylacetate. Addition of a methyl nucleophile and dehydration transformed chromone
5.22 to chromenylium 5.23 quantitatively. The lipophilic pentamethine dye 5.25 (named lipo-
Chrom5) was produced in good yield through reaction of 5.23 with the relevant polymethine chains
5.24 with sodium acetate in acetic anhydride. Finally, the heptamethine dye 5.26 (named lipo-
Chrom7) was accessed from chromenylium 5.23 and the polymethine chain 5.7 by reaction using
the sterically hindered base, 2,6-di-fert-butyl-4-methylpyridine in n-butanol and toluene. It is
possible that further optimization of this reaction solvent could improve the efficiency of the
transformation to 5.26.

Scheme 5.6. Synthesis of lipophilic chromenylium penta- and heptamethine derivatives.
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We oberserved absorption and emission properties of lipo-Chrom5 (5.25) and lipo-Chrom7
(5.26) in DCM and I-octanol, a solvent commonly used to mimic the environment of lipid
membranes (Figure 5.9A—B). Lipo-Chrom5 (5.25) has a Amaxabs = 830 nmM Amax,em = 849 nm in
DCM, while in 1-octanol, these values are blue-shifted by ~4 nm. Lipo-Chrom?7 (5.26) has a Amax,abs
= 988 NnM Amaxem = 1003 nm in DCM, but instead displays slightly red-shifted values in 1-octanol
(Figure 5.9C). Additionally, we examined the solvatochromic behavior of the absorbance spectra
of lipo-Chrom5 (5.25) at 5 uM in a variety of solvents with different dielectric constants (Figure
5.9D-F). In the most non-polar solvents, hexanes and cyclohexane, lowered absorption intensity
is observed. The highest absorption intensities are observed for the moderately non-polar solvents
tolene and diethyl ether, indicating that these solvent environements are most favorable for 5.25.
In more polar solvents, intensities decreased again, with moderate intensities for all of the long
chain alcohols and lowered intensity for the most polar solvents tested, MeCN and DMSO.
Additionally, 5.25 generally displayed positive solvatochromism in the more non-polar solvents,
(hexanes to chloroform), while negative solvatochromism was observed in the more polar solvents
(DCM to MeCN). These experiments give some initial insight into the solvent behavior of the
lipophilic chromenylium dyes. Further work is needed to understand the solubility of 5.25 and 5.26
in natural and unnatural lipid environments, including the labelling of lipophilic biological

structures such as membranes and lipoporoteins.
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Figure 5.9 Photophysical properties of lipophilic polymethine dyes in different solvents. A—B)
Absorbance (black) and emission (grey) traces of 5.25 (A) and 5.26 (B) in DCM (solid) and 1-
octanol (dotted). Excitation wavelengths were 755 nm for (A) and 885 nm for (B). C) Table of
absorption and emission wavelengths observed in (A—B). D) Table of absorption wavelengths for
5.25 in solvents with a range of dielectric constants. E-F) Absorbance of 5.25 at 5 uM in solvents
of different dielectric constants. The more non-polar solvents are displayed in (E) and the more

polar solvents are displayed in (F).
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5.5 Progress towards Sulfonated Flavylium Heptamethine Dyes

Regardless of the success of nanomaterials for delivery of SWIR fluorophores, ultimately,
acquisition of water-soluble derivatives will open a new realm of applications and experiments
which can be performed in animals. These include understanding the in vivo biodistribution of the
aqueous-soluble small molecules by delivering free untargeted derivatives, as well as in
combination with conjugation methods, efficient labelling of peptides, proteins, antibodies, or
other targeting agents to alter biodistribution and preferentially target healthy or diseased tissues.
Additionally, water-compatible dyes will facilitate the development of responsive probes which
require attachment to peptides or proteins, or can directly react with biological molecules.
Imparting water solubility to the flavylium polymethine dye scaffold is not nominal, as these
aromatic compounds are quite large and hydrophobic. We began work towards this goal with
several strategies that were ultimately unsuccessful up to this point, but did offer insight into
directions which were not promising, and inform strategies that might offer more potential.
Currently, others in the Sletten Group are now pursing these more recent aims towards water
soluble derivatives of Flav7 and other flavylium and chromenylium dyes.

We focused here on the installation of sulfonate groups on Flav7, as sulfonates have shown
success in imparting water solubility in cyanine scaffolds including ICG, without substantially
increasing the size of the molecule. Concurrently, we were also pursuing functional group
modifications at the 7-position on flavylium (see Ch. 3), and found that we could leverage this
position to predictably red- or blue-shift absorption and emission wavelengths. Thus, we aimed
for an orthogonal modification which we hoped would only minimally impart photophysical
changes, and leave the 7-position open for tuning the wavelength of absorption and emission. This

left the phenyl group on flavylium as an ideal open site for sulfonate modification. The first target
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dye, 5.27 (Scheme 5.7), contained two meta-sulfonates on each flavylium phenyl group. Upon
attempting the synthesis of this molecule, we quickly realized that the installation of sulfonate
groups early in the synthesis was problematic due to minimal solubility of the sulfonate containing
molecules in organic solvents and the necessity of organic solvents for the subsequent
transformations. Beginning from 3,5-disulfobenzoic acid, which we prepared using literature
procedure,[58] we attempted reactions which would install a leaving group on the acid which could
facilitate a Claisen condensation to produce ethyl benzoyl acetate 5.26. Reaction of 3,5-
disulfobenzoic acid with carbonyl diimidazole in DMF or pentafluorophenyl trifluoroacetate with
N,N-diisopropylethylamine (DIEA) in DMF or DMSO proved unsuccessful. Some success was
seen in transesterification reactions performed in concentrated HCl (12 M) with methanol or
ethanol, however these compounds were not entirely purified and could not be dissolved in organic
solvents, prompting us to reconsider the molecular design and synthetic route.

Scheme 5.7. Proposed route to a flavylium heptamethine dye with directly sulfonated phenyl
groups.

Inspired by synthetic work by Jasti and coworkers,[59] we anticipated that we could enable
late-stage installation of sulfonate groups on the dye by leveraging protected phenols which could
be carried through the synthesis before deprotection and reaction with a cyclic sulfonate ester, such
as 1,3-propane sultone (Scheme 5.8). Beginning with the methyl methoxy methyl (MOM)
protected acetophenone 5.29, which we synthesized according to literature procedures,[60] we

performed a Claisen condensation with diethyl carbonate, using sodium hydride in toluene to yield
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the B-keto ester 5.30 in moderate yield. Previous attempts to obtain an ethyl benzoylacetate
compound with protected phenols, but with fert-butyldimethylsilyl ether (TBDMS) as a protecting
group, was unsuccessful due to considerable hydrolysis of the protecting groups in hot, basic
conditions required for the Claisen condensation. The ethyl benzoylacetate 5.30 was then subjected
to a Mentzer pyrone reaction with 3-dimethylamino phenol to obtain the flavone 5.31 in low yield.
This transformation proved to be lower yielding than most of the previous Mentzer pyrone
reactions, likely due to heat instability of the ethyl benzoylacetate 5.30, which at temperatures as
low as 130 °C, would revert back to the corresponding acetophenone 5.29. This proved difficult,
as typically 180 °C is required for conversion in Mentzer pyrone reactions we had performed
previously. Indeed, attempting typical Mentzer pyrone conditions (neat, 180 °C) produced
acetophenone 5.29 as the major product. Attempting the reaction at lower temperatures, such as
130 °C, or in DMF solvent, instead of the neat reaction was significantly worse for product
conversion. Some improvement in the conversion could be obtained by ramping the temperature
slowly over time, beginning at 100 °C for the first ~24 h and then raising it to 140 °C by 3 days.
While this helped somewhat with conversion, the purification of product 5.31 was also
challenging, particularly as it was not present in a high percentage in the crude reaction mixture
and badly streaks on silica gel columns. Thus, it was only isolated up to ~80% purity. Despite
difficulties in purity, attempts at performing a Grignard reaction on 5.31 were pursued, hoping that
purification would be more facile at the flavylium stage. Unfortunately, all attempts at methyl

nucleophile addition with MeMgBr were unsuccessful.
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Scheme 5.8 Attempted route towards a heptamethine dye with protected phenols.
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In light of these challenges, but still optimistic about a route in which the polar sulfonate

groups could be installed in the final step, we attempted a synthesis of an alternate target sulfonated

dye 5.32, using a different deprotection strategy (Scheme 5.8, route 1). Using the 7-BOC derivative

we reported in Ch. 3 (3.9), we envisioned that upon BOC deprotection, alkylation of the amino

flavylium could be possible with 1,3-propane sultone. On attempting the BOC deprotection on 3.9,

we found that treatment with trifluoroacetic acid (TFA) in DCM or TFA in neat propane sultone

resulted in complete loss of the chromophore, as observed by absorption spectroscopy.
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Scheme 5.9. Attempted routes towards a 7-aminoalkyl sulfonated flavylium heptamethine dye.
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Alternately, we targeted the same sulfonated dye without a deprotection strategy. In this
approach (Scheme 5.8, route 2), we were able to install two alkyl sulfonates on the amine of 7-
aminoflavone to yield the sulfonated flavone 5.33. After screening several bases (DIEA, 1,8-
Diazabicyclo[5.4.0Jundec-7-ene, (DBU), Potassium carbonate), reasonable conversion to the di-
alkylated product was obtained with Lithium bis(trimethylsilyl)amide (LIHMDS) in excess, which
after purification obtained 48% yield on small scale. The purification of this reaction upon scale
up became particularly problematic by column chromatography, and appropriate recrystallization
conditions were not arrived at. The Grignard reaction on flavone 5.33 was challenging due to the
insolubility of 5.33 in most commonly employed solvents for Grignard reactions, including THF,

dioxane, dimethoxyethane (DME), and diglyme. When using a 2:1 mixture of THF and HMPA
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we were able to increase the solubility of the starting material and obtain some indication of
conversion to the desired product flavylium 5.34. Observing the absorption spectrum after reacting
overnight, but before quenching the reaction, minimal absorption could be seen at ~500 nm.
However, upon addition of 50% aq. HBF4, the reaction solution turned dark red to the eye, and a
clear increase in absorbance could be visualized at Amax,abs = 500 nm (Figure 5.10). However, this
reaction was done on a small scale and the collected dark red crystals were not further
characterized. With further optimization of the purification conditions of compound 5.33 such that
better scale up conditions can be obtained, the Grignard reaction could be appropriately scaled and
compound 5.34 fully characterized. Given that this route shows indication that the flavylium
derivative is stable and isolable, I still believe it to be a viable option for obtaining a sulfonated
flavylium dye. In light of the difficulties in obtaining fully water soluble flavylium heptamethine
dye with other water solubilizing groups, such as oligo ethylene glycol units, this could be a route

to revisit for the installation of sulfonates.
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Figure 5.10 Absorption traces and hypothesized chromophore species taken on the Grignard

reaction of 5.33, after reacting overnight but before quenching (black) and after quenching with
50% aq. fluoroboric acid (orange).
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5.6 Experimental Procedures

5.6.1 General Experimental Procedures

Materials and instrumentation Acid-terminated poly(lactic-co-glycolic acid) (PLGA) with
lactide:glycoside ratios of 50:50 and 75:25 and polyvinyl alcohol (PVA) (Mw=31,000) were
purchased from Sigma-Aldrich. Lipids (18:0 PEG2000 PE and 18:0PEG5000 PE) were purchased
from Avanti Polar Lipids. Dichloromethane (DCM), hexanes, cyclohexane, toluene, diethyl ether,
THF, 1-octanol, 1-heptanol, 1-hexanol, DMSO, ethanol, acetone, acetonitrile, and chloroform
were purchased from Fischer Scientific. All materials were used as received. Thin layer
chromatography was performed using Silica Gel 60 F»ss (EMD Millipore) plates. Flash
chromatography was executed with technical grade silica gel with 60 A pores and 40—63 um mesh
particle size (Sorbtech Technologies). Solvent was removed under reduced pressure with a Biichi
Rotavapor with a Welch self-cleaning dry vacuum pump and further dried with a Welch DuoSeal
pump. Bath sonication was performed using a Branson 3800 ultrasonic cleaner or an Elma
S15Elmasonic. Probe sonication was performed on a QSonica (Q125) sonicator. Nuclear magnetic
resonance ('H NMR, "B NMR,"*C NMR, '°F NMR) spectra were taken on Bruker Avance 300,
AV-500 or AV-600 instruments and processed with MestReNova software. All 'TH NMR and *C
NMR peaks are reported in ppm in reference to their respective solvent signals. The calibrated '°F
NMRs were calibrated to ao,a,a-trifluorotoluene at -63.90 ppm as an internal standard.[61] ''B
NMRs were calibrated to BF3 at 0.0 ppm as an external standard. High resolution mass spectra
(electrospray ionization (ESI)) were obtained on a Thermo Scientific Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™ M with Dionex UltiMate 3000 RSLCnano System. Matrix assisted laser

desorption ionization (MALDI) time of flight (TOF) analysis was performd on a Bruker Ultraflex
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MALDI TOF-TOF. Masses for analytical measurements were taken on a Sartorius MSE6.6S-000-
DM Cubis Micro Balance.

Photophysical measurements Absorbance data were collected using a Jasco V-770 UV-
Visible/NIR Spectrophotometer after blanking with the appropriate solvent with a 2,000 nm/min
scan rate. The spectrophotometer used a D2/WI light source and a 1.0 nm grating for UV-visible
measurements and 8.0 nm grating for NIR measurements. All spectra were corrected to 0 at 1,300
nm. Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster Series
fluorometer with InGaAs detector Horiba Edison DSS IGA 020L. Absolute quantum yields were
taken in a Horiba KSPHERE-Petite. Quartz cuvettes (1 cm) were used for absorbance and
photoluminescence measurements. Absorption coefficients in DCM were calculated with serial
dilutions with Hamilton syringes in volumetric glassware. Error was taken as the standard
deviation of the triplicate experiments.

Dynamic light scattering (DLS) characterization Nanomaterial size was analyzed with a
Malvern Zetaziser Nano dynamic light scattering in plastic 1 cm cuvettes. Size data by DLS were
acquired after a 1:100 dilution in MilliQ water, after filtering through a 0.22 pm syringe filter.
SOP parameters were as follows: sample refractive index 1.4, 3 measurements, no delay between

measurements, 25 °C with 120 second equilibration time.

5.6.2 Experimental procedures’

Flav7-TPB 5.1: 7-

Q /@ Dimethylamino  flavylium
©/ @ heptamethine dye

2 Counterion exchange on Flav7 by Zhumin Zhang
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tetrafluoroborate (Flav7-BF4) (15 mg, 0.020 mmol, 1.0 equiv.) was dissolved in DCM (15 mL)
and combined with an aqueous solution (15 mL deionized water) of sodium tetraphenylborate
(TPB) (10 mg, 0.030 mmol, 1.5 equiv.). The biphasic mixture was sonicated at rt for 5 minutes
and then washed with water x3. The organic layer was extracted, dried with sodium sulfate and
evaporated onto silica gel. The dye was purified via column chromatography, eluting with a
toluene:EtOH solvent ratio of 10:1 followed by a DCM/Toluene/EtOH solvent gradient of 50:50:1,
70:30:1, 80:20:1. This procedure gave pure 5.1 (9.6 mg, 0.0094 mmol, 47%). Rr = 0.3 in 100:1
DCM:EtOH. 'H NMR (500 MHz, DMSO-d) & 8.22 (d, J = 13.5 Hz, 2H), 8.19 — 8.12 (m, 6H),
7.66 (s, 2H), 7.64 — 7.55 (m, 6H), 7.17 (t, J = 6.3, 8H), 7.09 (d, J = 14.0 Hz, 2H), 7.00 (dd, J =
10.2, 2.3 Hz, 2H), 6.92 (t, /= 7.3 Hz, 8H), 6.84 (d, J= 1.6 Hz, 2H), 6.78 (t,J = 7.1 Hz, 2H), 3.16

(s, 12H), 2.84 (p, J = 6.0, 4H), 1.94 — 1.85 (p, J = 5.2, 1H). Absorbance (CH2Cl>) = 1027 nm.

CFs o Flav7-F4TPB 5.2: 7-

Ph Ph °
FsC /@\ Dimethylamino
FsC B CFs flavylium

’T‘/ CFs heptamethine  dye

CFSCFS tetrafluoroborate
(Flav7-BF4) (50.1 mg, 0.0667 mmol, 1.00 equiv.) and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (88.5 mg, 0.0999 mmol, 1.50 equiv.) were dissolved in DCM
(50 mL) at rt. The mixture was sonicated for 5 minutes and then washed with water x3. The organic
layer was extracted, dried with sodium sulfate, and evaporated onto silica gel. The dye was purified
via column chromatography, eluting with a toluene:EtOH solvent ratio of 20:1 followed by a

DCM:toluene:EtOH solvent ratio of 50:50:1. This procedure gave pure 5.2 (61.7 mg, 0.0393

mmol, 59%). Rs= 0.6 in 90:10:0.1 DCM:toluene:EtOH. '"H NMR (500 MHz, Acetone-de) & 8.18
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(d, J=13.8 Hz, 2H), 7.92 (dd, /= 7.3, 1.8 Hz, 4H), 7.88 (d, /= 9.3 Hz, 2H), 7.81 — 7.77 (m, 8H),
7.67 (bs, 4H), 7.62 — 7.54 (m, 2H), 7.54 — 7.49 (m, 4H), 7.39 (s, 2H), 6.90 (d, J = 13.9 Hz, 2H),
6.81 (dd, J = 9.2, 2.6 Hz, 2H), 6.60 (d, J = 2.6 Hz, 2H), 3.12 (s, 12 H), 2.81 (p, 4H) {partially
obscured under H>O and HDO peaks}, 2.03 — 1.96 (p, J = 6.0 Hz, 2H) {partially obscured under
(CD3)2CO peak}. "B NMR (161 MHz, Acetone-ds) 8 -5.84. °’F NMR (376 MHz, Acetone-dc) § -

62.55. Absorbance (CH2Clz) = 1027 nm.

OMe
FsC CFs3 OMe
MeO CFs FsC CF4
F3C
CF4
- OMe

MeO CFj3 B CF,

FsC CF,
OMe

CF3

FsC

CF,4 o
OMe F.C 3
3¥ OMe

Flav7-F4TPB 5.3: 7-Dimethylamino flavylium heptamethine dye tetrafluoroborate (Flav7-BF4)
(12.3 mg, 0.0164 mmol, 1.0 equiv.) and sodium tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-
methoxy-2-propyl)phenyl]borate trihydrate (27 mg, 0.015 mmol, 0.90 equiv.) were dissolved in
DCM (13 mL) at rt. The mixture was sonicated for 5 minutes and then washed with water x3. The
organic layer was extracted, dried with sodium sulfate and evaporated onto silica gel. The dye was
purified via column chromatography, eluting with a toluene:EtOH solvent ratio of 20:1 followed
by a DCM:toluene:EtOH solvent ratio of 50:50:1. This procedure gave pure 5.3 (20.7 mg, 0.00854
mmol, 58%). R¢= 0.2 in 10:1 toluene:EtOH. "H NMR (500 MHz, Acetone-ds) 6 8.07 (d, J=13.5
Hz, 2H), 7.82 (d, J = 7.1 Hz, 4H), 7.75 (d, J = 9.2 Hz, 2H), 7.64 — 7.57 (m, 8H), 7.56 (t, /= 7.4
Hz, 2H), 7.48 (t,J = 7.5 Hz, 4H), 7.44 — 7.41 (m, 4H), 7.23 (s, 2H), 6.76 (d, J=13.9 Hz, 2H), 6.70

(dd, J=9.2, 2.6 Hz, 2H), 6.46 (d, J = 2.5 Hz, 2H), 3.30 (s, 24H), 3.05 (s, 12H), 2.73 (p, J = 6.0
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Hz, 4H), 1.99 (p, J= 6.2 Hz, 2H). '°F NMR (376 MHz, Acetone-de) 8 -71.01. Absorbance (CH,Cl»)

= 1027 nm.

CaF 17 Aminophenol 5.4: The preparation was adapted with modifications from
H/ Sletten et gl Brror! Bookmarknotdefined. 3_A minophenol (129 mg, 1.19 mmol, 1.00

N OH
H/ \©/ equiv.), 3-(perfluorooctyl)propyl iodide (1.36 g, 2.51 mmol, 2.13 equiv.),

CoF N,N-diisopropylethylamine (0.415 mL, 2.38 mmol, 2.02 equiv.), and
potassium iodide (206 mg, 1.24 mmol, 1.05 equiv.), were dissolved in DMF (2.5 mL) in a 20 mL
oven-dried vial. The solution was heated to 120 °C overnight, then cooled to rt. The crude product
was purified via column chromatography, by loading the mixture in DMF directly on to a silica
gel column and eluting with 25:1 to 16:1 hexanes:ethyl acetate. This procedure yielded pure 5.4
as a peach colored solid (765 mg, 0.743 mmol, 63%)."H NMR (400 MHz, Acetone-ds) 8 7.97 (s,
1H), 6.99 (t, /= 8.0 Hz, 1H), 6.39 — 6.26 (m, 2H), 6.19 (dd, J = 8.0, 2.1 Hz, 1H), 3.50 (t,J="7.5
Hz, 4H), 2.35 (tt, J = 18.9, 7.7 Hz, 4H), 1.94 (p, J = 7.8, 7.2 Hz, 4H). {The 'H NMR spectrum

agrees with the literature.}

CgF17 Flavone 5.5: The compound was accessed by two routes. Route 1:

H/ Fluoroalkyl aminophenol 5.4 (206 mg, 0.200 mmol, 1.00 equiv) was

N o Ph
J m combined neat with ethyl benzoylacetate (0.346 mL, 2.00 mmol, 9.98
CoF 0 equiv.) in a one-dram vial and heated to 150 °C. After 10 h, the heat
8l 17
was increased to 180 °C and heated for an additional 22 h. The crude product was purified via

column chromatography by dry loading onto silica gel and eluting with 9:1 to 5:1 hexanes:ethyl

acetate. This procedure yielded pure 5.5 (118 mg, 0.102 mmol, 51% yield). Route 2: 7-
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Aminoflavone (99.8 mg, 0.420 mmol, 1.00 equiv.), 3-(perfluorooctyl)propyl iodide (545 mg, 1.01
mmol, 2.4 equiv.) and sodium hydride (60% wt percent in mineral oil, 168 mg, 4.2 mmol, 9.99
equiv.) were added to a flame-dried 25 mL flask. The flask was flushed with N> before adding
DMF (2.0 mL). The solution was heated to 100 °C for 17 h and let cool to rt. The crude mixture
was dissolved in trifluorotoluene to facilitate dry loading onto silica gel. The crude product was
purified by column chromatography, eluted with 8:1 to 4:1 hexanes:ethyl acetate. This procedure
yielded pure 5.4 (199 mg, 0.172 mmol, 41%). '"H NMR (400 MHz, Acetone-ds) & 8.08 — 7.99 (m,
2H), 7.94 (d, J=9.0 Hz, 1H), 7.65 — 7.55 (m, 3H), 7.06 (dd, J=9.1, 2.5 Hz, 1H), 7.02 (d,J=2.4
Hz, 1H), 6.70 (s, 1H), 3.86 — 3.75 (m, 4H), 2.47 (tt, J = 19.5, 8.2 Hz,4H), 2.17 — 2.07 (m, 4H,
partially underneath Acetone-ds peak). 3C NMR (126 MHz, Acetone-ds) & 176.9, 162.7, 159.5,
153.1, 133.2, 132.0, 130.0 — 106.3 (m, CF, peaks), 129.8, 127.3, 126.9, 114.8, 111.8, 1078, 98.5,
50.3, 28.6 (t, J=22 Hz), 19.0. ’F NMR (376 MHz, Acetone-ds) & -81.7 (t,J = 10 Hz, 6F), -114.3

(p, J= 16 Hz 4F), -121.5 — -122.7 (m, 12F), -123.3 (bs, 4F), -123.9 (bs, 4F), -126.5 — -126.8 (m,

4F).
CgFi7 Flavylium 5.6: Fluoroalkyl flavone 5.5 (183 mg, 0.158 mmol, 1.00
H/ equiv.) was added to a flame-dried 25 mL Schlenk flask and dissolved
N O._Ph
h in THF (1.5 mL). The solution was submerged in liquid N> and
CeF 17 "BF4; MeMgBr (1.0 M in THF, 0.27 mL, 1.7 equiv.) was added. After freeze-

pump-thawing x3, the solution was let warm to rt and stirred overnight. The reaction was quenched
with 5 drops of 50% aq. fluoroboric acid. The product was extracted into trifluorotoluene and
washed x3 with ~50 mL 5% aq. fluoroboric acid, dried with sodium sulfate, filtered (sodium sulfate
was rinsed with acetone to remove all product) and evaporated. The crude product was then

precipitated from cold ethyl acetate, filtered, and rinsed with cold ether. This procedure yielded
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pure 5.6 (164 mg, 0.132 mmol, 83%). '"H NMR (500 MHz, Acetone-ds) & 8.36 (t, J=9.0 Hz, 3H),
8.24 (s, 1H), 7.83 —7.76 (m,2H), 7.73 (t,J = 7.7 Hz, 2H), 7.66 (d, J = 2.5 Hz, 1H), 4.08 (t, /= 7.5
Hz 2H), 3.03 (s, 1H), 2.52 (tt, J = 19.0, 8.1 Hz, 4H), 2.20 (p, J = 15.8, 9.4 Hz, 4H). *C NMR (126
MHz, Acetone-ds) 6 165.9, 165.1,159.3, 157.1, 134.3, 129.73, 129.69, 129.3, 128.0, 125.0 — 105.0
(m, CF, peaks), 118.4, 1183, 112.5, 96.7, 50.2, 27.5 (t, J = 22 Hz), 19.2. ’F NMR (376 MHz,
Acetone-ds) 6 -81.7 (t,J = 10 Hz, 6F), -114.3 (p, J = 16 Hz, 4F), -121.9 — -122.7 (m, 12F), -123.3
(bs, 4F), -123.9 (bs, 4F), -126.7 (m, 4F), -152.2 (s, 4F). HRMS (ESI): calcd for C3sH24F34NO*

[M]": 1156.13095; found: 1156.13281. Absorbance (acetone): 505 nm.

Heptamethine dye 5.8:
CeF17  Fluoroalkyl flavylium 5.6 (50
mg, 0.040 mmol, 1.0 equiv.), N-

\L N N
)) H\ [(3-(anilinomethylene)-2-chloro-
F17Cs

CgF17 I-cyclohexen-1-

yl)methylene]aniline hydrochloride (5.7) (6.8 mg, 0.019 mmol, 0.47 equiv.), and 2,6-di-tert-butyl-
4-methylpyridine (26 mg, 0.13 mmol, 3.2 equiv.) were added to a flame-dried 25 mL Schlenk tube.
The starting materials were dissolved in DMF (2.0 mL), freeze-pump-thawed x3, and heated to
100 °C for 1 h. The crude product was evaporated onto silica gel and purified by column
chromatography, eluted with 0.25% to 5% acetone in DCM. This procedure yielded 5.7 (92 mg,
.036 mmol, 90%). MS (MALDI): calcd for CsaHs2CIFssN2O2" [M]*: 2447.26; found: 2447.38.

Absorbance (CH2Cl) = 1022 nm.
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HO 0. _CF, 7-hydroxy-2-(trifluoromethyl)-flavone 5.16: The preparation was
W adapted from Boldés et qlFrrort  Bookmark mot defined. 3> 4>

© dihydroxyacetophenone (151 mg, 0.992 mmol, 1.00 equiv.) and sodium
trifluoroacetate (266 mg, 1.96 mmol, 1.97 equiv.) were added to a flame-dried 1-dram vial.
Trifluoroacetic anhydride (554 pL, 5.85 mmol, 5.90 equiv.) was added dropwise and stirred at 100
°C. After 1h, the heat was increased to 125 °C and run overnight. The reaction was cooled to rt,
HCI (2 M) was added, the mixture was filtered, and the precipitate was collected. The precipitate
was heated at 45 °C in water, and NaOH (0.2 M) was dripped in until the precipitate dissolved.
This solution was filtered, and the filtrate was collected, washed with water and dried. To the
filtrate, 0.2 M HCI was dripped in until a light pink precipitate formed which was collected. This
procedure yielded pure 6.16 as a light pink solid (88.8 mg, 39 %). 'H NMR (400 MHz, Acetone-
ds) 6 9.93 (bs, 1H), 7.99 (d, J = 8.7 Hz, 1H), 7.07 (dd, J = 8.8, 2.2 Hz, 1H), 7.00 (d, J = 2.3 Hz,
1H), 6.71 (s, 1H). {The '"H NMR spectrum agrees with the literature, but with a different ppm shift

for the OH.}

TtO o | CF3 4-0x0-2-(trifluoromethyl)-4 H-chromen-7-yl

W trifluoromethanesulfonate 5.17: 7-hydroxy-2-(trifluoromethyl)-flavone
(5.16) (77.6 l’cl’)lg, 0.337 mmol, 1.00 equiv.) was added to a 15 mL flame-dried 2-neck flask. DCM
(1.5 mL) and dry pyridine (150 pL, 1.86 mmol, 5.52 equiv.) were added. Trifluoromethanesulfonic
anhydride (146 pL, 0.867 mmol, 2.57 equiv.) was dripped in over ice and the reaction was stirred
at 0 °C for 45 min. The reaction was quenched with aqueous sodium bicarbonate, and the crude

product was extracted in DCM, dried with sodium sulfate, and evaporated. The crude product was

purified by column chromatography in hexanes:ether 50:1 to 25:1 to yield pure 5.17 (80.5 mg,
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0.222 mmol, 66%). '"H NMR (400 MHz, Chloroform-d)  8.31 (d, /= 8.9 Hz, 1H), 7.54 (d,J=2.4
Hz, 1H), 7.40 (dd, J=8.8, 2.3 Hz, 1H), 6.77 (s, 1H). ’F NMR (376 MHz, Chloroform-d) § -71.71,

-72.58.

| 7-(dimethylamino)-4-(trifluoromethyl)-coumarin 5.20: 3-
N 0._0
\@; dimethylaminophenol (100 mg, 0.729 mmol, 1.00 equiv.) and ethyl 4,4,4-
CF3 trifluoroacetate (210 pL, 1.43 mmol, 1.96 equiv.) were added to an oven
dried 1-dram vial and flushed with N». The reaction was stirred at 130 °C for 3 hours before cooling
to room temperature. The crude product was purified by column chromatography with a 50:1 to
20:1 hexanes:ethyl acetate solvent gradient to yield pure 5.20 as a yellow solid (143 mg, 0.554
mmol, 76%). 'H NMR (600 MHz, Chloroform-d) & 7.46 (dd, J= 9.1, 2.0 Hz, 1H), 6.61 (dd, J =
9.1, 2.6 Hz, 1H), 6.48 (d, J = 2.6 Hz, 1H), 6.35 (s, 1H), 3.06 (s, 7H). *C NMR (151 MHz,
Chloroform-d) 6 160.47, 156.75, 153.28, 141.80 (q, J = 32.2 Hz), 125.96, 121.99 (q, J = 275.6

Hz), 109.61, 108.30, 102.93, 98.26, 40.09. °F NMR (376 MHz, Acetone-ds) & -72.39.

C1oHzq Aminophenol 5.21: The preparation was adapted from Sletten et
N OH al Error! Bookmark not defined. 3_Aminophenol (1.00 g, 9.16 mmol, N,N-

H21C10
diisopropylethylaminel.05 equiv.), 1-bromododecane (4.18 mL,
17.4 mol, 2.00 equiv.), and N,N-diisopropylethylamine (1.92 mL, 11.0 mmol, 1.27 equiv.) were
added to an 100 mL flame-dried round bottom flask and dissolved in DMF (18 mL). The solution
was heated to 120 °C for 20 h. After cooling to rt, the DMF was evaporated and the crude product
was evaporated onto silica gel. The product was purified via column chromatography, using two

columns, each with an 100:1 to 25:1 hexanes:ethyl acetate eluent gradient. This procedure yielded
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pure 5.21 (1.62 g, 3.64 mmol, 42%). '"H NMR (500 MHz, Chloroform-d) & 7.05 (t, J = 8.1 Hz,
1H), 6.25 (dd, J= 8.4, 2.3 Hz, 1H), 6.16 (bs, 1H), 6.12 (d, J=7.9 Hz, 1H), 4.97 (bs, 1H), 3.23 (t,
J=17.7Hz, 4H), 1.58 (p, J= 7.4 Hz, 4H), 1.35 — 1.25 (m, 36H), 0.92 (t, J = 6.8 Hz, 6H). '"H NMR

matches the literature.

C1oHa1 Chromone 5.22: Aminophenol 5.21 (1.53g, 3.42 mmol, 1.00
N o equiv.) and ethyl pivaloylacetate (1.22 mL, 6.85 mmol, 2.00

Ha1Cro™ > |
equiv.) were each divided into 4 aliquots and combined into 4

° 1-dram vials. The neat solutions were heated at 80 °C for 72 h.
The crude products were combined for purification by column chromatography with a 25:1 to
12.5:1 hexanes:ethyl acetate eluent system. Pure fractions were collected, and impure fractions
were run on a second column under the same eluent. This procedure yielded pure 5.22 (1.10 g,
1.92 mmol, 58%). 'H NMR (500 MHz, Chloroform-d) & 7.94 (d, J = 9.1 Hz, 1H), 6.65 (dd, J =
9.1,2.4 Hz, 1H), 6.38 (d, J= 2.4 Hz, 1H), 6.10 (s, 1H), 3.43 — 3.24 (m, 4H), 1.61 (p, /= 8.6, 7.9,
7.6 Hz, 4H), 1.44 — 1.23 (m, 45H), 0.87 (t, J = 6.9 Hz, 6H). 1*C NMR (126 MHz, Chloroform-d)
0178.2,174.4,158.9,152.2,126.5, 112.6, 110.3, 106.0, 96.3, 51.1, 36.2, 31.9, 29.7, 29.64, 29.62,

29.61,29.5,294, 28.0,27.13, 27.05, 22.7, 14.1.

C1oHa1 Chromenylium 5.23: Chromone 5.22 (500 mg, 0.90 mmol,
+ 1.0 equiv.) was added to a flame-dried 50 mL 2-neck flask and
H21C10/\/N O5
_ dissolved in THF (5.5 mL). The solution was cooled to 0 °C
"BF,

and MeMgBr (1.4 M in THF, 1.2 mL, 1.9 equiv.) was added

dropwise. The solution was let warm to rt and stirred for 25 hours. The reaction was quenched
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with 200 pL of 50% aqueous fluoroboric acid followed by an extraction with DCM and 5%
fluoroboric acid. The organic layer was dried with sodium sulfate, filtered, and evaporated to yield
pure 5.23 (579 mg, 0.91 mmol, 100%) as an orange solid. 'H NMR (400 MHz, Chloroform-d) &
8.14(d,J=9.7Hz, 1H), 7.33 (dd, J=9.7, 2.5 Hz, 1H), 7.15 (s, 1H), 6.73 (d, /= 1.8 Hz, 1H), 3.55
(bs, 4H), 2.87 (s, 3H), 1.70 (p, J=9.1, 7.0 Hz, 4H), 1.49 (s, 9H), 1.44 — 1.21 (m, 36H), 0.90 — 0.85
(m, 6H). °C NMR (126 MHz, Chloroform-d) 8 178.0, 164.7, 159.7, 156.7, 129.4, 118.5, 117.6,
111.6, 95.4, 52.2, 38.0, 31.9, 29.7, 29.64, 29.59, 29.5, 29.37, 29.35, 28.2, 26.8, 22.7, 20.0, 14.2.

HRMS (ESI): caled for C3sHseNO™ [M]": 552.51389; found: 552.51440.

Lipo-ChromS5 5.25: Chromenylium

BF, &~ | >0 5.23 (203 mg, 0.317 pmol, 1.00
H21C1O\L O NN O J/ CroHe equiv.), malonaldehyde

HN HN bis(phenylimine) (40.0 mg, 0.155

C1oHa4 C1oHo1 pmol, 0.490 equiv.) and sodium
acetate (82.1 mg, 1.00 mmol, 3.15 equiv.) were added to a flame-dried 25 mL Schlenk flask. Acetic
anhydride (3.6 mL) was added and the solution was freeze-pump-thawed x3 before heating to 100
°C for 20 min. The cooled solution was evaporated directly onto silica gel and purified via column
chromatography with 2 columns run with a DCM:toluene:EtOH solvent gradient of 50:50:0.1 to
50:50:10, followed by a column with a hexanes:ethyl acetate solvent gradient of 20:1 to 4:1. This
procedure yielded pure 5.25 (120 mg, 0.98 umol, 63%) as a maroon solid. '"H NMR (500 MHz,
Chloroform-d) ¢ 8.01 (t,J=12.9 Hz, 2H), 7.84 (d, J = 9.6 Hz, 2H), 6.94 (s, 2H), 6.83 — 6.71 (m,
5H), 6.37 (d,J=2.5 Hz, 2H), 3.37 (t,J= 7.8 Hz, 8H), 1.63 (p, /= 7.1 Hz, 8H), 1.40 (s, 18H), 1.37

~1.21 (m, 72H), 0.87 (t, J = 6.9 Hz, 12H). '*C NMR (126 MHz, Chloroform-d) 5 170.1, 156.8,
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152.6, 150.0, 147.1, 128.5, 126.0, 114.0, 112.8, 111.3, 100.1, 96.8, 51.4, 36.9, 32.0, 29.8, 29.74,
29.71, 29.54, 29.45, 28.3, 27.4, 27.1, 22.8, 14.2. HRMS (ESI): calcd for C79H131N202" [M]*:

1140.02051; found: 1140.02234. Absorbance (CH2Cl): 830 nm.

Lipo-Chrom?7 5.26:

Chromenylium 5.23 (148 mg,

[(3-(anilinomethylene)-2-

chloro-1-cyclohexen-1-
yl)methylene]aniline hydrochloride (40.2 mg, 0.112 mmol, 0.490 equiv.), and 2,6-di-fert-butyl-4-
methyl pyridine (143 mg, 0.696 mmol, 3.00 equiv.) were dissolved in n-butanol (0.90 mL) and
toluene (2.1 mL) in a flame-dried 25 mL Schlenk tube. The mixture was freeze-pump-thawed x3
before heating to 100 °C for 1.5 h. The crude product was purified by column chromatography
with a 20:1 to 1:1 hexane:ethyl acetate solvent gradient followed by a second column with a 10:1
to 1:1 hexanes:ethyl acetate solvent gradient. This procedure yielded pure 5.26 as a purple solid
(28.7 mg, 0.0210 mmol, 19%. 'H NMR (500 MHz, Chloroform-d) & 8.13 (d, J = 13.2 Hz, 2H),
7.97 (d, J=9.3 Hz, 2H), 6.92 (d, /= 10.2 Hz, 4H), 6.77 (s, 2H), 6.43 (d, J= 2.3 Hz, 2H), 3.42 (t,
J=17.7Hz, 8H), 2.79 (s, 4H), 1.97 (d, J = 6.5 Hz, 2H), 1.69 — 1.56 (m, 8H), 1.40 (s, 18H), 1.38 —
1.16 (m, 72H), 0.88 (t, J = 6.8 Hz, 12H). *C NMR (126 MHz, Chloroform-d) & 169.9, 157.0,
153.0, 146.9, 145.6, 139.3, 130.2, 126.3, 113.6, 112.2, 111.6, 99.6, 97.0, 51.6, 36.8, 32.1, 29.79,
29.77, 29.74, 29.73, 29.6, 29.5, 28.2, 27.5, 27.3, 27.1, 22.8, 21.3, 14.3. HRMS (ESI): calcd for

C79H131N202" [M]*: 1240.02979; found: 1240.02234. Absorbance (CH2Clz): 988 nm.
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O O ethyl 3-(3,5-bis(methoxymethoxy)phenyl)-3-oxopropanoate
0" 5.30: Sodium hydride (350 mg, 60% in mineral oil, 8.8 mmol,

o 1.9 equiv.) was added to a flame-dried 50 mL round bottom

W

o) flask, and dissolved in toluene (5 mL). Diethyl carbonate (1.2

~
mL, 9.9 mmol, 2.1 equiv.) was added dropwise. Finally, 5.29 (1.13 g, 4.69 mmol, 1.0 equiv.) in
toluene (2.5 mL) was added to the solution before heating to 100 °C for 1.5 h. After cooling, acetic
acid (1.5 mL) was added, followed by water, and the crude product was extracted with ethyl
acetate, washed with brine, dried with sodium sulfate, filtered, and evaporated. The crude product
was purified by column chromatography with a solvent gradient of 30:1 to 16:1 hexanes:ethyl
acetate to yield pure 5.30 (771 mg, 2.47 mmol, 53%). '"H NMR (300 MHz, Chloroform-d) & 12.52
(s, 0.3H), 7.25 (m, 2H), 7.11 (d, J = 2.2 Hz, 0.6H), 6.96 (t, J = 2.2 Hz, 1H), 6.83 (t, J = 2.2 Hz,
0.3H), 5.62 (s, 0.3H), 5.19 (s, 4H), 5.18 (s, 1.2H), 4.24 (dq, J = 14.2, 7.1 Hz, 2.6H), 3.94 (s, 2H),
3.48 (s, 7.8H), 1.33 (t,J="7.1 Hz, 0.9H), 1.26 (t,J= 7.1 Hz, 3H). *C NMR (126 MHz, Chloroform-

d)6192.0,173.2,171.0,167.5, 158.6, 158.6, 158.5, 138.1, 135.7, 110.3, 109.8, 107.9, 107.6, 94.7,

88.0, 61.6, 60.5, 56.4, 56.3, 46.3, 14.4, 14.2.

- 2-(3,5-bis(methoxymethoxy)phenyl)-7-(dimethylamino)-
4H-chromen-4-one 5.31: Compound 5.30 (114 mg, 0.366
00 mmol, 2.00 equiv.) and 3-dimethylaminophenol (25.1 mg,

0.183 mmol, 1.00 equiv.) were added to a flame dried vial

under N> atmosphere. The mixture was heated to 100 °C and
stirred for 23 hours. The heat was then increased to 130 °C and the reaction was stirred for another

25 hours, before increasing the heat to 140 °C for a final 24 hours. The reaction was cooled, and
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the crude product was purified via column chromatography using a hexanes:ethyl acetate solvent
gradient of 12:1 to 4:1. This procedure yielded 5.31 (16.5 mg, ~60% purity, 0.026 mmol, 14%),).
"H NMR (400 MHz, Chloroform-d) § 7.35 (dd, J = 8.5, 0.7 Hz, 1H), 6.85 (t,J = 2.3 Hz, 1H), 6.77
(d, J=2.2 Hz, 2H), 6.62 — 6.49 (m, 2H), 6.07 (s, 1H), 5.19 (s, 4H), 3.50 (s, 6H), 3.06 (s, 6H).

SO, Flavone 5.33: 7-aminoflavone (20.3 mg, .0856 mmol, 1.0 equiv.) and
H/ propane sultone (61.5 mg, 0.504 mmol, 5.89 equiv.) were added to an

N 0] Ph
| oven-dried 1-dram vial and dissolved in DMF (650 uL). LiIHMDS (1 M

S0, 2 Lt o in THF, 197 pL, 2.30 equiv.) was added and the solution was stirred to
6 hours at rt, before heating to 100 °C for 14 hours. The crude mixture was purified via column
chromatography with a 100:3:1 EtOAc:MeOH:H20+ 1% AcOH solvent system to 10:3:1 +1%
AcOH. This procedure yielded pure 5.33 (91.6 mg, 0.0397 mmol, 46%). '"H NMR (500 MHz,
Deuterium Oxide) & 7.60 (d, J = 7.3 Hz, 2H), 7.47 (t, J = 7.2 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H),
7.32(d,J=9.1 Hz, 1H), 6.43 (dd, J=9.0, 2.3 Hz, 1H), 6.19 (s, 1H), 3.15 (t, /= 7.8 Hz, 4H), 2.90

(t,J=7.6 Hz, 4H), 1.92 (p, /= 8.4, 7.4, Hz, 4H).

S0, Flavylium 5.34: Flavone 5.33 (10 mg, 0.02 mmol, 1 equiv.) was
3

H/ dissolved in THF (400 uL) and HMPA (100 uL) and cooled to 0 °C.
N O.__Ph , ,
N MeMgBr (1 M in THF, 85 pL, .085 mmol, 4.2 equiv.) was added
=
SO~ oLt BF, dropwise and the reaction was let warm and stirred at rt. After 24 hours,
3

additional HMPA (100 pL) and MeMgBr (1 M in THF, 100 pL, .10 mmol, 4.9 equiv.) were added,
and the reaction was stirred for an additional 12 hours. The reaction was quenched with 50% agq.

HBF4 (6 pL). Ether was added to the reaction mixture and all solvent was evaporated to dryness.
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MeCN was added and resulting the sticky red precipitate was filtered. MeOH was added and the
resulting principate was filtered to yield a red powder product, as a trace amount adhered to the
filter paper, which is putatively assigned to be flavylium 5.34. Absorbance (water): 506 nm.

5.6.3 PLGA nanoparticle fabrication methods®

JuloFlav7 PLGA nanoparticle preparation The fabrication of the nanoemulsions was adapted
from the modified spontaneous emulsion method as described by Lee and Lai.[1] The general
procedure consisted of preparing PLGA (50:50) (30 mg/mL) and JuloFlav7 (4.3) (0.55 mg/mL) in
an EtOH:DCM solution (v/v 3:7). A 0.2% PVA solution was made, sonicated in a bath sonicator
for thirty minutes, and filtered through a 0.22um PFTE syringe filter. The JuloFlav7-PLGA
solution (100 pL) was added dropwise to 1.5mL 0.2% PVA solution over ice. The mixture was
sonicated at 40% intensity for three minutes in a probe sonicator. The sonicated solution was then
stirred at 1,300 rpm for 1 hour while open to air. The evaporated solution was centrifuged in a 10
kDa MW cutoff filter (Amicon Ultra-15) and centrifuged at 5,000 rpm for 15 min, washed with an
equal volume of PBS, and finally, resuspended and stored in 0.5 mL PBS. Variations in this
procedure included using PGLA with 75:25 lactide:glycolide ratio, adjusting the % PVA in water
between 0.1-2%, and changing the cosolvent ratio, all kept at a 3:7 v/v ratio.

ICG PLGA nanoparticle preparation ICG (1 mg/mL) and PLGA (50:50 lactide:glycolide ratio)
(30 mg/mL) were dissolved in a 3:7 (v/v) solution of ethanol/DCM. A separate solution of 0.2%
PVA in water was bath sonicated until complete dissolution, before filtering through a 0.22um
PFTE syringe filter. The dye solution (100 pL) was added dropwise into the PVA solution (1.5
mL) over ice. This mixture was sonicated in a probe sonicator (40%) for 3 min at 0 °C. The

sonicated solution was then stirred at 1,300 rpm for 1 hour while open to air. The evaporated

3 PLGA loading and characterization by Olivia Leland
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solution was centrifuged at 18,000 x g for 20 min, washed twice with an equal volume of PBS,
and finally the centrifuged pellet was resuspended and stored in 0.5 mL PBS.

HITCI PLGA nanoparticle preparation HITCI (0.35 mg/mL) and PLGA (50:50
lactide:glycolide ratio) (30 mg/mL) were dissolved in a 3:7 (v/v) solution of ethanol/DCM. A
separate solution of 0.2% PVA in water was bath sonicated until complete dissolution, before
filtering through a 0.22um PFTE syringe filter. The dye- PLGA solution (100 pL) was added
dropwise into the PV A solution (1.5 mL) over ice. This mixture was sonicated in a probe sonicator
(40%) for 3 min at 0 °C. The sonicated solution was then stirred at 1,300 rpm for 1 hour while
open to air to evaporate organic solvent. The evaporated solution was centrifuged at 18,000 x g for
20 min, washed twice with an equal volume of PBS, and the centrifuged pellet was resuspended

and stored in 0.5 mL PBS.

3.6.4 Micelle fabrication methods

Micelles with heptamethine dyes (DMSO method) 0.4 mg of each heptamethine dye was
dissolved in 4 mL DMSO and added to 2 mL of a 6 mg/mL solution of 18:0 PEG2000 PE (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
ammonium salt (Avanti Polar Lipids) in a 50 mL falcon tube. The solution was sonicated in a
probe sonicator for 3 min on ice. The solution was then transferred to a 10 kDa MW cutoff filter
(Amicon Ultra-15) and centrifuged at 4,000 rpm. Sequential washes with 1x PBS were performed,
until the remaining DMSO consisted of <1%. The micelles were then concentrated by
centrifugation (4,000 rpm) to ~12.5 mL.

Micelles with heptamethine dyes (Thin film method) The thin film method was adapted from

Lei et al.[62] Each heptamethine dye (0.1 mg) and 18:0 PEG2000 PE (11 mg) were combined in
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either chloroform or DCM (~600 uL) in a vial, mixed until dissolution, and evaporated in on a
rotary evaporator. To this thin film, DI water (10 mL) at 80 °C was added, and the mixture was
sonicated in a bath sonicator for 1 min.

Micelles with pentamethine dyes (DMSO method) Each pentamethine dye (0.233 pmol) was
dissolved in 4 mL DMSO and added to 2 mL of a 10 mg/mL solution of 18:0 PEG5000 PE (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000]
ammonium salt) (Avanti Polar Lipids) in a 50 mL falcon tube. The solution was sonicated in a
probe sonicator for 3 min on ice. The solution was then transferred to a 10 kDa MW cutoff filter
(Amicon Ultra-15) and centrifuged at 4,000 rpm. Sequential washes with 1x PBS were performed,
until the remaining DMSO consisted of <1%. The micelles were then concentrated by

centrifugation (4,000 rpm) to ~3 mL.

3.6.5 Counterion exchanges on FssFlav7

Small scale counterion exchanges from F¢sFlav7-BF4 (5.8) were performed to screen solubility
and photophysical properties in fluorous solvents of the dye salts. These compounds were not
explicitly purified or characterized beyond what was necessary for photophysical measurements.
FesFlav7-TFA (5.9) A small amount of FesFlav7-BF4 (5.8) was dissolved in DCM and added to
an aqueous solution of sodium trifluoroacetate. The biphasic solution was sonicated in a bath
sonicator for ~1 min, in which a color change to a lighter shade of pink is observed. The DCM
layer was extracted, dried with sodium sulfate, filtered, and evaporated to yield 0.9 mg of 5.9 as a
pink solid.

FesFlav7-PFOA (5.10) Perfluorooctanoic acid (15.5 uL) was dissolved in 0.1 M NaOH (~500 pL)

and the pH was adjusted with the addition of NaOH until the solution pH = 7. FesFlav7-BF4 (5.8)
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was dissolved in DCM and added to the aqueous solution. The biphasic mixture was mixed for ~1
min until a color change occurred, to a lighter pink color. The organic phase was then extracted,
dried with sodium sulfate, filtered, and evaporated to obtain 5.10 as a pink solid.
FesFlav7-F24TPB (5.11) A small amount of FesFlav7-BF4 (5.8) was dissolved in DCM (~1 mL)
and added to an aqueous solution (~1 mL) of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (2.4 mg). The biphasic solution was sonicated for ~1 min, until the aqueous layer turns
from clear and colorless to opaque. The organic layer was extracted, dried with sodium sulfate,
and evaporated to yield 2.7 mg of 5.11.

FesFlav7-F4sTPB (5.12) Sodium tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)
phenyl]borate trihydrate (0.875 mg, 0.476 umol, 1.00 equiv.) and FesFlav7-BF4 (5.8) (1.10 mg,
0.434 umol, 0.911 equiv.) were dissolved in DCM (1 mL). The DCM solution was added to water
and the biphasic solution was sonicated in a bath sonicator for ~ 1 min. The organic layer was
extracted, dried with sodium sulfate, and evaporated to yield 5.12 (2.0 mg, 0.47 pumol, quant.).
FesFlav7-F104TPB (5.14) Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (5.13) (1.71 mg,
0.592 umol, 1.47 equiv.) and FesFlav7-BF4 (5.8) (1.02 mg, 0.402 pmol, 1.00 equiv.) were dissolved
in HFE-7100 (~2 mL), and washed with water for ~1 min. The fluorous layer was extracted, dried

with sodium sulfate, filtered, and evaporated to yield 5.14 (~2.5 mg, 0.50 umol, 85%).

5.6.6 Perfluorocarbon nanoemulsion formation

Nanoemulsion formation used in dye loading optimization FesFlav7-Fio4TPB (5.14), was
dissolved in PFOB at either 0.77 mM, 1.6 mM, or 3.1 mM. Of these solutions, 40 pL was
transferred to an Eppendorf tube and Pluronic F-68 in PBS (400 pL, 28 mg/mL solution) was

added. The biphasic mixture was sonicated with a probe sonicator (35%, 3 min) at 0 °C.
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Nanoemulsion formation used for imaging FesFlav7-F104TPB (5.14) (0.662 mg) with a 2:1 ratio
of F104TPB counterion to FesFlav7 dye, was dissolved in PFOB (50 puL). Polymer 5.15 (1.2 mg)
was added to an Eppendorf tube and dissolved in DMF (20 pL). The dye solution and PBS (400

uL) were added to the Eppendorf tube and sonicated with a probe sonicator (35%, 3 min) at 0 °C.

5.6.7 In vivo SWIR imaging with FssFlav7-F104TPB (5.14)

SWIR imaging apparatus For whole mouse imaging, a custom-built set-up was used. A Lumics
laser unit LU0O980D350-D30AN (35 W) was used for excitation. Laser modules are specced to
+10 nm. Laser output were coupled in a 4 x 1 fan-out fibre-optic bundle (Thorlabs BF46LS01) of
600 um core diameter for each optical path. The output from the fibre was fixed in an excitation
cube (Thorlabs KCBI1EC/M), reflected off of a mirror (Thorlabs BBE1-E03) and passed through
a positive achromat (Thorlabs AC254-050-B), SP filter (Thorlabs FESH1000) and an engineered
diffuser (Thorlabs ED1-S20-MD) to provide uniform illumination over the working area. The
excitation flux at the object was adjusted to be 100 mW cm 2 with an error of + 3%. The working
area was covered by a heating mat coated with blackout fabric (Thorlabs BKS5). Emitted light was
directed onto an Allied Vision Goldeye G-032 Cool TEC2 camera with a sensor temperature set
point of =20 °C. The custom lens system consists of a 4f configuration with three lenses with focal
length (f) = 500.0 mm (Thorlabs LB1909-C) and two f = 200.0 mm lenses (Thorlabs LB1199-C)
with a custom filter set (Thorlabs FELH1100 x2). For ergonomic reasons, a 2-inch protected silver-
coated elliptical mirror (PFE20-P01) mounted to a kinematic mount (Thorlabs KCB2EC/M) was
used. The assembly was partially enclosed to avoid excess light while enabling manipulation of

the field of view during operation. The image acquisition toolbox of the MATLAB programming
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environment was used in combination with a custom MATLAB script to preview and collect the
required image data in 8-bit format.

Animal procedures Animal experiments were conducted in conformity with the institutional
guidelines. Non-invasive whole mouse imaging was performed on athymic nude female mice (6—
16 weeks old, weight between 20-25 g), purchased from Envigo. Mice were anaesthetized with an
1.p. injection of a ketamine/xylazine mixture. Tail vein injections were performed with a catheter
assembled from a 30-gauge needle connected through plastic tubing to a syringe prefilled with
isotonic saline solution. The bevel of the needle was then inserted into the tail vein and secured
using tissue adhesive. The plastic tubing was then connected to a syringe (30-gauge needle)
prefilled with the probe of interest. All probes were filtered through a 0.22 um syringe filter prior
to 1.v. injection.

Imaging procedures PFC nanoemulsions, fabricated with polymer 5.15 in PBS (190 pL)
containing 34 nmol of 5.14, were injected via tail vein into an anesthetized mouse and immediately
imaged on the SWIR imaging apparatus using an exposure time = 60 ms, 16.6 fps for the head (in
Figure 5.8D); exposure time = 120 ms, 8.3 fps for the hindlimb (in Figure 5.8E).

Image processing procedures Images were processed using the Fiji distribution[63] of
ImagelJ[64]. All images were background corrected with a ten-frame averaged background file to
correct for non-linearities in the detector and/or excitation. Displayed images were averaged over

200 frames and outliers were removed (2.0 pixels, threshold = 20).
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5.7 Spectra related to Chapter Five

5.7.1 'TH NMR spectra
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6.10

CyoHz

N
IBOE\/\

il

5.22

m{ —

(o)

28180797877 76 75747372717069 68 67 66 65 64 63 62 61 6.0 59 58 57 5€

1 (ppm)

0.88
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Parameter Value
Solvent CDCI3
Temperature 296.1
Pulse Sequence zg30 O._oIB
Experiment 1D x
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 N O+
Ha(Cig~ > =
Number of Scans 32 P
Receiver Gain 155.8 BF,
Relaxation Delay 2.0000
Pulse Width 15.0000
Acquisition Time 3.2998
Acquisition Date 2020-02-19T11:31:00 B
Modification Date 2020-02-19T12:51:16 -Nw
Class
Spectrometer Frequency 400.13
. - T
Spectral Width 8012.8 o o © ~
Q = < ]
Lowest Frequency -1623.6 e — S S
Nucleus 1H 85 83 81 79 77 75 73 71 69 67 6.f
. . f1 (ppm)
Acquired Size 26441
Spectral Size 65536
=0
(&)
o
(&] \,\
; a; » > AN A \C C —
T T T T i o e T
©
o o O N~ M by AN g N o]
< e @ ) < CQ¢e o
- -~ o o (2] <tTOoOm ©
T N T M T M T M T M T M T N T M T M T M T M T M T N T M T M T M T M T M T N T M T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency
Spectral Width
Lowest Frequency

—— i — ——
Value
cDCI3
298.0
zg30 -
1D BFe o7 Z "0

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)

121

2.0000

10.0000

3.2768
2020-09-28T15:01:10
2020-09-28T16:12:59

500.13
10000.0

H21C1o ONNF CyoHz
® 1.0 A
N N

-2011.2
Nucleus 1H
Acquired Size 32768
Spectral Size 65536 :_F
P
4 83 828180797877 76757473 N.N:ﬂgwo 6.9 6.8 6.7 66 65 64 63 6.2 6.1 6.0 59 58
MY o M= B s Mo B
(&) 0 MM
o [a] NNO ™ MM
S 9o © Ow = N N i
AN N NN (o] (ool ol LN
100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05 -1.0

f1 (ppm)
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Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

Class

Spectrometer Frequency
Spectral Width

8.24
8.15
8.12
7.98
7.96
7.03
7.01
6.93
6.91
—6.77
6.51
6.43
6.42
6.39
343
342
340
2.79
2.05
2.04
2.01
1.99
1.98
197
1.95
1.68
1.66
1.65
1.64
1.63
1.62
1.57
1.56
1.55
143
1.40
1.36
1.36
1.35
1.32
1.31
1.30
1.28
1.26
1.21
117
0.95
0.93
0.92
0.89
0.88
0.86
0.84
n 8|2

4
X

Value
CDCI3
298.0
zg30
1D

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
16

121

2.0000

10.0000

3.2768
2020-10-01T12:40:28
2020-10-21T08:33:01

500.13
10000.0

Hy,C
Lowest Frequency 2010.8 21 SJ/ O = ‘\ _ O
Nucleus 1H N
Acquired Size 32768
Spectral Size 65536
\\_/LT . L_/f Klf e {(
D O N~
0 © N O ~ ~ =Y .
N~ ©oo 5 5 5=88 5
-~ M ANN ~ o NP 1
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

f1 (ppm)

402



N
N NN--00NARROOM- - ONNNN--OY BeoNMnnaNINN
-~ NMAMNMNOOOOOOO LLLLLY ITFIFTTTITTOM ANANNTT ™™ v
_ B N T e e NN TR
Parameter Value
Solvent CDCI3
Temperature 297.8
Pulse Sequence zg30
Experiment 1D
Probe 5 mm PABBO BB-1H/ D Z-GRD Z862701/ 0016
Number of Scans 16
Receiver Gain 362.0 0 0
Relaxation Delay 2.0000
. 0.0 o
Pulse Width 15.7500
Acquisition Time 5.4657
Acquisition Date 2017-11-30T19:47:28 0
Modification Date 2017-12-18T10:26:33 J
Cl
ass O/
Spectrometer Frequency 300.13
Spectral Width 5995.2
Lowest Frequency -1196.8
Nucleus 1H [—)
Acquired Size 32768 a.w
Spectral Size 65536
=
O
L3
| J _ .
T L roA = Q, A
()] MONO D O NN N AN IO O
N ooy M Q0 - © o 2
o NO O oM AN N M~ om
T M T M T M T M T M T M T M T M T M T M T M T M T M T T T N T N M T N T T M T M T T M T T
13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
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Parameter Value

Solvent CDCI3

Temperature 298.2

Pulse Sequence zg30

Experiment 1D

Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656

Number of Scans 64

Receiver Gain 155.8

Relaxation Delay 2.0000

Pulse Width 15.0000

Acquisition Time 3.2998

Acquisition Date

2018-01-16T16:20:00

3.50
349
349
348

347
347
347

3

3.06
3.05

Modification Date 2018-01-17T09:26:25
Class
Spectrometer Frequency 400.13
Spectral Width 8012.8
Lowest Frequency -1623.2
-
Nucleus 1H en
Acquired Size 26441 un
Spectral Size 65536
. L; s

B R ¥ P +3 T8

(o] - O o Y] D N~ © %

S ©oo6®m S S S o o O

-~ ~a&N - < © © > ©
M T M T N T M T M T M T T M T M T M T M T M T M T M T T M T M T M T M T N T M T
100 95 90 85 8.0 5 0O 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f1 (ppm)
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Parameter Value

Solvent D20

Temperature 297.2

Pulse Sequence zg30

Experiment 1D

Probe 5 mm bb-Z Z8007/ 00062

Number of Scans 16

Receiver Gain 71.8

Relaxation Delay 2.0000

Pulse Width 13.3000

Acquisition Time 3.2768 ~

Acquisition Date 2018-07-25T20:11:24 mOm

Modification Date 2018-07-25T20:41:41 X\

Class

N Oo.__Ph
Spectrometer Frequency 500.33 _
Spectral Width 10000.0
Lowest Frequency -1952.0

So; 2L O

60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

Nucleus 1H -
Acquired Size 32768
Spectral Size 65536 %
W
i)
Q
<
L
@
(]
<
i T o Q, I = H T 2 2
D MOD o ™ a Lo o o T
—N=O SHe s @ ™ e £
. . .
.5

100 95 90 85 80 75 70 6
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5.7.2 1B NMR spectrum

—-5.84

Parameter Value
Solvent Acetone
Temperature 296.7
Pulse Sequence zg
Experiment 1D
Probe 5 mm bb-Z Z8007/ 00062
Number of Scans 2046
Receiver Gain 512.0
Relaxation Delay 0.0000
Pulse Width 8.0000
Acquisition Time 0.0559
Acquisition Date 2019-07-27T16:09:36
Modification Date 2019-07-27T16:46:18
Class

Spectrometer Frequency 160.53

406

Spectral Width 64102.6
Lowest Frequency -31966.8
Nucleus 1B
Acquired Size 3584
Spectral Size 8192 2
g
150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90 -110 -130 -150



5.7.3 3C NMR Spectra
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Parameter Value
Solvent Acetone
Temperature 298.0
Pulse Sequence zgpg30 Omﬂd 7
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 128 N Ph
Receiver Gain 204.5
Relaxation Delay 2.0000
Pulse Width 10.5000 CgFy7
Acquisition Time 1.0486
Acquisition Date 2018-09-02T22:04:25
Modification Date 2018-09-03T09:11:56 %
Class
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1159.6
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
vt |
eg o o
O N © (V]
X x x
(] a o Q
f£0 % <
g < <
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
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Parameter Value
Solvent Acetone
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT) C.F
Number of Scans 128 8t 17
Receiver Gain 204.5
Relaxation Delay 2.0000 .
Pulse Width 10.5000 N Oy_Ph
Acquisition Time 1.0486 P
Acquisition Date 2018-09-03T14:33:59 _
Modification Date 2018-09-03T16:09:29 CgFy7 BF4
Class &
Spectrometer Frequency 125.77 g
Spectral Width 31250.0
Lowest Frequency -1163.1
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
o]
(6]
PN
o
[a]
e
T M T M T M T M T M T M T M T M T M T T T M T M T M T M T M T M T N T T T
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Parameter Value

Solvent CDCI3

Temperature 295.0

Pulse Sequence zgdc30 _

Experiment 1D - N 0 0

Probe 5 mm BB5 Z8478/ 0047 P>

Number of Scans 64 CF3

Receiver Gain 18390.4

Relaxation Delay 2.0000 o~

Pulse Width 10.5000 m

Acquisition Time 0.8716

Acquisition Date 2018-05-08T13:45:28

Modification Date 2018-05-08T14:12:37

Class

Spectrometer Frequency 150.92

Spectral Width 37594.0

Lowest Frequency -678.9

Nucleus 13C

Acquired Size 32768

Spectral Size 65536

T v T M T M T M T T T M T M T M T M T M T M T T T T T T T T T T

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
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Parameter Value | | [ (WA _ | e eSsSSSYm———"
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
Number of Scans 64
Receiver Gain 204.5 OA_ oIB
Relaxation Delay 2.0000 x
_uc_wo. é&: 10.5000 HoiC \/\Z (o)
Acquisition Time 1.0486 21710 _
Acquisition Date 2020-02-14T12:37:25
Modification Date 2020-02-14T13:01:16 o)
Class
Spectrometer Frequency 125.77
Spectral Width 31250.0 (o]
Lowest Frequency -1163.1 2
Nucleus 13C ak
Acquired Size 32768
Spectral Size 65536
ﬁ

T r T M T M T M T N T N T M T r T N T M T T T N T T T M T T T M T T T T T N T M T T T M T T T

230 220 210 200 190 180 170 160 150 140 130 MWw AAW 100 90 80 70 60 50 40 30 20 10 O
ppm
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 32
Receiver Gain 204.5 CioHz1
Relaxation Delay 2.0000 \\;
Pulse Width 10.5000 o~ N O+
Acquisition Time 1.0486 Hy1Cyg N
Acquisition Date 2020-02-17T10:31:22 =
Modification Date 2020-02-17T14:46:36 BF,4
Class
Spectrometer Frequency 125.77 -
Spectral Width 31250.0 2
Lowest Frequency -1158.1 L gl
Nucleus 13C
Acquired Size 32768
Spectral Size 65536
T N T M T M T M T M T N T M T M T M T M T M T
200 190 180 170 160 150 140 130 120 110 100 90

f1 (ppm)

411



Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date

Class

- — 0 M<
-— WO~
o ONOMN
~ 0N
- Aol S
_ NV
Value

CDCI3

298.0

zgpg30

1D

Z119248_0002 (DCH 50082 C/ H-D-05 Z LT)
64

204.5

2.0000

10.5000

1.0486

2020-09-28T15:06:07

2020-09-28T16:12:57

Spectrometer Frequency 125.77 BF, +

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

31250.0

32768

65536 x

O,_ oImﬂ

i

—12847
~126.02
~112.81
11127
—100.11
—96.84

,114.01

4 O\_ = 0
11503 H21C10 ON\F CyoHz
1L S
N N

- x
N
g

OAOIN_

Al

—14.24

CcDCl,

200 190 180 170

160 150 140 130 120 110 100 90

f1 (ppm)

80
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 128
Receiver Gain 204.5
Relaxation Delay 2.0000
Pulse Width 10.5000
Acquisition Time 1.0486
Acquisition Date 2020-10-01T08:10:22
Modification Date 2020-10-01T08:15:15
Class -
BF,
Spectrometer Frequency 125.77 [o X Cl
Spectral Width 31250.0 _
H,,C Pz Z CioH
Lowest Frequency -1163.1 2110 = 107721
Nucleus 13C N N
Acquired Size 32768
Spectral Size 65536 x x
u
C1oHa N CioHa
g
Ivzg?%s%-
=
O
[a]
O
T M T M T M T M T M T M T M T N T M T M T M T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)
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Parameter Value
Solvent CDCI3
Temperature 298.0
Pulse Sequence zgpg30
Experiment 1D
Probe Z119248_0002 (DCH 500S2 C/ H-D-05 Z LT)
Number of Scans 136
Receiver Gain 204.5
Relaxation Delay 2.0000 0 0
Pulse Width 10.5000 0.0 o
Acquisition Time 1.0486
Acquisition Date 2017-11-30T20:32:16
Modification Date 2017-12-06T17:53:15 (@]
Class J
O/
Spectrometer Frequency 125.77
Spectral Width 31250.0
Lowest Frequency -1145.1 w
Nucleus 13C 5
Acquired Size 32768
Spectral Size 65536
7 — I | ) i
= r 3
&} e
o 2
=)
T N T M T M T M T N T M T M T M T N T M T M T M T M T M T M T M T M T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

414



5.7.4 F NMR Spectra

Parameter
Solvent
Temperature
Pulse Sequence
Experiment
Probe

Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
Class

Spectrometer Frequency

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

Value
Acetone
298.4
zgflgn30
1D
5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656

8

189.8

2.0000

14.5000

0.8738
2019-07-26T11:24:00
2019-07-27T13:15:43

376.50
150000.0
-74729.3
19F
131072
262144

6255
~--63.90

a,a,a-
trifluoro
toluene
80 70 60 50 40 30 20 10 O -10 -20 -w%A -on -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -15
ppm
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Parameter
Data File Name
Title

Value
C:/ Users/ ThinkPad/ Desktop/ CSST/ ZZ_|_012_19F/ fid
Jul30-2019-sletten

—-63.90

—-71.01

Comment Account No. EMS125
ZZ_|_012_19F
Origin Bruker BioSpin GmbH
Owner schanger
Site
Spectrometer av400
Author
Solvent Acetone
Temperature 298.2
Pulse Sequence zgfhigqn.2
Number of Scans 32 OMe
Receiver Gain 190 MeQ_ CFs B CF3
Relaxation Delay 1.0000 FsC CF
Pulse Width 14.5000 3
Acquisition Time 0.8738 OMe
Acquisition Date 2019-07-30T19:23:41 FAC O*um O_uw
Modification Date 2019-07-30T19:23:43 8 OMe FsC CF3
Spectrometer Frequency 376.50 OMe
Spectral Width 150000.0
Lowest Frequency -74740.6
Nucleus 19F
Acquired Size 131072 N
Spectral Size 262144 n
a,a,a-
trifluoro
toluene
T N T M T T M T M T M T N T M T M T N T M T M T M T M T M T T M T M T M T M T M T N T M T
80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -15

f1 (ppm)
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Parameter Value
Solvent Acetone
Temperature 298.3
Pulse Sequence zgflqn30 Om_J 7
Experiment 1D
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656
N O._Ph
Number of Scans 16 _
Receiver Gain 189.8
Relaxation Delay 2.0000 CgFy7 (o)
Pulse Width 14.5000
Acquisition Time 0.8738
Acquisition Date 2018-09-01|T19:11:00
Modification Date mo,_m.oo.om_ﬂﬁnmw&o
Class 5
Spectrometer Frequency 376.50 0
Spectral Width 150000.0
Lowest Frequency -75000.0
Nucleus 19F
Acquired Size 131072
Spectral Size 262144
¥ A\
f i —E
- - ANONM O
N o 000 S
© ™ Mo MM <
T T T M T M T T M T M T M T M T M T M T M T T T
-70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140

f1 (ppm)
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f1 (ppm)
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Parameter Value
Solvent Acetone
Temperature 298.5
Pulse Sequence zgfiqn30
Experiment 1D
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 Omﬂi
Number of Scans 16 \ﬁ
Receiver Gain 189.8 N O+ Ph
AN
Relaxation Delay 2.0000
Pulse Width 145000 =
Acquisition Time 0.8738 -
_— CgFy7 BF4
Acquisition Date 2018-09-03T14:39:00
Modification Date 2018-09-03T16:14:47
\©
Class .
g
Spectrometer Frequency 376.50
Spectral Width 150000.0
Lowest Frequency -75000.0
Nucleus 19F
Acquired Size 131072
Spectral Size 262144
f i AR R |
©
N (o} [N Moo Ne) ©
N ® RSO v
© (sp] — M < <
- T - - - T T - T - T - T :TOD>"T$T> >~ " %> "“7$T T T 7+ T~ 7" T 77T T T 1T T T T
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Parameter Value

Solvent CDCI3

Temperature 298.1 TfO o) Oﬂm

Pulse Sequence zgflgn30 _

Experiment 1D

Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 (0]

Number of Scans 16

Receiver Gain 189.8 )

Relaxation Delay 2.0000 Al

Pulse Width 145000 g

Acquisition Time 0.8738

Acquisition Date 2018-04-24T718:20:00

Modification Date 2018-04-24T18:29:37

Class

Spectrometer Frequency 376.50

Spectral Width 150000.0

Lowest Frequency -75000.0

Nucleus 19F

Acquired Size 131072

Spectral Size 262144

AL

o wn
Q®
- O

T N T M T N T M T M T M T M T M T M T M T N T M T M T M T M T M T M T M T T T M T

50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150

f1 (ppm)
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-72.39

Parameter Value
Solvent Acetone
Temperature 298.5
Pulse Sequence zgflqn30
Experiment 1D |
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z108618/ 0656 \Z o o
=
Number of Scans 16
Receiver Gain 189.8 CF3
Relaxation Delay 2.0000
Pulse Width 14.5000
Acquisition Time 0.8738 ”
Acquisition Date 2018-04-19T22:30:00 -Nw
Modification Date 2018-04-20T09:29:10
Class
Spectrometer Frequency 376.50
Spectral Width 150000.0
Lowest Frequency -75000.0
Nucleus 19F
Acquired Size 131072
Spectral Size 262144
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T N
50 40 30 20 10 o -10 -20 -30 -40 50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150

f1 (ppm)
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5.7.5 Absorbance Spectrum
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